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The effectiveness of the semi-empirical TD-DFTB (Time-Dependent Density Functional Tight Binding) method
in reproducing the spectral properties of organic dyes was investigated using the example of a library of iso-
mers of the thiophene-containing donor-acceptor Effenberger dye, known for its pronounced solvatochromism.
The aim of the work was to find out how suitable the accelerated TD-DFTB approach is for modern molecular
design tasks, with a necessity to quickly and reliably identify compounds with intense electronic transitions in
the long-wavelength region of the UV-Vis spectrum. The library contained 60 structures in which the positions of
the donor (N,N-dimethylamine) and acceptor (NO,) substituents, as well as the degree of planarity of the -
framework, were systematically varied. For each isomer, the geometry was first optimized at the DFTB level, af-
ter which the excitation energies were calculated using the TD-DFTB method. The obtained values were com-
pared with TD-DFT calculations (B3LYP and CAM-B3LYP functionals) performed with geometries, obtained
both at DFT and DFTB methods. Such a hybrid scheme significantly reduces the computational costs, allowing
screening of large libraries without losing the accuracy. The correlation between excitation energies calculated
by TD-DFTB and TD-DFT is given. As obtained, TD-DFTB tends to systematically underestimate the excitation
energies, but largely reflects compounds with minimal excitation energies and large oscillator strengths, which
makes it a reliable tool for initial screening. Several isomers with long-wavelength absorption and sufficient tran-
sition intensity were identified, which are promising for further modification. Thus, TD-DFTB in combination with
TD-DFT on optimized DFTB geometries demonstrates an optimal balance between accuracy and speed for
prescreening donor-acceptor dyes with given spectral parameters, which significantly enhances the capabilities
of rational design of functional organic materials.

Keywords: molecular screening, organic dyes, TD-DFTB, TD-DFT, donor-acceptor systems, long-wavelength
absorption.

Introduction

New advances in organic dyes, in particular their spectral characteristics, are of primary importance
for the development of photonics and organic electronics. One of the key conditions for rational design
of new functional materials, i.e., solar cells, light-emitting diodes and lasers, is effective evaluation
and prediction of spectral characteristics, which makes sophisticated optimizing dyes with desired
applications possible.

Screening of organic molecules in order to search for systems with specific properties is one of the
typical tasks of modern chemistry. Chemoinformatic approaches are widely used to search for molecu-
lar systems with desired properties of biological activity [1, 2]. However, the use of chemoinformatic
methods to search for systems with specific spectral properties is still an open problem. The difficul-
ties of such work are primarily related to the need to make fast approximate estimates of spectral prop-
erties, which may pose a certain problem for large samples of molecules that include dozens of heavy
(non-hydrogen) atoms. Among the most common methods for this is time-dependent density func-
tional theory (TD-DFT) [3], which allows for detailed simulation of electronic excitations, based on
solutions for electron density that depends upon time. The computational cost demanded for this
process severely limits the possibility for large-scale screenings required for the identification of struc-
tures with desired behavior. The time-dependent density functional based tight binding (TD-DFTB)
method [4] is a promising alternative, as it allows for a significant reduction in computational costs by
approximating some integrals using pre-parameterized values. Despite its computational advantages,
the ability of the TD-DFTB method to predict the spectral properties of organic dyes remain to further
evaluation. An important role in the creation of dyes with desired properties is played by structural
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isomers, since small changes in the structure can significantly change their electronic structure and
spectral characteristics. Therefore, the aim of this work is to compare the efficiency of TD-DFTB and
TD-DFT methods using the example of the Effenberger dye [5] isomer library, a thiophene-containing
donor-acceptor system characterized by pronounced solvatochromism. To achieve this goal, isomeric
library screening at the stage of preliminary selection of candidates with the desired properties is con-
ducted using TD-DFTB method implemented in the DFTB+ package [6, 7], followed by benchmark-
ing calculations using TD-DFT (B3LYP and CAM-B3LYP functionals).

Calculation details

This study centers on a specialized library of compounds generated with the aid of the QUASAR
software package, developed in our previous work [8-11]. While preliminary findings were presented
in [12], the present study offers a detailed evaluation of the TD-DFTB method’s accuracy in predicting
the electronic spectra of molecules from the aforementioned library. The library consisting of 60
isomers of the Effenberger dye (Fig. 1). The structures of isomers were generated by construction of
key building blocks, two thiophene rings with dimethylamino- and nitro- groups as donor and acceptor
substituents. All isomers in the structurally diverse while chemically consistent library are considered
as potential in revealing pronounced solvatochromism effects as donor-acceptor m-conjugated systems.

