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Abstract. New compounds based on cytisine and coumarin are of interest to the pharmaceutical industry
due to their promising biological activity. This activity, in turn, is closely related to the structure of the compound,
which is manifested in its specific electronic properties. This paper presents the results of a theoretical study of
the electronic and structural properties of recently synthesized N-(2-oxo-2H-chromen-3-carbonyl)cytisine. The
molecular structure of the ground and first excited states is established. Their structural features are considered,
taking into account their conformational diversity. The probabilities of vertical electronic transitions, which
determine the intensities of bands in the emission spectrum, are calculated. The obtained theoretical results are
compared with the measured luminescence spectrum of ethanol solution.
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1. Introduction

Coumarin derivatives possess unique electronic properties, primarily manifested in their pronounced,
intense luminescence, which allows them to serve as luminescent markers including luminescent probes [1],
bioimaging marker [2], specific sensor [3, 4]. Another important feature is the biological activity exhibited
by coumarin derivatives. Among other potential applications, the antidiabetic [5], antimicrobial [6,7] anti-
inflammatory [8] and activity of a number of coumarin derivatives can be highlighted. The use of molecular
hybridization with other biologically active substances opens up prospects for the creation of new
compounds, thereby expanding the applications of coumarin derivatives. Of particular interest are
compounds containing cytisine, a natural alkaloid with a pronounced affinity for binding to neuronal
nicotinic acetylcholine receptors (nAChRs) [9]. This substance is considered an important factor playing a
significant role in the study of central nervous system functioning [9]. As has been shown previously (see,
for example, [10]), the biological activity of such complexes is closely linked to their molecular structure.
Therefore, an important issue is the consideration of the complex's properties, taking into account its possible
conformational diversity [9, 11, 12]. The object of study in this work is the recently obtained N-(2-oxo-2H-
chromene-3-carbonyl) complex [13]. In previous works [13, 14], its structure and optical properties were
investigated both in the crystalline state (vibrational properties, absorption in the UV-visible range) and in
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ethanol solution (NMR spectra and absorption in the UV-visible range). At present, the luminescent
properties of this compound remain unexplored.

The important reason for choosing luminescence spectra as research objects for the compounds
containing a coumarin moiety is the presence of coumarin strong luminescence that is sensitive to its state
[15]. This makes these compounds sensitive luminescent markers and probes [16]. This is especially
important in drug research, as it allows us to understand, for example, where they accumulate, whether they
undergo any reactions, or how they interact with proteins and enzymes. In this case, structure-sensitive
luminescence will serve to understand the state of the molecule, i.e., as a state indicator.

In this regard, the present work aims to theoretically study using quantum chemical approach the
structure of the molecule in its first excited state, the emission spectrum to the ground state, and compare it
with the experimental luminescence spectrum. The results obtained will represent a continuation of the
research on this substance, begun in the articles [13, 14], demonstrating novelty in the relevant aspects of the
electronic structure of the first excited state of this recently synthesized substance.

2. Materials and methods

2.1. Experimental technique

For the measurements, ethanol solutions of N-(2-oxo-2H-chromene-3-carbonyl) cytisine with a
concentration of 10° M were prepared. The starting material was synthesized according to the work [13].
Emission and luminescence excitation spectra were obtained on a. Lumina fluorescence spectrometer
(Thermo Fisher Scientific) in reflection geometry. Excitation spectra were recorded in the range of 290-420
nm, and luminescence spectra were recorded in the range of 380-700 nm.

2.2. Theoretical approach

Quantum chemical calculations were performed within the framework of the density functional theory
with a hybrid exchange-correlation functional and a long-range dispersion correction wb97XD [17]. A
doubly split-valence Pople-type basis set € 6-31G(d,p) [18,19] and the Gaussian GO9W Rev. C program [20]
were used. The calculation was performed for a single molecule in an ethanol medium. The influence of the
medium was taken into account within the framework of the polarizable continuum model [21]. Optimization
of the considered molecules was carried out for the ground (So) and first excited states (S1) until the standard
criteria were met for the maximum and root mean squared residual forces on atoms and atomic
displacements.

