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Abstract

A series of acceptor and donor groups anchored to benzo[1,2-b:4,5-b']dithiophene (BDT) molecule have been systematically
investigated at the density functional theory (DFT) and time-dependent density functional theory (TDDFT) level to reveal
structure—property relationships, charge transfer, and fluorescence lifetimes. The DFT optimization shows that the hetero
atom in the ring induces the polarity from central ring to both ends of the thiophene ring, participating in the conjugation.
The donor and acceptor groups were anchored at the terminals of the BDT at two different positions to fine-tune the proper-
ties according to the requirement and study the push—pull effect. All the models studied in this work retain their aromaticity
as estimated from NICS(0) and NICS(1) aromaticity index in ground and excited states. The results show that the hardness,
softness, HOMO-LUMO gaps, ionization potentials (IP), and electron affinities (EA) of the BDTs are significantly affected
by the electron-withdrawing and electron-donating groups. The 'H and '*C NMR chemical shift values have been computed
to quantify the push—pull effect. Further, the charge transfer properties in these BDTs were explored based on reorganization
energies and diagnostic descriptors derived from hole—electron theory that present different electron excitation behavior.
The relationship between the computed variables such as highest occupied molecular orbital, lowest unoccupied molecular
orbital, oscillator strength, dipole moment, absorption, and fluorescence energy correlates the system with one another and
also to extend the possible applications of the system in optical devices. Structure—property relationship of various BDTs
reveal that, upon optical excitation, the resonance effect plays an important role changing the bonding character between
the substituent and BDT unit, enabling efficient electron delocalization. The examination of TDDFT results indicates that
among the various models studied in this work, nitro-substituted model is better candidate for optoelectronic properties with
relatively large absorption wavelength and long fluorescence lifetime.

Keywords TDDFT - DFT - BDT - Charge transfer - Push—pull effect - Structure—property relationship

1 Introduction photonic technologies [2—-7]. Benzo-fused heterocycles are

a class of organic chromophores where the electron-donating

Organic molecules with a delocalized z-electron system have
drawn significant advantages for their high efficiency, flex-
ibility, and unique features where the functional groups can
be substituted and the properties can be tuned easily accord-
ing to the requirements [1]. Significant efforts have been
focused on studying the electronic and structural properties
of donor—acceptor (D-A)-substituted conjugated z-electron
systems with an intention to use them in light harvesting,
data processing application, modern communication, and
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and electron-accepting nature of the side chain or functional
group can alter the energy gap appropriately, which contrib-
ute to efficient intramolecular charge transfer (ICT) and thus
improve charge transport [8]. The hetero-aromatic system
end-capped with an electron acceptor (A) and an electron
donor (D) widely represent a class of systems known as
push—pull molecules. They have gained much attention due
to their remarkable feature in material science especially in
the field of nonlinear optics, optoelectronics, and their effi-
cient charge transfer properties [9, 10]. The development of
organic z-conjugated donor—acceptor—donor (D—A-D) sys-
tems composed of thiophenes (donor) and electron-deficient
molecule (phenyl) provides an efficient approach to increase
the absorption band through intramolecular charge transfer
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(ICT) [11]. This approach offers a better matchup of the
solar spectrum and thus attains the high efficiency in pho-
tovoltaic cells (PVC) [12]. Recently, many researchers [13,
14] have demonstrated that the incorporation of heteroatoms
and the side chain into the z-conjugated electron-deficient
five-membered ring causes push—pull effect that alters their
electronic properties [7].

Generally, ICT occurs in push—pull systems containing
electron donor and electron acceptor [15]. The ICT in these
D-A systems leads to distinct optical and electronic prop-
erties. By suitable combination of the donor and acceptor
groups, the ICT character of the push—pull system can be
controlled [16]. The combination of donor and acceptor
components affects the frontier orbital levels, thereby mak-
ing them appropriate candidate materials to tune the opto-
electronic properties [16]. Usually, electron donors are sub-
stituents with inductive (+]1) effects such as CH;, NH,, OH,
and benzo-fused thiophenes, whereas the electron acceptors
represent substituents with inductive (—1I) effects such as
NO,, CN, CHO, COOH, CF;, etc. [9]. Resonance effect in
substituents also plays an important role by participating in
the z-conjugated network of the main chromophore upon
photoexcitation [17]. Typical substituents include amino
groups and sub-conjugated systems which form extended
conjugation with the main chromophore such as CHO,
COCH;, COOH, C¢Hs, and thiophene.

The study reports the effect of introducing various elec-
tron donor and acceptor groups to the benzo[1,2-b:4,5-b']
dithiophene (BDT) unit on the electronic, optical, redox,
and charge transfer properties at a microscopic level. Among
many chromophores, BDT [10, 18] derivatives are appropri-
ate candidate in optoelectronic devices owing to their high
electron density and planar structure. In this regard, organic
push—pull systems are designed with the various donors and
acceptors attached to BDT molecule, and the comprehensive
structure and photoelectric properties are studied using the
density functional theory and time-dependent density func-
tional theory methods [16, 19, 20]. The D-A structure is cre-
ated by breaking the delocalization pattern by introducing
donor and acceptor at the two thiophene rings. In the present
study, a series of BDTs with different electron acceptor groups
at ortho (conformer a)- and meta (conformer b)-position to
the sulfur atom in the thiophene rings have been investigated.
This approach can efficiently fine-tune the “push—pull” effect
of BDTs, by simply changing substituents according to their
varying electron-donating or electron-withdrawing power.
The frontier molecular orbitals, HOMO-LUMO energy gaps,
absorption and emission spectra, reorganization energies, and
charge transfer have also been investigated. Further natural
population analyses have been carried out to understand the
nature of delocalization and ground state interactions. The
'H and 'C NMR chemical shift, vibrational frequency, and

@ Springer

nucleus-independent chemical shift (NICS) calculations sup-
port the structure and push—pull character of these BDTs.