O:N / \
\ / N(CHs3)2

Figure 1. The structure of Effenberger Dye.

The TD-DFTB method was applied in the implementation of the DFTB+ software package [6, 7]
which has been incorporated in our QUASAR software package. For the parametrization of the
Hamiltonian, we used several sets of the Slater-Koster parameters, available from open source,
covering the necessary elements (H, C, N, O, S): 30b-3-1, auorgap-1-1 and mio-1-1 [13, 14].

Standard TD-DFT calculations were performed using the B3LYP and CAM-B3LYP functionals
with cc-pVDZ basis set. The B3LYP functional was chosen as a widely verified compromise between
accuracy and speed, while the CAM-B3LYP as supposed allows for a better description of charge-
transfer states, which is critical for donor-acceptor systems with pronounced solvatochromism.
Calculations were performed using the Gaussian 09 quantum chemistry package [15].

The evaluation of the obtained spectra was carried out by comparing the positions of the longest-
wavelength absorption band (Am.x) alongside with corresponding oscillator strengths (f), with the en-
ergy difference (AE) and the correlation between the spectral trends, predicted by TD-DFTB and TD-
DFT as main metrics.

Results and discussion

Distribution of Excitation Energies and Oscillator Strengths. The range of excitation energy
values obtained for the Effenberger dye isomers calculated by TD-DFT and TD-DFTB methods is
presented in the Fig. 2. For the reference structure, the Effenberger dye, following values of TD-DFT
excitation energy were obtained (the value of oscillator strength are given in parentheses): CAM-
B3LYP —-3.25¢eV (0.71), B3LYP — 2.82 eV (0.63). At the same time for the method TD-DFTB based
at different parametrization (3ob-3-1, auorgap-1-1 and mio-1-1) we obtained the value 2.89 eV (0.67).
For the particular molecule the TD-DFTB method reproduces the corresponding HOMO—LUMO
transition quite accurately in terms of excitation energy and transition intensity compared to B3LYP.
In addition to the reference structure, high spectral similarity with AE <0.1 eV was obtained for a
number of structures (Fig.3) and is presented in table 1. The structures are listed in order of
decreasing oscillator strength, allowing to clearly link the absorption intensity with the structure
modification. The highest values of oscillator strength are obtained for structures 1-3, in which the
donor and acceptor substituents are located in different thiophene rings, contributing to better
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conjugation and enhanced intramolecular charge transfer (ICT) upon excitation, which occurs in such
structures to a greater extent, as shown by corresponding molecular orbitals in fig. 4. A decrease in the
planarity of the molecule, which is quantitatively reflected by an increase in the dihedral angle
between the fragments is accompanied by a decrease in the oscillator strength. Thus, the maximum
value of the dihedral angle between the planar fragments, at which relatively intense electronic
transitions are still obtained in the long-wavelength region of the spectrum, is 26° (structure 3). This
indicates a certain permissible limit of curvature of the m-system, at which the effective conjugation
remains sufficient to maintain intense absorption.

-
%)
|

[ := R
Wl CAM-BILYE
[ CFTB (mio-1-1)

N of molecules
o

o

@

2
§ =
@
o

- W
2 = ]
s )
=) o

‘i‘f ?’\'
W b
K w

¥
(=] =]

E, evy
Figure 2. Histogram of excitation energy distribution obtained for the Effenberger dye isomers.

Table 1. Excitation energies (eV) obtained by TD-DFTB and B3LYP for selected isomers of the Effenberger
dye (1). Oscillator strengths are given in parentheses.

B3LYP  30b-3-1 a“‘;r_glap' mio-1-1 B3LYP  30b-3-1 a“‘;r_glap' mio-1-1
| 2.82 2.89 2.89 2.89 . 3.15 ] 3.13 3.13
(0.628)  (0.675)  (0.661)  (0.660) (0.070) (0.083)  (0.084)
5 2.75 2.73 2.77 2.77 ; 2.89 2.76 2.82 2.82
(0.378)  (0.408)  (0.413)  (0.412) 0.039)  (0.081)  (0.087)  (0.087)
; 2.87 2.86 2.89 2.88 g 2.99 2.94 2.96 2.96
(0.281)  (0.296)  (0.440)  (0.439) (0.017)  (0.038)  (0.046)  (0.046)
A 333 3.68 338 338 0 3.05 2.99 2.96 2.96
(0.184)  (0.482)  (0.165)  (0.165) (0.016)  (0.051)  (0.051)  (0.051)
5 3.17 ] 3.20 3.20 10 2.54 2.56 2.58 2.58
(0.136) (0.145)  (0.144) 0.013)  (0.066)  (0.077)  (0.077)

To describe the planarity of molecular systems, in the present article we propose using the average
deviation of heavy (non-hydrogen) atoms from the best-fit plane through their coordinates as a
quantitative index INP. The best fit plain

BO+BXX+Byy+BZZ:0 (1)
was obtained by minimizing the orthogonal distances of heavy atoms, following the principles of
orthogonal distance regression.