3. Results and discussion

3.1 Structural peculiarities

The molecule of the complex under study consists of three main moieties: the cytisine moiety, the
intermediate moiety, and the coumarin moiety. A previous experimental and theoretical study [14] of the
conformational states of the complex in solution revealed the presence of four conformer states that can
transform into each other via internal rotations. Specifically, it was shown that the two lowest-energy
conformers are formed by rotating the cytisine moiety relative to the coumarin and intermediate moieties.
The other two conformers can be obtained from these conformers by rotating the coumarin moiety relative to
the cytisine and intermediate moieties. The potential energy of the latter two conformers is higher, making
them less populated at thermal equilibrium. Therefore, only the two lowest-energy states are considered in
this study. Their geometries in the ground (So) and 1st excited state (S;), determined by the method described
in section (2.2), are shown in Figure 1.

To designate the two conformational states under consideration, the notations 1 were additionally
introduced for the conformer observed in the crystalline state [13] and 2 for another conformer with a similar
energy. The total energies of the S;-1 and S;-2 states are -1221.057229 and -1221.041763 Hartree,
respectively. Thus, the energy of Si-1 is lower by approximately 9.7 kcal/mol. Moreover, a comparison of
the geometries of the ground (Se-1) and first excited states (Si-1) revealed a number of differences. Structural
parameters that differ significantly in different conformer states are listed in Table 1.

The most significantly difference are as follows. In the Si-1 state, the cytisine ring bordering the
transition region is significantly distorted. This is manifested by longer C2C5 and C13C10 bonds and a
shorter C5N9 bond and correlates with shorter O4H11 and O8H7 contacts. Much more significant changes
occur in the intermediate moiety and the a-pyrone ring of the coumarin moiety.
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Fig.1. Optimized geometries of So-1 (a), S¢-2 (b), Si-1 (c), and S;-2 (d) using the wb97XD/6-31G(d,p) method for the
case of a single molecule in an ethanol medium, which is taken into account within the framework of the polarizable
continuum model.

Table 1. Selected structural parameters for conformers 1 and 2 in ground (So) and excited (S;) states.

Parameter® Conformer and state
So-1 Si-1 So-2 Si-2
C2Cs5 1.545 1.559 1.546 1.547
C13C10 1.536 1.543 1.536 1.536
C5N9 1.456 1.447 1.456 1.457
CI10N9 1.460 1.461 1.458 1.459
NI9C45 1.360 1.394 1.358 1.359
C4504 1.228 1.237 1.227 1.238
C45C32 1.505 1.474 1.507 1.480
C32C31 1.462 1.418 1.462 1.425
C3108 1.211 1.229 1.211 1.219
C32C33 1.350 1.429 1.349 1.429
C31030 1.368 1.398 1.367 1.414
030C44 1.365 1.370 1.366 1.345
C33C35 1.436 1.400 1.438 1.391
O4H11 (O4HT7)** 2.292 2.198 2.299 2.286
O8H7 (O8H11)** 2.262 2.031 2.960 2.505
CI10N9C45 119.06 116.04 124.71 123.93
CIN4504 123.04 118.44 123.39 122.55
C45C32C31 120.48 126.44 117.93 121.28
C32C3108 125.59 128.97 125.19 128.45
CI0N9C4504 5.92 19.14 -168.70 -161.21
NI9C45C32C31 -62.26 -44.93 74.58 55.24
C45C32C31030 -178.93 172.54 175.01 173.40
C32C31030C44 -1.03 -2.61 1.65 3.86
C33C32C31030 -2.78 -9.96 -0.25 4.01
C44C35C33C32 -2.68 -6.09 1.99 6.61

* for two atoms, the bond length is given in A, for three atoms, the planar angle is given in degrees (°), for four atoms,

the dihedral angle is given in degrees (°).

** in some cases, similar structural parameters for S0-2 and S1-2 are given in brackets.
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A rotation of the coumarin moiety's ring plane relative to the cytisine moiety's ring plane takes place
due to the flexible intermediate moiety. In the S;-1 state, a more negative charge is observed on the N9 and
04 atoms, which correlates with the longer C45N9 and C4504 bonds and with an increase in the
C10N9C4504 dihedral angle. At the same time, a rotation of the coumarin moiety leads to a decrease in the
O8H7 contact length. This is manifested by the larger absolute value of the dihedral angle N9C45C32C31.
For the Si-1 state, a greater deviation of the a-pyrone ring from planar geometry is observed. This is
manifested by a greater deviation of the dihedral angles C45C32C31030, C32C31030C44,
C33C32C31030, and C44C35C33C32 from 180° or 0° in S;-1. This ring contains longer oxygen-carbon
bonds (C44-030, O30-C31, and C31=08).