2 Computational methods

Various ortho- and meta-substituted BDT models are gener-
ated with different donor and acceptor groups. All the models
were optimized in gas phase without any constraints at the
tight convergence criteria using long-range corrected CAM-
B3LYP [21, 22] hybrid functional and 6-31 + G(d,p) all-elec-
tron basis set for all atoms as implemented in the Gaussian 09
package [22]. The minima nature of the structure is confirmed
from the computed real frequencies based on the harmonic
vibrational analysis. The charge distribution in all optimized
BDT models are investigated by the natural orbital method
[23, 24]. The charge distribution is considered by dividing the
BDT into different ring units (ring A: thiophene unit attached
to donor substituent, ring B: central fused benzene unit, and
ring C: thiophene unit attached to acceptor substituent), and
at donor and acceptor substituents, respectively, as in Fig. 1.
The oxidation and reduction properties of the BDT models
were studied by calculating the vertical and adiabatic ioniza-
tion potential (VIP and AIP), vertical and adiabatic electron
affinity (VEA and AEA), and reorganization energy for oxida-
tion and reduction (4, and ;) process using the equations
given below,

ele
VIP =E/_| —Ey,
AIP = Ey_~Ey,
VEA = EEN+I)_E(N)
AEA = E,~Eq

Jye = AEA — VEA

é 3

\

Fig.1 Schematic representation of benzo[1,2-b:4,5-b']dithiophene
(BDT) core considered in this work. The ortho (positions 6 and 2)-
and meta (positions 7 and 3)-position in the thiophene ring are substi-
tuted with various substituents [donor: CH;, NH,, and OH; acceptors:
CF; (1a/1b), NO, (2a/2b), CN (3a/3b), COOH (4a/4b), and CHO
(5a/5b)]. The skeletal atoms and ring labels used for NPA, NICS, 'H
and '*C NMR calculations are shown
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Aote = AIP — VIP

where E y, is the energy of an optimized neutral molecule
with N electrons, E'(y ) is the energy of a cation present at
optimized neutral geometry, Ey y, is the energy of an opti-
mized cation with (N — 1) electrons, E'(y, ) is the energy of
an anion present at optimized neutral geometry, and E .,
is the energy of an optimized anion with (N + 1) electrons.

Hardness (1) and softness (o) are related to the energy gap
between highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) calculated by
the equations given below [25],

HOMO - LUMO

Hardness, 5 = 2

Softness, o = l
n

Nucleus-independent chemical shift (NICS) [26] values
were calculated for the optimized ground and excited state
geometries at CAM-B3LYP/6-31 + G(d,p) level of theory
using the gauge-independent atomic orbital method (GIAO)
[27] method. The NICS(0) and NICS(1) values were meas-
ured as a negative magnitude of isotropic chemical shielding
values (in ppm) [26] by placmg the ghost atoms at the center
of the ring plane and 1 A above this point. 'H and '3C NMR
chemical shielding values are calculated in GIAO method by
considering tetramethyl silane as reference at the same level
of theory. The electron—hole distribution, electron density
difference (EDD), charge transfer (CT) length, and C,,. and

C.. (centroids of hole and electron) were all generated and
visualized by the Multiwfn 3.8 program [28-30].

The first vertical excitation energy corresponding to the
lowest absorption energy (E,, ) based on the optimized
ground state geometry (S,) was calculated by the TDDFT
method [31, 32]. According to Kasha’s rule [33], the emis-
sion energy (Ey,) is determined as the S; — S, transition,
where the first singlet excited state (S,) is typically important
to emit fluorescence and is obtained by optimizing the S,
state. The Stokes shift is calculated as the difference between
the lowest absorption and emission energy.

3 Results and discussion

3.1 Electronic structural and optical
properties of 1,5-dihydros-indacene
and benzo[1,2-b:4,5-b'ldithiophene
chromophore

The 1,5-dihydros-indacene and benzo[1,2-b:4,5-b']dith-
iophene molecules were optimized to understand the

influence of sulfur atom in the ring. The presence of sp*

carbon in 1,5-dihydros-indacene makes the structure
non planar with bond distance of C, 2 (1.51 A) and
C,p C 2 (1.34-1.47 A) Computed natural charges show
1ntramolecu1ar charge transfer from center of the ring to
terminal rings (Fig. 2). Further, the computed NICS(0) and
NICS(1) values of indacene molecule indicate that five-
membered rings A and C are non-aromatic with —0.14 and
—2.99 ppm values, while six-membered ring is aromatic
with —8.26 and — 10.01 ppm values, respectively. The sub-
stitution of —-CH, group by sulfur atom in BDT makes the
structure planar with C—S bond distance 1.75 A. Further,
the sulfur lone pair of electron is found to participate in
the conjugation (Fig. 2); as a result, the chemical stability
is found to increase in BDT molecule by 0.24 eV com-
pared to indacene molecule. The heteroatom polarizes the
molecule where the negative charge is more concentrated
at the central ring (—1.03 e) compared to the terminal
rings (—0.57 e). The MO picture shows extended delo-
calization; as a result, the terminal thiophene rings (—9.30
and —7.80 ppm) and the central phenyl ring (—10.64
and — 11.34 ppm) become aromatic with larger negative
NICS(0) and NICS(1) values. TDDFT computation shows
that the absorption maximum occurs at 273.97 nm for
indacene and 233.82 nm for BDT. In both the molecules,
absorption occurs due to 7 — z* transition. The blueshift
observed for BDT is the result of larger stabilization of
HOMO due to hetero atom substitution. This wavelength
has been further tuned by introducing the push—pull effects
by substituting donor and acceptor groups at the terminal
rings (ortho- and meta-position to sulfur atom).

LUMO

HOMO

Fig.2 Optimized molecule and molecular orbital pictures of a
1,5-dihydros-indacene and b benzo[1,2-b:4,5-b']dithiophene (BDT).
Computed bond distances (in /&), natural charges in e (bold italics)
averaged to each rings, NICS(0) and NICS(1) (orange font in ppm)
values are given
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3.2 Electronic structural and optical properties
of donor- and acceptor-substituted BDT

3.2.1 Structural properties

The optimized geometries of the BDT models clearly show
negligible change in planarity and bond distances irrespec-
tive of the substituents size and position (Fig. 3, S1, and S2).
However, the substituents enhance the intramolecular hydro-
gen bonding interaction between the acceptor units and the
H-atoms in the ring (distances are found to vary from 2.30 to
2.77 A, in Figs. 3, S1, and S2). These weak interactions sta-
bilize the conformer b (substituent at meta-position) margin-
ally more than conformer a by CH;: 1.07-2.00 kcal mol !,