B =argmin, (B*A"AB /B E) )
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In this context, 3= (BO,BX,By,BZ) defines the parameters of the plane, matrix A contains the atomic

coordinates, and matrix E is close to the identity matrix (however E;;=0). The matrices are given
below:

1 x, vy, z 0 00O
1 01 00
A — XZ YZ ZZ , E — (3)
0 010
1 Xy Yn Zy 0 0 0 1

To solve equation (2), we use the steepest descent iterative procedure. For the molecular library
under consideration the value INP deviates from OA for planar system to 0.79A for maximum
unplanar.
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Figure 3. Structures of Effenberger dye isomers for which the best agreement between TD-DFTB and TD-DFT
was obtained (AE < 0.1 eV). Dihedral angles ¢ are given, according to B3LYP.

Structure 10 (fig. 5) noticeably deviates from the general trend. The structure is planar, with a
dihedral angle between the planes of the thiophene rings close to 0°, and spatially separated donor and
acceptor groups. However, no intense electronic transition is obtained in the long-wavelength region
of the spectrum for this molecule.

Two different parameter sets, auorgap-1-1 and mio-1-1, used for TD-DFTB calculations, give
almost identical results. The differences between them are insignificant: the excitation energies differ,
as a rule, in the second decimal place (£0.01-0.02 eV), and the oscillator strength values in the third
(£0.001-0.005). Nevertheless, for individual structures, presented in fig. 6, the TD-DFTB approach
with some types of the Slater-Koster parameters does not predict excited states corresponding to the
HOMO—LUMO transition, which, on the other hand, is clearly visible in TD-DFT calculations with
energies in the range of 34 eV. Among them are molecules characterized by a deviation from overall
planarity of 10-60° for the dihedral angle between the planes of two thiophene rings. Among the
rejected structures are both those that, according to TD-DFT data, demonstrate low absorption
intensity (f<0.1), and those that have large oscillator strength values (f > 0.2). This indicates that
simplified parameterizations in TD-DFTB can lead to the loss of potentially relevant structures.
Therefore, in high-throughput screening, it is advisable to use several independent sets of parameters
to minimize the probability of missing promising structures.
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Figure 4. Molecular orbitals, corresponding to the HOMO — LUMO transition for selected structures.
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Figure 5. Mulliken distribution of partial atomic charges for structure 10.
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Figure 6. Isomers unidentified by TD-DFTB due to the absence of the predicted HOMO-LUMO transition in

absorption spectrum. Dihedral angles and oscillator strength range are given, according to TD-DFT.

Quantitative Comparison. To quantify the agreement between TD-DFTB and TD-DFT for the

entire isomer library, several statistical metrics based on the excitation energy values obtained are
presented in Table 2. In particular, the coefficient of determination (R?), which reflects the degree of
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linear correlation between the samples; the root mean square deviation (RMSD), which characterizes
the absolute difference in values; and the asymmetry index (A), which allows assessing the presence
of a systematic shift between the data sets.

T calc - ET ref )2

==
RMSD = - 4)

z (ETcalc_ETref)

A . 5)
Table 2. Match metrics between TD-DFTB and TD-DFT results for excitation energies.
CAM-B3LYP B3LYP
3ob-3-1 auorgap-1-1 mio-1-1 3ob-3-1 auorgap-1-1 mio-1-1
R 0.05 0.05 0.04 0.682 0.681 0.691
A -1.17 -1.12 -1.11 -0.28 -0.25 0.05
RMSD 1.34 1.28 1.27 0.51 0.47 0.47

Due to its long-range correction, the CAM-B3LYP functional, supposed for better description of
charge-transfer excitations, tends to overestimate the energy of HOMO-LUMO gap, compared to other
hybrid functionals such as B3LYP. Better reproduction of the values is obtained at the B3LYP level
(RMSD = 0.5 eV). Nevertheless, qualitative agreement in reflecting the variations in excitation energy
depending on the change in the isomer structure is insufficient, confirmed by correlation coefficient
R? < 0.5 for entire library. Linear approximation of the longest wavelength values obtained by TD-
DFT and TD-DFTB is shown in the fig. 7 with corresponding equations:

Apsyp=0.3384;,,_,_,+1.832 (6)
ABSLYP:0'409}\auorgap_l_1+1.770 (7)
}\B3LYP:0'424Amio—1—1+]—-739 (8)
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Figure 7. The linear approximation of energy values (eV) calculated using TD-DFT and TD-DFTB approaches.

