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2-(2"-hydroxyphenyl)benzothiazole is a photoreactive compound that exhibits excited state
intramolecular proton transfer in the structure with an OH...N hydrogen bond. Energy of various

structures is calculated for isolated molecules, clusters and periodic structures of 2-(2'-
hydroxyphenyl)benzothiazole by density-functional based tight-binding methods. It is shown that the most
stable conformation of the isolated molecule is a planar structure with an OH...N hydrogen bond. Other
conformations have significantly larger energy in comparison with the average room temperature heat
energy that implies a low equilibrium number of those structures in non-polar solvents. In crystal the defect
with lowest energy is non-hydrogen-bonded conformation formed by rotation of the OH bond. The energy
of this defect is close to the energy difference for corresponding conformations of the isolated molecule. For
other conformations, the energy values of the defects are larger than the energy differences for isolated
molecules. In contrast to the crystal of 2-(2'-hydroxyphenyl)benzoxazole, energy of the defect caused by the
entire molecule reorientation is comparable with the energy of defects caused by different conformations.
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1. Introduction

Photoinduced excited state intramolecular proton transfer (ESIPT) is studied for the last
decades as an ultrafast photochemical reaction and a process that could be utilized for several
applications in optoelectronics [1]. Since early 1970s 2-(2'-hydroxyphenyl)benzothiazole
(HBT, Fig. 1) [2] is extensively studied as a model compound undergoing ESIPT. HBT is
also considered as a substance which is suitable for materials in optoelectronics, one of the
possible applications is laser generation by optically pumped nanowires [3]. In contrast to its
benzoxazole analog, i.e. 2-(2'-hydroxyphenyl)benzoxazole (HBO) [4], a crystal of HBT does
not demonstrate disorder in X-ray measurements [5, 6]. According to the X-ray data [6], HBT
crystal belongs to the monoclinic P2;/c structure class with 4 molecules in a unit cell (Fig. 2).
Theoretical calculations show that the most stable structure of HBT molecule in the ground
state is enol with an intramolecular OH...N hydrogen bond (structure I in Fig. 1), whereas the
structure IV is non-planar and unstable [7]. Electronic density in the molecule of HBT
undergoes redistribution upon absorbing photon so that a keto structure becomes
energetically favorable in the excited state. Transition to the ground state in the keto structure
causes fluorescence with an anomalously large Stokes shift. In an isolated molecule of HBT
the ESIPT is followed by internal rotation in the keto structure that leads to radiationless
transition to the ground state [8]. It is supposed that crystal packing restricts the
intramolecular rotation and formation of the trans-enol conformation; however, amplified
emission is obtained at two wavelengths and attributed to the formation of planar and
partially twisted keto structures [3]. Modeling of point defects in the crystal lattice of HBO
demonstrates that there are possible defects caused both by different orientation of the
molecule with an OH...N hydrogen bond and by formation of structure with an OH...O
hydrogen bond. The orientational defects are found to have lower energy than the OH...O
rotamer [9].

In the present paper we describe results of theoretical modeling of crystal lattice of HBT
aimed to clarify influence of crystal packing on structure of the molecules.
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2. Calculations details

Geometrical parameters of model structures of an HBT crystal were calculated by
density functional based tight-binding (DFTB) method with the third order correction and
van der Waals interaction correction implemented in the DFTB+ program package [10,
11] as described in [12]. Supercell folding is used for the Brillouin zone sampling for
periodic structures, 3x3x3 supercell is considered for the unit cell of the crystal lattice
and 2x2x2 — for the model structure. The structure is optimized for the Brillouin zone
center assuming the cell parameters be fixed to the values taken from the X-ray data [6].
In the case of HBO, this calculation method demonstrates reasonable agreement between
calculated frequencies of low-frequency lattice vibrations and positions of Raman bands
in the experimental spectrum [12]. The DFT calculations for isolated molecules were also
performed with the GAMESS program suite [13, 14] using the B3LYP functional and 6-
31G(d,p) basis set. The energy of defects caused by reorientation of the molecule in the
lattice or different conformation of the molecule is evaluated by calculations for the
model clusters extracted from the optimized structure of a fully ordered crystal. The
cluster includes the molecule under consideration and the nearest neighbors (Fig. 3). The
positions of the atoms constituting the central molecule are optimized regarding the
energy minimum. The coordinates of the atoms in the neighboring molecules are kept
constant.
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Fig. 1. Enol structures (I-1V) and atomic numbering scheme of molecules of HBT.

Fig. 2. Unit cell of a crystal of HBT. The unit cell is plotted according to the X-ray data [6].
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Fig. 3. Molecular cluster for modeling of defects in the crystal of HBT.

The periodic model structure of the defect comprises two unit cells of the crystal
obtained by a translation along the lattice vector b (Fig. 4). One molecule in this structure
is supposed to be oriented improperly or has different conformation. Translation vectors
of the periodic structure are a, 2b, and c. The structure is chosen to provide the minimal
number of molecules within the first coordination sphere for the defect molecule.