Fig.3 Optimized geometries

of various NH,-substituted
BDT models. a and b represent
different conformers for the
BDT models with NH, group
anchored at positions 6 and 7,
and acceptor at positions 2 and
3. The important bond distances
and weak interaction (in /0\)

are given (1a/1b: CF;, 2a/2b:
NO,, 3a/3b: CN, 4a/4b: COOH,
5a/5b: CHO). The optimized
geometries of CH;- and OH-
substituted BDTs are given in
supplementary information
(Figs. S1 and S2)

o
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NH,: 0.46-1.05 kcal mol~!, OH: 0.66-2.01 kcal mol~!
as mentioned in Table 1 for all substituent (NH,-5a as an
exception). Further, the intramolecular hydrogen bonding
redshifted the functional group stretching frequencies of
acceptor substituents in conformer b compared to conformer
a. The computed vibrational frequencies of acceptor groups
(v in cm™}) for all the BDT models are given in supple-
mentary information (Table S1 in SI). The charge transfer
nature, chemical reactivity, kinetic stability, chemical hard-
ness and softness of the molecules are understood from the
energy gap between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
as given in Table 1. Among conformer b, the chemical stabil-
ity of various donor-substituted molecules follows the trend,
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NH, < OH < CHj irrespective of the acceptors. This can be
explained based on the improper dihedral angle (w) defined
between donor and acceptor units as given in Table S4 in
supplementary information. In CH;-substituted BDTs, the
angle o is co-planar ~ 180° with respect to the BDT ring, and
hence, there is a larger z-electron delocalization, whereas for
NH,- and OH-substituted BDTs, the angle @ deviates from
co-planarity ~30-40° (NH,) and ~30° (OH), respectively. In
case of different acceptors, the NO,-substituted models are
chemically least stable and the CF;-substituted models are
chemically most stable compared to other models by 0.92 eV
(NH,), 0.89 eV (CH,), and 0.85 eV (OH), respectively. The
HOMO-LUMO gap lies over a range of 5.45-6.69 eV for
conformer b. It is interesting to note that the absence of
push—pull groups on either ends results in BDT to be chemi-
cally more stable with wide HOMO-LUMO gap (7.04 eV).
The eigenfunction plots given in Fig. 4 and supplemen-
tary information Fig. S3 clearly indicate that the substitution

of CHj; as donor has negligible contribution toward HOMO
and LUMO, while electron-accepting group at thiophene
ring has a significant contribution. For NH,- and OH-sub-
stituted models, the donor groups (NH, and OH) also show
a considerable molecular orbital contribution. Specifically,
CF; substituent has minimal contribution in HOMO and
LUMO, while NO, group extends maximum contribution
as shown in Fig. 4. As a result, CF;-substituted BDTs has
large HOMO-LUMO gap than other models studied here.
Interestingly, the position of substituent is found to alter the
energy gap, where ortho-substituted conformer a extends
strong overlap than meta-substituted conformer b. The same
phenomenon is also reflected in the hardness and softness
values. The molecule CH;-1b has the highest hardness value
(n=3.35 eV), and the molecules NH,-2a and NH,-2b are
the softest molecules with 6=0.37 eV. The computed natural
charges illustrate the push—pull effect of various substituents
where the polarity is stimulated at the donor and acceptor

Table.1 Computed relative

| ; 1 Conformer AE A Natural charges n c

energies (AE in kcal mol™"),

HOMO-LUMO energy gap (A Donor RingA RingB RingC Acceptor BDT

in eV), natural charges (in e),

hardness (), and softness (o) CH;-1a 1.620 6.648 0.0600 -0.070 -0.483 -0.117 0.011 —-0.071 332 0.30

index (in eV) of various BDT CH;-1b 0.00 6.694 0.052 -0.0609 -0456 -0.121 0.016 —-0.068 335 0.30

models CH;-2a 1.831 5.615 0.063 -0.051 -0.470 0.142 -0.279 0.216 2.81 0.36
CH;-2b 0.00 5.802 0.053 —0.056 —0.449 0.134 -0.278 0.225 290 0.34
CH;-3a 1.377 6.310 0.061 —0.053 -0.481 -0.090 -0.024 —-0.038 3.16 0.32
CH;-3b 0.00 6.520 0.053 -0.060 -0.443 -0.099 -0.019 —0.034 3.26 0.31
CH;-4a 1.066 6.168 0.059 -0.071 -0.488 —-0.095 -0.010 —0.049 3.08 0.32
CH;-4b 0.00 6415 0.050 -0.075 -0463 -0.082 -0.009 —-0.041 3.21 0.31
CH;-5a 1.945 5.985 0.060 -0.067 -0.494 -0.113 0.002 —-0.062 299 0.33
CH;-5b 0.00 6.299 0.053 -0.077 -0472 -0.088 0.008 —-0.061 3.15 0.32
NH,-1a 1.045 6.559 -0.024 0.049 -0.487 -0.130 0.007 0.017 3.28 0.31
NH,-1b 0.00 6.371 -0.052 0.036 -0.467 -0.121 0.016 0.036 3.19 0.31
NH,-2a 0.815 5423 -0.015 0.073 -0474 0.141 -0.289 0.305 2.71 0.37
NH,-2b 0.00 5.454 -0.052 0.057 -0.461 0.143  -0.277 0.330 2.73 0.37
NH,-3a 0.612 6.172 -0.020 0.071 -0.486 —-0.097 -0.028 0.048 3.09 0.32
NH,-3b 0.00 6.198 —0.052 0.046 -0.456 —-0.099 -0.019 0.071 3.10 0.32
NH,-4a 0.491 6.040 -0.024 0.047 -0495 -0.102 -0.019 0.042 3.02 0.33
NH,-4b 0.00 6.097 -0.055 0.029 -0453 -0.100 -0.008 0.063 3.05 0.33
NH,-5a 0.00 5.850 -0.022 0.058 -0490 -0.115 -0.006 0.027 293 0.34
NH,-5b 0.475 6.001 -0.055 0.034 -0451 -0.118 0.000 0.055 3.00 0.34
OH-1a 2.009 6.705 -0.182 0.187 -0477 -0.111 0.011 0.171 335 0.30
OH-1b 0.00 6.518 —0.205 0.194 -0.502 -0.105 0.018 0.186 3.26 0.31
OH-2a 1913 5.602 -0.175 0.204 -0.462 0.149 -0.282 0.457 2.80 0.36
OH-2b 0.00 5.668 —0.206 0.208 —0.495 0.148 -0.275 0.480 2.83 0.36
OH-3a 1.590 6.327 -0.179 0.202 -0474 -0.082 -0.024 0.230 3.16 0.32
OH-3b 0.00 6.362 -0.205 0.201 -0.491 -0.084 -0.017 0.222 3.18 0.32
OH-4a 1.584 6.188 —0.182 0.183 -0.482 -0.083 -0.014 0.195 3.09 0.32
OH-4b 0.00 6.262 -0.206 -0.185 -0.487 -0.085 —-0.006 0.212 3.13 0.32
OH-5a 0.660 6.002 -0.180 0.189 -0478 -0.104 0.000 0.180 3.00 0.34
OH-5b 0.00 6.177 -0.206 0.192 -0487 -0.099 0.002 0.204 3.09 0.32
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HOMO

