ISSN 2616-8685. JOURNAL OF PHYSICS AND ELECTRONICS Vol. 29(1), 2021. DOI 10.15421/332113

VACANCIES IN THE MOLECULAR CRYSTAL OF
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Structure of molecular units is calculated for the periodic model corresponding to the crystal lattice of
2-(2"-hydroxyphenyl)benzothiazole with vacancies. 2-(2'-hydroxyphenyl)benzothiazole is a luminescent
organic substance undergoing excited state intramolecular proton transfer. The calculations are performed
with density-functional based tight-binding methods usding Van der Waals interaction empirical
correction. It is found that the dihedral angles formed by benzothiazole and phenol parts of the molecules
deviate in the vicinity of the vacancy. The vacancy provides enough space for non-planar conformation of
the molecules in the ground state. At the same time the increase in energy of the periodic structure with the
vacancies caused by appearance of the non-planar conformation is larger than the corresponding increase
in the isolated molecule.
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1. Introduction

2-(2'-hydroxyphenyl)benzothiazole (HBT) (Fig. 1a) is an organic compound that exhibits
photoinduced excited state intramolecular proton transfer. HBT has been studied for about 50
years as a model compound for ESIPT [1,2]. HBT is also tried for applications in
optoelectronics including emitting layers of electroluminescent devices [3] and lasing
material [4]. In the ground state the most stable structure is enol with an OH...N hydrogen
bond. Other possible conformations of the molecule formed by rotation of the benzothiazole
and phenol moieties as well as the OH bond demonstrate the much higher energy than the
most stable structure implying their very low equilibrium concentration even at relatively
high temperature [5]. In the excited state the keto structure with an O...HN hydrogen bond is
the most stable and there is internal rotation in the isolated molecule. The internal rotation in
the keto structure is considered to be the main path for radiationless transition to the ground
state lowering quantum yield of luminescence [2]. In the experiments on HBT nanowires as
an optically pumped laser medium amplified emission is observed at two wavelengths and
interpreted as presence of planar and partially twisted keto structures [4].
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Fig. 1. Enol structure of molecule with atomic numbering (a) and a unit cell of a crystal of HBT (b).
The unit cell is plotted according to the X-ray data [7].
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X-ray data show [6,7] that HBT forms monoclinic P21/c structure class crystal with
4 molecules in a unit cell. (Fig. 1b). It is expected that crystal packing hinders the
intramolecular rotation causing high quantum vyield of luminescence in crystals.
Theoretical calculations demonstrate that defects caused by different orientation as whole
molecule as the benzothiazole or phenol fragments have high energy implying their low
equilibrium concentration [5]. The calculations [5] and X-ray measurements [6,7] show
that the enol structure of molecules of HBT in crystal is close to planar, the structure of
the isolated molecules is predicted to be strictly planar.

Besides different orientation of the molecules in the crystal lattice the common point
defects in molecular crystals are vacancies, that is absence of a molecule in the site [8].
The absence of the molecules causes deformation of the periodic structure in the vicinity
of the vacancy.

In the present paper we evaluate effect of vacancies on the geometrical parameters
of molecular units in the crystal of HBT.

2. Calculations details

Geometrical parameters of model structures of an HBT crystal with vacancies 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 [9,10] as described in [11] for ideal crystal. As it is found for benzoxazole
analogue 2-(2'-hydroxyphenyl)benzoxazole (HBO), this calculation method provides
good correspondence of the predicted frequencies of low-frequency lattice vibrations for
ideal crystal and positions of Raman bands observed in the experimental spectrum [11]. A
supercell folding is used for the Brillouin zone sampling with the 2x2x2 supercell. The
periodic structures are optimized for the Brillouin zone center assuming the cell
parameters be fixed to the values taken from the X-ray data [6]. The density functional
theory (DFT) and time-dependent density functional theory (TDDFT) calculations for
isolated molecular structures were also performed with the GAMESS program suite
[12,13] using the B3LYP functional and 6-31G(d,p) basis set.