When comparing the optimized geometries of Sp-2 and S;-2, a number of the following features can be
noted. In the cytisine moiety, similar structural parameters are observed between S¢-2 and S;-2, in contrast to
So-1 and S;-1. The C45C32 and C4504 bonds are shorter in S;-2 compared to Sp-2 while the C45N9 bonds
are approximately the same. Just as in S;-1, S;-2 has a longer C32C33 bond and a shorter C32C31 bond
compared to similar bond lengths in the ground state. In addition, S;-2 also exhibits a greater deviation from
the planar character of the a-pyrone ring in the coumarin moiety. A significant difference of S;-2 is the
longer hydrogen contacts O4H7 and O8H11, which is also manifested in a smaller value of the dihedral
angle N9C45C32C31.

3.2 Electronic properties

For the optimized Si-1 and S;-2 states, the vertical transition energies and corresponding oscillator
strengths were calculated. The longest-wavelength transition is to the ground state, i.e., Si-1 = So-1 and S;-2
— So-2, which is of practical interest in studying luminescence properties.

For the molecule the investigation of molecular orbitals plays the important role in understanding the
electronic processes [22]. For Si-1, the shortest-wavelength transition is the singlet-singlet transition between
the 95 — 96 molecular orbitals (the orbital contribution is 98%, see Figure 2a). Its energy difference is
2.9109 eV, which corresponds to a wavelength of 425.93 nm, the oscillator strength is moderate, 0.0769.

For S;-2, the shortest-wavelength transition is between the 94 — 96 orbitals (the orbital contribution is
96%). Its energy difference is significantly higher, 3.5964 eV, which corresponds to a wavelength of 344.74
nm, and the oscillator strength is 0.509. It should be noted that for Si-1, a similar higher-energy transition
between the same orbitals is also observed (94 — 96, the orbital contribution is 92%). However, its energy
difference is significantly higher than 3.7607 eV, corresponding to a wavelength of 329.68 nm, and the
oscillator strength is less than 0.3347. As part of this study, an experimental investigation of the
luminescence properties of the complex was also conducted. Figure 3 shows the luminescence emission
spectrum, which has a maximum at 453 nm (2.7373 eV). The luminescence excitation spectrum for this band
was then obtained. The maximum in this spectrum is at 372 nm.

4

a) b)
Fig.2. View of the 95(HOMO) and 96(LUMO) molecular orbitals for S;-1.
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Fig.3. Luminescence emission spectrum at 453 nm (red) and luminescence excitation spectrum at 372 nm (blue).

The obtained theoretical estimates of the wavelength of the singlet-singlet transition from S;-1 for
conformational state 1 show a calculated value (426 nm) quite close to the experimentally observed
luminescence maximum (453 nm). Based on this theoretically calculated transition, the radiative
(luminescence) rate constant k. was estimated according to the Strickler—Berg formula (1), [23]:

k,; (S, >S,)=2"{(S; > S,E*S;=S,), (1)

where i is the excited state number, f(Si->So) is the transition oscillator strength, E(S; — So) is the electron
transition energy (in cm™). For the case under consideration (i=1) the corresponding value k,=3-10".

The considered case of molecules corresponds to the case of addition of the intermediate part at atom 3
according to the IUPAC numbering of carbon atoms in the molecule of unsubstituted coumarin [24]. As an
example of synthesized compounds with addition through the 3rd atom in the coumarin part, one can cite
[25-27]. In these studies, it was noticed the presence of the strong luminescence in the experimental
spectrum in the close region 460-480 nm. Nevertheless, it should be noted that the actual emission
wavelength is quite sensitive to the structural peculiarities of the molecule as well as pH value or metal
cation presence.

4. Conclusion

In this work, density functional theory methods were used to search for and optimize the geometry of
the first excited state for two conformations of the N-(2-oxo0-2H-chromen-3-carbonyl) cytisine molecule in
an ethanol solution. Their energies were calculated. It was found that the first excited state of the conformer
corresponding to the crystal structure is the most stable. A structural difference between the ground and first
excited states was revealed. The wavelength of the transition from the first excited state to the ground state
was calculated. The theoretical estimate of the luminescence maximum in the spectrum of the most stable
conformer was 426 nm versus the value of 453 nm established experimentally. In addition, the radiation rate
constant Kr = 3:107 was estimated. An interpretation of this electronic transition is proposed based on an
analysis of the molecular orbitals involved.
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