HOMO

NH,-5a

HOMO LUMO

Fig. 4 Computed molecular orbital pictures of conformers a and b of various CH;- and NH,-substituted BDT models plotted with an isocontour
value of 0.02 A~3. The orbital pictures of OH-substituted BDT models are given in supplementary information (Fig. $3)

ends. For CH;-substituted BDTs, the CH; group exhibits a
partial positive charge of 0.06 and 0.05 e at conformers a
and b. The rings A and C possesses a negative charge and
acts as donor units where ring C is a strong donor compared

@ Springer

to ring A. Irrespective of the donor and acceptor substitu-
ents, the central ring B possesses an overall partial negative
charge of 0.5 e and serves as a linker between rings A and C,
thus stabilizing the push—pull effect at the thiophene units.
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In case of NH,- and OH-substituted BDTs, both NH, and
OH groups possess a partial negative charge (NH,: 0.02 e
and 0.05 e at conformers a and b, OH: 0.18 e and 0.21 e at
conformers a and b). Consequently, ring A display a par-
tial positive charge while ring C exhibits a partial negative
charge. This facilitates intramolecular charge transfer from
one unit to another. In case of different acceptor substituents,
the CF; and NO, substituents tend to cause maximum charge
polarization but show an opposite behavior. The CF; group
leads to maximum negative charge at ring C with a positive
charge at CF; group while in contrast NO, results in a posi-
tive charge at ring C and a maximum negative charge at NO,
end. When CHj; acts as a donor, the conformer a is found
to possess more charge at the donor end, while for NH, and
OH, conformer b possesses more charge at the donor end.
This indicates substituent positional effects on the nature of
charge distribution for different donor moieties. Hence, the
arrangement of the electron donors and acceptors around
the BDT is important when designing a push—pull molecule.

Accordingly, the change in electron density distribution
is reflected in the NICS values and the results are given in
supplementary information (Table S2 in SI). The larger
negative NICS(1) value compared to NICS(0) indicates the
larger contribution from z-orbitals. Considering the aromatic
character of free thiophene (— 13.6 ppm) [34], the aromatic
character of rings A and C in BDT is slightly reduced as
donor and acceptor substituents are anchored to thiophene
units. The aromaticity of ring C is enhanced compared to
that of free benzene (—9.7 ppm) due to the push—pull effect
that tend to increase the aromatic character of central fused
benzene [26]. This is accounted based on the high negative
charge at the ring B that increases its aromatic nature by
1-2 ppm. The NICS(0) and NICS(1) values were computed
for excited geometry and a similar trend in aromaticity in the
rings were observed. However, the aromatic nature is found
to increase by 0.2—1 ppm during excitation. This indicates
the higher delocalization at the excited state compared to
the ground state. (Values for excited molecules are given in
Table S2 in SI.)

Finally, the NMR chemical shielding values are calcu-
lated to check the reliability of the optimized structures, aro-
matic nature and to quantify the push—pull nature of these
BDTs. It is important to recall that the chemical shift of pro-
tons usually shifted to high 6 values due to the substitution
of electron-withdrawing groups and shifted to low 6 values
in case of electron-donating group (Table S3 in SI). The pro-
tons in positions 4 and 8 are deshielded compared to other
protons attributed to the highly aromatic six-membered ring.
Further, the delocalization along with push—pull effect in
the molecules is evident from the chemical shift of protons.
There is a slight downfield shift of protons at positions 2 and
3 (2-H and 3-H) compared to that of protons at positions 6
and 7 (6-H and 7-H). This is due to the electron-withdrawing

and electron-donating groups at rings C and A, respectively.
The presence of nitro and aldehyde groups in CH;-2b (9.79)
and CH;-5b (9.62) makes the protons (2-H and 3-H) highly
deshielded with a larger chemical shift value than other
BDTs. The protons of CH; donor are slightly deshielded
in conformer b (3.3) compared to conformer a (3.2). Over-
all, the computed NMR chemical shift values accounts for
the shielding and deshielding nature of protons due to the
push—pull electronic environment in these BDTs. The !*C
NMR chemical shift values are given in Table S5 of supple-
mentary information which is found to follow the same trend
as 'H NMR. These data are useful to validate the results
by comparing with experimental data. Similar observation
holds good for NH,- and OH-substituted BDTs.

3.2.2 lonization potential, electron affinity,
and reorganization energy

Vertical ionization potential (VIP) indicates the energy
required by a molecule to lose an electron and form a cation.
The smaller the VIP of molecule, the more easily it loses
electron and turn into a hole carrier. Vertical electron affin-
ity (VEA) is the energy required by a molecule to accept an
electron. Larger the VEA value, the more readily it accepts
electron and serves as an electron transport material. The
VIP and VEA of the BDT models are tabulated in Table 2.
The COOH-containing BDTs show low IP compared to
other molecules. The trend in VIP values observed for
various donors is as follows, NH,-4b (7.32 eV) < CH;-4b
(7.62 eV) < OH-4b (7.64 eV). The hole transport barrier
varies from 0.30 to 0.38 eV (4b<5b< 1b<3b<2b). The
NO,-substituted BDTs show larger VEA value in compari-
son with other molecules and observe to follow the order,
NH,-2a (1.24 eV) <OH-2a (1.35 eV) < CH;-2a (1.37 eV).
The electron transfer capability of the BDTs is enhanced
more for conformer a in the presence of NO, group. The
COOH-substituted BDTs are good hole transport materi-
als irrespective of conformers. (IP value varies within
0.02-0.06 eV for both conformers.) The low VIP and high
VEA of NO,-substituted BDTs can be correlated based on
the strong electron acceptor ability of NO, and hence have
good charge transfer capability.