Analysis of Selected Structures. To assess the extent to which the geometric parameters obtained
in TD-DFTB affect the predicted spectral characteristics, we created a sample of 13 structures
characterized by relatively intense absorption bands of HOMO-LUMO transition (f =0.116-0.378,
0.628). For these compounds, additional calculations were performed at the B3LYP/cc-pVDZ level
using optimized geometries obtained by the TD-DFTB method and relevant statistical metrics are
given in Table 3. It can be observed that the use of such a hybrid approach does not lead to a
significant increase in the accuracy of reproducing the absolute values, however, provides improved
qualitatively reflection of relative energy changes during the transition from isomer to isomer, as
shown in fig. 8. For some structures, the hybrid approach resulted in a significant improvement in the
absorption energy reproduction compared to calculations based on the original geometries. In
particular, this applies to structures 2 and 4, and structures 11 and 12, characterized by intriguing long-
wavelength transitions at relatively low energies. Also interesting spectral properties were found for
compounds 13 and 14 (fig. 9).
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Table 3. Match metrics between TD-DFTB and TD-DFT results for selected structures.

B3LYP B3LYP with TD-DFTB geometry
3ob-3-1 auorgap-1-1 mio-1-1 30b-3-1 auorgap-1-1 mio-1-1
R’ 0.625 0.530 0.526 0.746 0.701 0.703
A 0.02 0.05 0.03 0.03 0.02 0.04
RMSD 0.25 0.32 0.26 0.33 0.28 0.31

The most intense transitions in the long-wavelength part of the spectrum were eventually found for
compounds 2 and 12. These molecules are distinguished by spatially separated and located on
different thiophene rings donor and acceptor groups, which contributes to more efficient charge
transfer upon excitation and the same dihedral angle between the key fragments being about 20°,
which suggests that a certain curvature of the molecule, provided that a favorable electron distribution
is maintained, does not interfere, and sometimes even promotes, an intense transition in the long-
wavelength region. For compound 11, as in the case of compound 10, a more intense electronic
transition is observed in the short-wavelength part of the spectrum (fig. 4). This indicates that, despite
the presence of donor-acceptor fragments and the planarity of the structure, the nature of the electron
density distribution does not contribute to effective charge transfer at lower energies.
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Figure 9. The structures for which absorption in the long-wavelength region is predicted. Transition energies
and oscillator strengths are given according to B3LYP.

Applicability of TD-DFTB for High-Throughput Screening. The evaluation of the applicability
of the TD-DFTB approach for preliminary screening of structural library shows that it is an effective
tool for identifying compounds with potentially intense transitions in the long-wavelength part of the
spectrum. At the same time, the results emphasize the need for individual analysis of structures, since
some features of the geometry or electronic structure may remain “invisible” depending on the chosen
set of Slater-Koster parameters. The use of several parameterization options is advisable, since
although most of the obtained values are close to each other, each set has its limitations and selectively
“does not see” certain molecules, in particular those of interest as dyes.
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As can be seen from fig. 8, TD-DFTB satisfactorily reproduces the relative changes in transition
energies for a number of structures, allowing to estimate the influence of structure modification on
spectral properties. However, for individual compounds, such as 2 and 12, exhibiting the lowest ab-
sorption energies, the accuracy of TD-DFTB decreases significantly, which requires adjustment of the
results. B3LYP refinement of transition energies for geometries optimized at the TD-DFTB level
demonstrates improvements in correlation with the reference level of theory, allowing for significant
computational savings: while geometry optimization at the DFTB level takes only minutes, at the DFT
level it requires days.

Conclusion

The effectiveness of the TD-DFTB approach for predicting the spectral properties of dyes based on
the Effenberger dye isomers library was investigated. It was shown that TD-DFTB is capable of
qualitatively reproducing the main trends in the transition energy changes during structural
modification of molecules, in particular for systems with spaced donors and acceptors. Despite a
certain systematic error in the absolute values, TD-DFTB allows for the rapid and low computational
cost identification of promising structures with intense transitions in the long-wavelength region of the
spectrum.