The periodic model structure of the defect comprises 18 unit cells of the crystal
obtained by translation along the lattice vectors 3a, 3b and 2c (Fig. 2). One molecule in
this structure is removed to model the vacancy.

3. Results and discussion

The calculations reveal that there is a difference between the values of the dihedral
angles N7-Cs-C10-C11 and Se-Cs-C10-C1s for the molecule in the vicinity of the vacancy
and more distant molecules. The dihedral angles N7-Cs-C10-C11 and So-Cs-Ci0-Cis
describe mutual orientation of the benzothiazole and phenol moieties in the HBT
molecule (see Fig. 1a). In the most molecules that do not constitute the first coordination
sphere of the vacancy the values of the N7-Cs-C10-C11 dihedral angles are about 6°. The
value is close to that obtained for ideal crystal lattice [5]. In the vicinity of the vacancies
the smallest value of the N7-Cs-C10-C11 dihedral angle is 2.5°, the largest — 8.4°. The
corresponding values of the So-Cs-C10-Cis dihedral angles are about 5.5°, 2.0° and 8.3°.
For the isolated molecule the dihedral angles are about 0°.

DFT and TDDFT calculations of energy performed on the structures with the N7-Cs-
C10-Cu1 angles of 6° and 2.5° extracted from the model show that the energy difference is
less than 0.01 eV both in the ground and first excited states. Consequently, energy of the
transitions from the ground and excited states differ negligibly. The variation of the
dihedral angle does not change the energy of the molecules caused by intramolecular
forces.
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Non-planar conformation of the isolated molecule of HBT (Fig. 2b) is predicted by
DFTB calculations to have energy higher by 0.25 eV than the most stable OH...N enol
structure. The N7-Cs-C10-C11 dihedral angle is 151° in this isolated structure. Planarization
of the structure by imposing Cs symmetry restriction increases energy to 0.26 eV.
Calculations [5] of structures of various conformations in the molecular cluster
corresponding to the first coordination sphere predict that improper orientation of the
benzothiazole fragment leads to the planarization of the structure and increase in energy
by 0.69 eV.

a b

Fig. 2. Unit cell of the periodic structure of HBT with a vacancy (a) and non-planar enol conformation
of the molecule of HBT.

If the non-planar conformation is placed near the vacancy in the site of the molecule
with the N7-Cs-C10-Cu11 dihedral angle of 2.5° then the structure remains non-planar. The
N7-Cs-C10-C11 dihedral angle in the molecule in the vicinity of the vacancy is 145°. The
energy of the periodic structure increases by about 0.4 eV that larger than the difference
for isolated molecule but noticeable less than the value obtained for this molecular
conformation in the rigid cluster corresponding to the ideal crystal lattice. Moreover, the
non-planar conformation in the vicinity of the vacancy demonstrates larger deviation
from the planarity than the isolated molecule.

4. Conclusions

Density-functional based tight-binding methods with Van der Waals interaction
correction are used for modeling of vacancies in the molecular crystal of 2-(2'-
hydroxyphenyl)benzothiazole. The calculations are performed for periodic model
structures corresponding to the arrangement of molecules in the crystal lattice.

The calculations demonstrate that absence of a molecule leads to deviations of the
dihedral angles between benzothiazole and phenol fragments in the molecules in the
vicinity of the vacancy from the values of the dihedral angles in the molecules in the bulk
region of the modeled lattice. The vacancy is found to provide enough room for the non-
planar conformations of the molecule in the ground state.

Internal rotation in the excited state in the keto structure is considered to be a
radiationless mechanism of transition to the ground state in the isolated molecules.
Modeling of excited states in organic molecular crystals requires description of dispersion
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interaction in the excited states. The description of the dispersion forces is beyond the
time dependent density-functional based tight-binding and even beyond the time
dependent density functional theory methods. VVan der Waals interaction correction used
in our study involves atom-atom potential which parameters are valid for the ground
state. The main drawback of the model is minimal size of region containing the defect
needed for considering the vacancy. This implies regular arrangement of the defects in
the model periodic structure.
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