Marcus theory [35] is used effectively to predict the
charge transport property of a material. According to Mar-
cus theory, the charge transfer rate constant « is given by,

K = Aexp [ —4 ]

4K, T
where A is electron coupling, T is temperature, Kj is
Boltzmann constant, and 4 is reorganization energy. From
the above equation, an important parameter to determine
charge transport is 4. The smaller the value of A, the better
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Table.2 Computed adiabatic

JaETEe N Conformer AIP AEA VIP VEA Ahole Aete
ionization potential (AIP),
adiabatic electron affinity CHj-la 7.687 0.467 7.816 0.195 0.129 0.272
;ﬁzﬁt ! ‘E{;}g‘;l tonizatton CH,-1b 7.685 0.360 7.793 0.097 0.108 0.263
electron affinity (VEA), and CH;-2a 7.886 1.667 8.001 1.373 0.115 0.294
reorganization energy for hole CH;-2b 7.834 1.397 7.941 1.094 0.107 0.303
(Aoe) and electron (Z;,) in eV CH,-3a 7.767 0.805 7.885 0.618 0.118 0.187
for various BDT conformer CH,-3b 7.774 0.542 7.868 0.374 0.094 0.168
CH;-4a 7.540 0.814 7.666 0.547 0.126 0.267
CH;-4b 7.503 0.435 7.618 0.244 0.115 0.191
CH;-5a 7.635 1.016 7.751 0.789 0.116 0.227
CH;-5b 7.666 0.678 7.775 0.488 0.109 0.190
NH,-la 7.128 0.323 7.461 0.030 0.336 0.294
NH,-1b 7.099 0.291 7.477 0.093 0.378 0.198
NH,-2a 7.318 1.554 7.620 1.236 0.303 0.318
NH,-2b 7.216 1.403 7.605 1.094 0.389 0310
NH,-3a 7.204 0.659 7.510 0.420 0.306 0.239
NH,-3b 7.816 0.560 7.556 0.374 0.370 0.186
NH,-4a 7.020 0.696 7.343 0.388 0.323 0.308
NH,-4b 6.942 0.507 7.315 0.245 0.374 0.262
NH,-5a 7.095 0.886 7.410 0.623 0.315 0.263
NH,-5b 7.003 0.619 7.380 0.375 0.376 0.245
OH-1a 7.566 0.463 7.811 0.116 0.246 0.347
OH-1b 7.573 0.463 7.814 0.253 0.241 0.210
OH-2a 7.764 1.674 7.976 1.353 0.212 0.322
OH-2b 7.703 1.525 7.959 1.212 0.257 0.313
OH-3a 7.641 0.800 7.860 0.561 0.219 0.240
OH-3b 7.663 0.711 7.896 0.522 0.233 0.189
OH-4a 7.441 0.809 7.673 0.516 0.232 0.293
OH-4b 7.400 0.642 7.640 0.381 0.240 0.262
OH-5a 7.522 1.017 7.745 0.751 0.223 0.266
OH-5b 7471 0.755 7.712 0.507 0.241 0.248

the charge transport capability. The reorganization ener-
gies are calculated for hole (4,,,.) and electron (4,,) using
Egs. (5) and (6), respectively, which estimate the charge
transport for holes and electrons [36, 37]. The reorganiza-
tion energies of hole and electron for various BDTs are listed
in Table 2. The electronic reorganization energies of CN-
substituted BDTs are smaller than that of other molecules
and hence serve as good electron transport systems. For CH,
donor, the hole reorganization energies of CN-substituted
BDT is small compared to other molecules, whereas for
NH, and OH donors, the NO,-substituted BDTs of con-
former a show small value of 4,;.. The electron and hole
reorganization energies are comparatively small for BDTs
containing CH; donor. The CN-containing BDTs with CH,
donor serve as an efficient ambipolar transport system. In

case of CHs-containing BDTs, the ;. and 4, values of

@ Springer

conformer b are relatively small compared to conformer a
(except CH;-2b).

3.2.3 Electron excitation analysis

The hole and electron distribution can be quantitatively
characterized that are useful for identifying type of elec-
tron excitations. In this regard, a multitude of hole—elec-
tron descriptors were used such as Ap, S,, D, qcr, Her
H, t, Ar, and A indices to understand the charge transfer
[38—42]. Hole—electron descriptor details are given in
supplementary information.

To account for the push—pull behavior and donor—accep-
tor nature within the BDTs during the electron excitation,
multifarious descriptors based on hole—electron theory have
been used (details are given in SI). The computed values in
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Table 3 provide a quantitative picture on electron transition
characteristics. Figures 5, S4, S5, and S6 illustrate the total
density difference for ground and excited states (Ap), Derp
values, and Cy,./C,;. map. The D value of NO,-substituted
BDT is very small (CH;-2a: 0.996, CH,-2b: 0.813, NH,-2b:
0.843, OH-2a: 1.017, OH-2b: 0.818) compared to other
BDTs, and the corresponding S, index is close to 0.50 to
0.51 A, implying that about half of hole and electron part
matched perfectly. This suggests that the excitation is a typi-
cal local excitation (LE). Further, the 7 index is negative sug-
gesting that the separation of hole and electron distributions
is insignificant, which also support LE. The main electronic
transition is n— z" due to the lone pair of electrons and 7z
orbitals on NO, group. Similar observations hold good for
CH,;-5b and OH-5b where the D values are slightly large
1.231 and 1.397, respectively. The corresponding S, index
is 0.50 and 0.49, and the excitation is a z— 7" (occurs on
thiophene unit attached to CHO group) and n— 7" (on CHO

group) LE. The H index of the above-discussed BDTs is not
large as the hole and electron of these states are distributed
in a local region. An exceptionally high D value (3.915 A)
is observed for NH,-2a with S, index of 0.695 and a positive
tindex (1.619 A), which obviously points to a charge transfer
(CT) excitation. There is 7 — 7'-type transition from amino
group (donor) toward nitro group (acceptor), thus highlight-
ing push—pull effect. In case of other BDTs, the distribution
of hole and electron in these molecules is wider (D value
in the range 1.279 to 4.359 A), and their S, and H indices
are markedly larger (S, value varies between 0.695 and 0.841
and H index from 2.658 to 3.170). The electronic transitions
are CT type where the direction of electron transfer is from
donor end to acceptor end. However, the barycenters are not
exactly on the donor or acceptor moieties, but centered on
the either thiophene units, which suggests that the charge
transfer occurs from thiophene unit attached to a donor to
thiophene unit attached to an acceptor via fused benzene