Fig. 4. Unit cell of the periodic structure for modeling of defects in the crystal of HBT.

3. Results and discussion

Values of energy of various structures corresponding to the energy minima are
collected in Table 1. The calculations show that the most stable enol structure of an
isolated molecule of HBT is the planar structure | with an intramolecular hydrogen bond
OH...N. Structure IV is found to be non-planar with the dihedral angle between the
benzothiazole and phenol moieties about 154° (DFT) and 151° (DFTB) (Fig. 5a). DFT
calculations show that energy of structure 1V is significantly larger than energy of the
most stable structure | (see Table 1) and larger by about 0.03 eV than energy of structure
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III. Structure III is an “open” conformation of the molecule that does not possess an
intramolecular hydrogen bond. Another “open” structure II is predicted to be non-planar
(Fig. 5b) by DFT calculations with even larger energy. The planar structure Il obtained by
the restriction to Cs symmetry differs only by 0.02 eV in energy from the non-planar
structure that corresponds to the energy minimum. DFTB calculations yield the planar
structure 11, underestimate energy differences and predict larger energy for structure 1V
than for structure Il (see Table 1). Nevertheless, both DFT and DFTB calculations
demonstrate that structure with the lowest energy (except structure 1) is structure IlI
without the hydrogen bond rather than structure IV. DFT value of about 0.4 eV for
energy of structure Il implies low equilibrium number (of the order of 107) of this
species at room temperature.

Table 1
The calculated energy of various structures comprising molecules of HBT (in relation to the minimal
energy)
Molecule Cluster Periodic srtucture
Cs Cs Different Different
Structure DFT restricted DFTB restricted orientation orientation
I 0 - 0 - 0 0.50 0 0.38
I 0.56 0.58 0.21 - 0.22 - 0.21 -
1l 0.39 - 0.18 - 0.35 - - -
v 0.42 0.52 0.25 0.26 0.47 0.69 0.43 -

The DFTB calculations show that molecular units in the crystal lattice are close to
planarity, the N7-Cs-Cyo (see Fig. 1) dihedral angle is about 6°. The corresponding
experimental value from X-ray data [6] is about 2°. Reorientation of the molecule that has
structure | significantly increases energy of the cluster and periodic structure (see
Table 1). Consideration of dimers extracted from the model cluster reveals that the largest
contribution to the increase originates from the dimer formed by molecules along crystal
axis b (Fig. 6).

Fig. 6. The dimer in the model clusters demonstrating the largest change in energy: ordered structure
(a) and different orientation of the molecule (b).
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Interaction of structure IV with the crystal environment leads to the planar
conformation instead of the twisted structure of the isolated molecule. The energy
difference for cluster and periodic structure increases in comparison with the energy
difference between structures IV and | of the isolated molecule even for the planar
structure 1V obtained by restricted optimization. If structure IV in the crystal corresponds
to different orientation of the benzothiazole moiety, then the energy difference is larger
(see Table 1). The DFTB calculations on the model clusters show that “open” structure |1
only slightly (by about 0.01 eV) changes energy in comparison with the isolated molecule
while structure Il increases energy by about 0.17 eV. The close energy difference is also
yielded by the calculations on the periodic structure and isolated molecule with structure
I1. It should be noted that structures I1-1V do not undergo the excited state intramolecular
proton transfer.

Thus, the calculations show that the defect energy caused by different orientation of
the molecule is comparable with energy of the defects caused by its different
conformations. The lowest energy defect is predicted to be structure Il without an
intramolecular hydrogen bond. The energy of this defect estimated by the DFTB
calculations implies low equilibrium concentration (10*#) that is in good correspondence
to the ordered crystal structure of HBT found by the X-ray diffraction measurements
[5, 6].

4. Conclusions

Calculations with density-functional based tight-binding methods are performed for
model clusters and periodic structures corresponding to the arrangement of molecules in
the crystal lattice of 2-(2'-hydroxyphenyl)benzothiazole. The calculations demonstrate
that energy of defects caused by a different orientation of a molecule or its different
conformation is sufficient for low equilibrium concentration at room temperature. The
calculations do not find out twisted enol structure of molecules in the ideal crystal lattice,
the molecules are close to planarity in the ground state. The main drawback of the model
is a small size of region surrounding the defect so that the resulting periodic structure is
assumed to have the regular arrangement of the defect molecule in each two unit cell of
the crystal. The considered structures comprise the minimal number of molecules
providing that the defect molecule is surrounded by dominating species. Evaluation of the
possible distortion of luminescent keto structures requires description of the
intermolecular potential in the excited state. In the used model the intermolecular forces
are described by an empirical atom-atom potential, which is parameterized only for the
ground state.
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