The proposed hybrid approach, combining geometry obtained with DFTB and transition energies at
the B3LYP level, provides a balance between accuracy and computational speed and is a promising
tool for the initial screening of a large number of structures. The results demonstrate that TD-DFTB
can be an effective method in organic dye studies, subjected to careful selection and further refinement
for the most promising candidates.
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DocnigpxeHo edekTuBHiICTE HaniBemnipuyHoro metogy TD-DFTB (Time-Dependent Density Functional
Tight Binding) y BiATBOpeHHi cnekTpanbHUX BNacTUBOCTEW OpraHiyHMx GapBHUKIB Ha npuknagi G6ibnioteku
i3omepiB TiodheHBMiICHOro AOHOPHO-akuenTopHoro GapBHUka EdydpeHbeprepa, BigoMoro Bupa)KeHow co-
neBaToxpomieto. MeToto poboTu 6yno 3'acyBaTu, HackinbkM npuaaTtHUM € npuckopexun nigxig TD-DFTB gns
cyyacHMX 3ajad MONEeKynsapHOro AmsanHy, 3 HeobXigHiCTiO WBMAKOI Ta HafinHoi igeHTudikauii cnonyk 3
iHTEHCMBHUMU €NeKTPOHHUMM nepexogamun B AOBroxBunboBi obnacti Y®-Bugumoro cnektpy. bibnioTeka
Mmictuna 60 CTpPyKTyp, B SIKMX CUCTEMATU4YHO BapitoBanucsa nonoxeHHs goHopHoro (N,N-anmetnnamiH) Ta
akuentopHoro (NO;) 3amicHuMKIB, a TakoX CTyniHb NiiaHapHOCTI TT-kapkaca. [ns KOXHOro isomepy reomeTpis
crnoyaTky onTuMmidyBanacs Ha piBHi DFTB, nicnsa 4oro eHeprii 36yaxeHHA po3paxoByBanvcst 3a A0MNOMOrot
meTtony TD-DFTB. OTpumaHi 3HauyeHHs nopiBHioBanu 3 po3paxyHkamu TD-DFT (dyHkuioHanu B3LYP Ta
CAM-B3LYP), BUKOHaHUMW 3 reoMeTpissMu, OTpuMaHuMu sik metogamu DFT, Tak i DFTB. Taka ribpuaHa cxe-
Ma 3HayHO 3HWXye obuucnioBarnbHi BUTPATW, OO3BOMSAYM NPOBOAUTM CKPUHIHM Benukux 6ibniotek 6e3
BTpaTM TOYHOCTI. HaBegeHo Kkopensuito Mix eHepriamu 36ymKeHHHA, po3paxoBaHumu 3a gonomorotw TD-
DFTB ta TD-DFT. TD-DFTB mae TeHAeHUit0 CMCTEMATUYHO 3aHWXKyBaTU eHeprii 30yQKeHHs1, ane 3Ha4yHow
Mipoto Bigobpaxae crnonykv 3 MiHimanbsHUMK eHepriamn 30yaKeHHA Ta BUCOKMMMK cunamu ocumnsaTopa, Lo
poOUTb AOro HafiiHUM IHCTPYMEHTOM Afisi MOYaTKOBOrO CKPUHIHrYy. Byno igeHTndikoBaHo kinbka isomepis 3
OOBrOXBUITbOBMM MOMMIMHAHHSAM Ta [OCTATHbOK iHTEHCUBHICTIO MepexofiB, SKi € NepcnekTMBHUMMK Ans Mno-
Aanbloi mogudikadii. Takum ynHom, TD-DFTB y noegHaHHi 3 TD-DFT Ha onTumisoBaHux reometpiax DFTB
OEMOHCTPYE onTuManbHUM GanaHc MK TOYHICTIO Ta LWBWAKICTO NOMNEpPeaHbOro CKPUHIHTY [OHOPHO-
akuenTopHmx 6apBHMKIB i3 3agaHNUMKU CNEKTPanbHMMKU NapaMeTpamMu, WO 3HaYHO PO3LLNPIOE MOXIUBOCTI pa-
LioHanbHOro An3anHy yHKUiOHaNbHMX OpraHiyHuX martepianis.

Knroyoei croea: monekynspHul CKpuUHiHe, opaaHiyHi b6apeHuku, TD-DFTB, TD-DFT, doHopHO-
akyenmopHi cucmemu, 00820X8USTLOBE MO2/TUHAHHS.

KoHdonikT iHTepeciB: aBTOpK NOBIAOMNATL NPO BIACYTHICTb KOHMMIKTY iHTEpeCiB.
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