Table.3 Hole—electron

: Conformer Critical state S, D q u H t Ar A dp.a (A)
e s @ W ) Do B B @ b
dipole moment (D, gers Her) — CHy-la S, 0.824 1279 046 2843 3145 —1458 083 0.74 9977
zgg f\l;‘i?‘ij;foizsggp;:rs (Ar CH-1b S, 0811 1746 046 3870 3.082 —0.508 105 073 7.882

CHy2a S, 0499 0996 074 3557 1787 —0291 241 041 9.895
CHs2b S, 0505 0813 074 2897 1621 —-0292 171 043 7.883
CHy3a S, 0.805 2306 049 5444 3170 —0469 154 074 9913
CHy3b S, 0.805 2386 046 5240 3047 —0064 166 072 7.822
CHy4a S, 0.778 2461 052 6193 3.140 —0225 182 071 9.956
CH&4b S, 0776 3.123 050  7.533 2902 0898 231 0.66 7.884
CHy5a S, 0.740 2805 057 7676 3088  0.130 222 0.68 9.952
CHy5b S, 0500 1231 075 4455 1641 0152 265 038 7.906
NH,-la S, 0.831 2476 045 5338 288 0070 165 0.72 9.855
NH,-1b S, 0.745 2772 055 7257 2803 0755 207 066 7.765
NH,2a S, 0695 3915 061 11399 2658 1619 338 054 9.769
NH,2b S, 0492 0843 075 3015 1631 —0267 170 043 7.766
NH,3a S, 0.806 3.640 047 8224 2854 1214 230 070 9.791
NH,3b S, 0730 3328 055 8775 2757 1282 265 0.64 7.704
NH,4a S, 0779 3601 051 8776 2898 1114 259 068 9.834
NH,-4b S, 0.726 4003 054 10232 2756 1981 3.16 058 7.767
NH,-5a S, 0759 3.780 054 9769 23858 1345 290 065 9.828
NH,-5b S, 0705 4359 055 11528 2665 2432 350 053 7.790
OH-la S, 0.841 1663 044 3544 2959 —0815 120 074 9.808
OH-1b S, 0777 2352 051 5736 2880 0246 164 0.70 7.773
OH-2a S, 0503 1017 075 3631 1789 —0263 232 042 9.724
OH-2b S, 0496 0818 075 2924 1638 —-0294 171 043 7.775
OH-3a S, 0815 2996 047 6734 2936 0495 184 073 9.743
OH-3b S, 0770 2.891 050 6939 2878 0633 212 069 7.711
OH-4a S, 0.782 2936 051 7204 2936 0434 215 070 9.787
OH-4b S, 0.757 3.634 050 8.686 2840 1475 273 063 7.774
OH-5a S, 0754 3.191 055 8405 23885 0744 247 0.68 9.782
OH-5b S, 0489 1397 076 5062 1675 0.123 251 038 7.797
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Fig.5 Computed total density
difference for ground and
excited states (Ap, isovalue

set to 0.001 A), graphical
representation of D indicating
the approximate barycenters of
positive (green) and negative
(blue) part obtained by increas-
ing the isovalue accordingly and
D¢ value is also labeled, and
centroids of hole and elec-

tron (Ce/Cgje map, isovalue
set to 0.001 A) of CF;- and
NO,-substituted BDTs. The
figures for CN-, COOH-, and
CHO-substituted BDTs are
given in supplementary infor-
mation (Figs. S4, S5, and S6)
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(Fig. 5). In the presence of NH, donor, all the BDTs show
CT excitation (except NH,-2b), which is accounted based
on the donor—acceptor distances for NO,-substituted BDTs
where the dp,_, values are 7.766 A (NH,-2b), 7.775 A (OH-
2b) and 7.883 A (CH;-2b), respectively. It is evident that
the dp, , of NH,-2b is less than that of OH-2b and CH;-2b.
The NO,-substituted conformer a exhibits dp, , in the range
OH-2a (9.724 A)<9.769 A (NH,-2a) < CH,-2a (9.895 A)
and all of them are found to show CT excitation. Also the
improper dihedral angle (w;) is —40.31° for NH,-2b which
is much deviated from co-planarity compared to NH,-2a
(27.63°). Hence NH,-2b favors LE and NH,-2a favors CT
excitation. The improper dihedral angles w, and w, are
—0.08 and 179.86° for CH;-5b (exactly coplanar in case of
CHj;-5a) and 30.42 and —149.70° for OH-5b (— 15.66 and
164.40° in case of OH-5a) that suggests a deviation from
planarity with respect to the BDT plane compared to con-
former a, and hence exhibits LE. The improper dihedrals of
all the optimized BDTs are listed in supplementary informa-
tion (Table S4).

The Ar index ranges from 0.8 to 3.5 A, where most of
the BDTs exhibit long-range excitation (Ar>1.5 10\) with
a few exceptions such as CF;-substituted CH;-1a, CH;-1b,
and OH-1a (Ar< 1.5 A). The BDTs with NH, donor display
a strong charge transfer irrespective of the acceptors. The
A-values of all BDTs are in the range 0.4 <A <0.7 where
CHj;-2a (0.41), CH;-2b (0.43), NH,-2b (0.43), OH-2a (0.42),
OH-2b (0.43), CH;-5b (0.38), and OH-5b (0.38) have a rela-
tively small overlap and other BDTs show a larger hole—elec-
tron overlapping extent.

3.2.4 Absorption spectra

TDDFT computations were carried to determine first six
singlet excited states. The computed absorption spectra are
given in Fig. 6. The absorption spectra clearly show that
the absorption wavelength covers wide wavelength region
due to push—pull groups anchored to the BDT and range
roughly from 180 to 400 nm. The ability to tune the absorp-
tion at a particular wavelength is an important characteristic
for optoelectronic properties. The absorption maximum has
more than 65% contribution from HOMO to LUMO tran-
sition (Figs. 7, S7, S8, S9, and S10), while the transition
from other delocalized frontier orbitals contribute 35% as
shown in the orbital transition diagram (Figs. 7, S7, S8, S9,
and S10). Overall, the excitations are mainly due to z— 7*
transitions for CH;-substituted BDTs, whereas 7 — 7* and
n— z* transitions are notable for NH,- and OH-substi-
tuted BDTs. The push—pull effect increases the absorption
wavelength for all models as expected when compared to
the unsubstituted one (4,,,, =200 nm). Among the models
explored, NO,-substituted BDTs absorb at higher wave-
length and follows the order OH-2a (352.58 eV) < CH;-2a

(356.93) <NH,-2a (361.66) while CF;-substituted ones
absorbs at lower wavelength and the observed trend is
OH-1a (287.42) <NH,-1a (292.03) < CH;-1a (294.02)
in eV. In case of CH; donor, irrespective of the nature of
acceptor groups, the conformer a is markedly redshifted
compared to conformer b. This is due to the strong over-
lap between sulfur lone pair and donor/acceptor substitu-
ents in conformer a. The computed absorption maxima
are well correlated with the calculated HOMO-LUMO
energy gaps. The HOMO-LUMO gap is large and small for
CF;- and NO,-substituted BDT molecules which is respon-
sible for the marked blueshift and redshift in the absorp-
tion spectra of these BDTs. The oscillator strengths are
highest for the cyano-substituted conformer a and follow
the trend NH, > OH > CH;, due to strong electron-with-
drawing effect of CN unit. The least oscillator strengths
are observed for nitro-substituted conformer b and tend
to follow the order NH, < OH < CHj; that suggests weak
electron-withdrawing effect of NO, unit in these conform-
ers. The trend in oscillator strengths observed for various
acceptors is as follows, CN>COOH > CHO > NO, > CF;
(CH3-a), CN>CHO > COOH > NO, > CF; (NH,-

a), CN>COOH> CHO >NO,>CF, (OH-
a), CN>COOH > CHO > CF,>NO, (CH;-b),
CN > COOH > CHO > CF,; > NO, (NH,-b), and

CN> CF;>COOH > CHO > NO, (OH-b). In summary,
irrespective of the conformers cyano is a strong electron
acceptor, whereas CF; and NO, act as weak electron accep-
tors when attached to conformers a and b, respectively.

3.2.5 Fluorescence energy and lifetime

The fluorescence energies of all BDTs were calculated
using TDDFT method, and the results are summarized in
Table 4. The fluorescence energies for the highest oscillator
strength are assigned to S; — S, transition. The examina-
tion of the optimized excited state indicates that the excited
state of CH;-substituted BDTs showed negligible structural
change with respect to ground state (Table S4 in SI). The
excited state of NH,- and OH-containing BDTs points that
the structure is more or less co-planar with respect to the
BDT molecule compared to the ground state, due to strong
electron-donating effect of NH, and OH unit. The change
in trend of fluorescence wavelength and oscillator strength
is similar to that of the absorption wavelength. The fluores-
cence peak appears at longer wavelength compared to the
absorption peak. This redshift is explained by an increase in
the dipole moment in the excited state of the BDTs relative
to its ground state (Table 4). The Stokes shift is large for
NO,-substituted BDTs of conformer b due to the steric hin-
drance of the substituent. The Stokes shift is more enlarged
for NH,-2b (0.79) followed by OH-2b (0.63) and CH;-2b
(0.51). In NH,-2b, steric hindrance of donor and acceptor
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Fig.6 TDDFT computed absorption spectra of various BDTs using CAM-B3LYP functional and 6-31 4+ G(d,p) basis set

substituent is strong in the ground state which is compen-
sated during optical excitation enabling the electron delo-
calization between donor and acceptor ends. The Stokes
shift is small in CH;-2b because the steric hindrance is rela-
tively weak, and only negligible structural changes occur on
photoexcitation.

The fluorescence energies and oscillator strengths were
used to calculate the radiative lifetimes that are summarized
in Table 4. The radiative lifetime (7 in ns) based on the Ein-
stein transition probabilities is expressed as [43],

3

T=—
2B, 1

@ Springer

where ¢ is the velocity of light, Ey, is the fluorescence tran-
sition energy (in au.), and fis oscillator strength. The pre-
dicted radiative lifetimes are shortest for conformer a with
strong electron acceptors and longest for conformer b with
weak electron acceptors. The shortest lifetimes are observed
for the cyano-substituted BDT and increased in the follow-
ing fashion as NH,-3a < OH-3a < CH;-3a, and their extrapo-
lated lifetimes are 48.86, 56.51, and 75.96 ns, respectively.
The lifetime of NH,-3a is 7.56 and 27.10 ns shorter than
that of OH-3a and CH;-3a, implying that there is longtime
emission of electrons in OH-3a and CH;-3a. In contrast, the
florescence lifetimes are significantly increased for nitro-
substituted BDT where the values decrease as follows,
NH, (1435.81) > OH (773.43) > CHj; (516.36). Particularly,
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other models the orbital transition diagrams are given in supplementary information, Figs. S7, S8, S9, and S10

NH,-3a and NH,-2b exhibit the shortest and longest life-
times compared to all BDTs studied. These computed data
are valuable and would contribute to further design and
development of D-A molecules for efficient charge transfer.

3.2.6 Structure-property relationship for optical excitation

The excited state optimization show rotation of the donor
and acceptor substituents attached to the BDT molecule. The
rotation of the substituent causes it to align with respect to
the BDT molecular plane. The improper dihedral angle (@)
is reduced in excited BDT molecules due to substantial rota-
tion during excited state geometry relaxation (Table S4 in
SI). The important factor that causes the decrease in o is the

resonance effect between the BDT and the substituent that
provides affinity to align with the molecular plane in order to
attain enhanced electron delocalization as observed in charge
distribution. The decrease in bond length or bond characters
from ground and excited states shows the strong bond for-
mation with substituents in excited state (Table S4 in SI).
For CH;-substituted BDTs, the optical-induced structural
changes between donor and BDT are small while NH,-2b
and OH-2b show significant structural change. These facts
show that the substituents undergo rotation upon photoex-
citation enabling charge transfer, as the substituents tend
to become more coplanar with the BDT molecule in the
excited state.
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Table.4 Computed absorption and emission wavelength (1 in nm),
molecular orbital contribution, oscillator strength (f), absorption and

fluorescence energies (E,,, and Ey, in eV), ground state and excited

state dipole moments (ugg and ugg in Debye), fluorescence lifetime (7
in ns), and Stokes shift (in eV) obtained using TDDFT method

Absorption Emission
Conformer 4 MO contribution  f Eue Mgs A MO contribution f Eg. Mg T Stokes shift
CH;-1a 29402 H—L (41.11%) 02008 4.22 455 32223 H—L(90.99%) 03510 3.85 5.14 8893 0.37
CH;-1b 290.69 H—L (43.05%) 0.1432 427 359 31694 H—-L(9247%) 02136 391 3.63 141.68 0.36
CH;-2a 35693 H—L (45.68%) 02224 347 7.10 40531 H—L (92.56%) 0.1999 3.06 7.82 247.17 041
CH;-2b 33292 H—-L (4642%) 0.1075 3.72 577 386.08 H—-L(95.13%) 0.0869 321 603 51636 051
CHj;-3a 30845 H—L (43.31%) 02645 4.02 645 34082 H—L (93.27%) 04602 3.64 6.84 7596 0.38
CH;-3b 296.07 H—L (43.38%) 0.1564 4.19 533 32214 H—L(87.61%) 0.2083 3.85 535 14992 0.34
CH;-4a 318.85 H—L (44.92%) 02533 3.89 331 35286 H—L (9423%) 03820 3.51 4.04 98.08 0.38
CH;-4b 298.83 H—L (43.77%) 0.1480 4.15 237 32829 H—L(93.66%) 0.1727 3.78 251 187.79  0.37
CHj;-5a 33022 H—L (44.03%) 02257 3.76 5.15 36494 H—L(90.24%) 0.2324 340 559 17221 0.36
CH;-5b 30293 H—L (43.88%) 0.1472 4.09 435 31855 H—L(91.88%) 0.1364 3.89 517 22392 0.20
NH,-1a 292.03 H—L (82.25%) 04171 425 597 32743 H—L (94.39%) 0.6411 3.79 7.30 50.32 0.46
NH,-1b 308.84 H—L (90.99%) 0.1331 4.02 4.12 37415 H—L (93.56%) 0.1178 3.31 481 35761 0.71
NH,-2a 361.66 H—L (88.18%) 04369 343 879 40742 H—L (91.96%) 05264 3.04 1039 94.92 0.39
NH,-2b 34942 H—L (89.06%) 0.0844 3.55 6.25 44945 H—L (94.28%) 0.0423 276 7.20 143581 0.79
NH,-3a 309.58 H—L (89.63%) 0.5604 4.01 796 34742 H—L (95.19%) 0.7434 3.57 9.19 48.86 0.44
NH,-3b 31427 H—L®7.71%) 0.1361 3.95 581 379.74 H—L (89.84%) 0.1153 327 6.47 37641 0.68
NH,-4a 319.54 H—L (88.15%) 04779 3.88 498 35892 H—L (94.74%) 0.6615 345 6.51 58.63 0.43
NH,-4b 31513 H—L (8544%) 0.1299 393 286 377.73 H—L (87.81%) 0.1100 3.28 3.66 39047  0.65
NH,-5a 329.63 H—L (86.62%) 04805 3.76 6.67 367.19 H—L (93.59%) 0.6363 3.38 795 63.76 0.38
NH,-5b 31695 H—L (81.94%) 0.1249 391 4.27 38298 H—L(86.62%) 0.0936 3.24 5.11 471.73  0.67
OH-1a 28742 H-L(7531%) 02617 431 436 319.66 H—L(93.31%) 0.5047 3.88 528 60.92 0.43
OH-1b 30038 H—L (90.29%) 0.1473 4.13 278 343.89 H—-L(94.33%) 0.1706 3.61 3.09 208.67 0.52
OH-2a 35258 H—-L(89.39%) 03225 3.52 691 39827 H—-L(92.15%) 03730 3.11 799 12799 041
OH-2b 338.11 H—L(91.02%) 0.0970 3.67 4.68 40742 H—-L (9448%) 0.0646 3.04 530 77343 0.63
OH-3a 30294 H-—-L (86.60%) 0.3947 4.09 6.18 339.29 H—L(9493%) 0.6132 3.65 696 56.51 0.44
OH-3b 305.10 H—L (88.47%) 0.1538 4.06 4.36 34822 H—L(92.10%) 0.1688 3.56 4.64 216.14 0.50
OH-4a 313.68 H—L(86.99%) 0.3299 395 4.11 350.62 H—-L(9442%) 0.5105 3.54 500 7248 0.41
OH-4b 306.89 H—L (87.16%) 0.1440 4.04 296 34833 H—-L(91.44%) 0.1565 3.56 324 23339 048
OH-5a 32376 H—L(85.50%) 03286 3.83 561 35941 H—-L(9220%) 04521 345 644 8598 0.38
OH-5b 308.16 H—L (84.28%) 0.1399 4.02 393 32829 H—L(91.28%) 0.1119 3.78 4.55 289.82 0.24

4 Conclusions

The computational studies on various BDT models show
that for CH; donor minimal structural change is observed
irrespective of the acceptor substitutions, while for NH, and
OH donors the structural changes are significant. A major
variation is also observed in the electronic density distri-
bution. All the molecules show excellent z-conjugation.
The computed NPA charges and NICS values indicate the
intramolecular charge transfer ~0.2 e from the terminal
five-membered rings to the acceptor unit. The computed
NMR chemical shift values confirm the push—pull behavior
of these BDTs. The calculated HOMO-LUMO gap, soft-
ness, and hardness parameters indicates highly electron-
egative CF;-substituted CH;-1b is chemically inert and
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less polarizable while NO,-substituted NH,-2a and NH,-2b
become relatively active and more polarizable. Further, the
orbital pictures show the strong overlap between ortho-sub-
stituted conformers and sulfur lone pair than meta-substi-
tuted conformers. The calculated 4, and 4, values are
small for CH;-3b-substituted models indicating that cyano
group serves as an efficient ambipolar transport system. For
NH, and OH donors, the NO,- and CN-substituted BDTs
are good candidates for hole and electron transport, respec-
tively. The electron excitation analysis of the BDT models
predicts LE for all NO,-substituted systems, except NH,-2a
which show CT excitation due to deviation of the substitu-
ents from the BDT molecular plane. The absorption spec-
tra obtained from TDDFT method point to #— z* transi-
tion in CH;-substituted BDTs, whereas #— z* and n— z*
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transitions are dominant in NH,- and OH-substituted BDTs.
Among the models studied here, NO,-containing BDTs are
found to be efficient with longer absorption wavelength.
The calculated fluorescence lifetimes were found to be the
shortest and longest for cyano- and nitro-substituted BDTs.
Finally, the structure—property relationships were explored
which revealed a marked reduction of improper dihedral
angle (@) in excited state molecule due to the bond rotation
during excited state geometry relaxation. Our study provides
useful insights into the structure—property relationship, elec-
tronic, and charge transfer properties that would be certainly
handy to the experimentalist to carry the quest for better
molecules with enhanced properties.

Supplementary Information The online version contains supplemen-
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