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ABSTRACT: Computational analyses were performed on nitro-
gen-rich oligothiadizolothiophenes TT, (n = 0—3) and their four -
donor-substituted derivatives Th-TT, (n = 0—3) to examine the
optical response due to geometrical and electronic structural
attributes in the longitudinal and transverse axes, respectively. Our
results are understood in the context of greater conjugation in the
longitudinal axis (via additional fused rings) and substitution of a
thienyl 7-donor in the transverse axis of the geometry of each
derivative. On inspection of the frontier molecular orbitals, we
found that the better electron-accepting ability with minimal
sacrifice in the ionization potentials results from geometrical oo -
aspects in both longitudinal and transverse axes. Due to the " Tl ThTTo T T, T, ThTTe T ThTTs
narrowed highest occupied molecular orbital—lowest unoccupied

molecular orbital gaps, all of the derivatives exhibit a biradicaloid character (BRC) and one-photon panchromatic absorption;
however, the open-shell nature weakened the charge transfer characteristics of excitation. In both the series, the odd electron density
distributions and electron localization plots amply demonstrate the weakening of ylide character in fused thiophene rings and clearly
indicate to the emergence of a long-bond/single BRC in the sulfurdimithide moiety in both series. In addition, the estimated tensor
components of the second hyperpolarizability as well as overall responses confirm the shift from the longitudinal to transverse axis
following the substitution with the z-donor. Interestingly, the TPA cross sections show comparable behavior, but contrary to ¥, 7-
donor thienyl substitution appears to be discouraging in getting higher TPA responses for higher homologous series. Therefore, this

On the second hyperpolarizability
of n-donor in transverse axis
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study opens a new conjecture on tuning better nonlinear optical properties of organic functional materials.

B INTRODUCTION

The constantly growing requirements for high-speed data
processing and optical communication regimes call for the
need of materials having high nonlinear optical (NLO) activity,
specifically the macroscopic third order susceptibility y°, which
in turn is related to molecular second hyperpolarizability y.'~
Of these materials, organic dyes are keenly explored due to
their fast response, flexibility in molecular design, and film-
forming ability, which allow a low-cost fabrication. These
features have fuelled research and development in organic
photonic materials both in academics and in the industry. The
search for new and efficient photonic material remains one of
the most active areas in this field.”> While bringing out
efficient devices is one challenge, understanding the molecular
electronic structure by doing quantum mechanical computa-
tion to elucidate design principles to tune and thus enhance
the hyperpolarizability is another.®

Two important molecular-level design parameters that are
posited to be important to achieve large hyperpolarizabilities
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are minimizing the electronic excitation energy and/or
maximizing the transition dipole moments as well as the
difference in the dipole moment between ground and excited

7,8
states.””

Routinely small excitation energy is achieved by
increasing the 7-conjugation, and further lessening occurs
when end-capped with donors (D) and/or acceptors (A).” The
-D and -A substitutions introduce intramolecular charge
transfer (ICT) characteristics and result in increased transition
moments.'’ A successfully utilized concept to obtain large
differences in dipole moment upon excitation is by twisting the

7 bonding region of the D—z—A system, owing to the
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formation of a charge separated zwitterionic-like ground-state.
With these design schemes, many compounds having large
NLO properties were synthesized.’ .

Along with that, Fabian and Zahradnik have qualitatively
proposed a less conventional alternative approach to achieve a
small highest occupied molecular orbital (HOMO)—lowest
unoccupied molecular orbital (LUMO) gap (HLG) (in line
with that the excitation energy also decreases) by removing the
orbital degeneracy of frontier non-bonding molecular orbitals
of a biradical.” To get rid of the degeneracy, one has to do
heteroatom substitutions and/or allow the spins to effectively
delocalize via lengthening the conjugated m-framework and
ultimately lead to stable biradicaloids.'~"* Bhanuprakash and
co-workers have shown that in many cases, excitation energy
shrinks as the biradicaloid character (BRC) proliferates.'”"* In
the meantime, Nakano and colleagues found a very interestin%
and important relationship between BRC and NLO activity."
Their experimental and theoretical studies have confirmed that
the magnitudes of second hyperpolarizability values are larger
for the molecules having moderate BRC when compared with
analogues closed-shell and extreme biradical systems.'”'® It
was also observed that the outspreading of conjugation by
fused rings also increases the BRC as well as second
hyperpolarizability.19 In the light of the above correlation,
several symmetric molecules such as diphenalenyl diradica-
loids, quinoidal oligothiophenes, graphene nanoflakes, dicyclo-
penta-fused acenes, and molecules having a paraquinodime-
thine biradical substructure are designed and their large NLO
responses were demonstrated experimentally and validated the
theoretical predictions.”” In addition to that, they also
demonstrated that the NLO properties augment when the
structure is asymmetric.21

As far as is known, all these NLO studies on biradicaloid
systems are mainly focused on the second hyperpolarizability
by expanding the 7z conjugation on the longitudinal axis by
incorporating additional fused rings. In this study, we would
like to computationally explore the effect of augmenting
symmetric quadruple type ICT by a 7 donor substitution on
the transverse axis along with the linear extension of fused
planar 7-rings in the longitudinal axis (Scheme 1). Thus, the

Scheme 1. Schematic Representation of
Oligothiadizolothiophenes Considered in This Work
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molecules chosen for this study are nonclassical nitrogen-rich
oligothiadizolothiophenes TT, (where n = 0—3) and the four
7-D-substituted derivatives of each one. Our earlier valence
bond and molecular orbital studies have revealed a BRC in the
experimentally synthesized near infrared (NIR) absorbing
donor-substituted thienothiadiazole (TT,) and thiadiazolo-
thienopyrazine (TT;) derivatives, which are earlier believed to
be closed-shell species.'”"> On the contrary, the experiments
later confirmed that a positional isomer of TT; has a
biradicaloid nature.””** Hence, the validity of DFT predictions
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has been established through experimental studies in this class
of molecules. The long-wavelength electronic absorption
feature was speculatively credited to the presence of hyper-
valent bonding and termed as super acceptors.”* This
contradicts our earlier finding, and we have hypothesized
that NIR absorption of these nonclassical dyes is the result of
the interplay between charge transfer (CT) and BRC.'"'
Similarly, TT, and TT; are the structures where the central
pyrazine ring of TT, is replaced with pyrazino[2,3-b]pyrazine
and dipyrazino[2,3-b:2',3"-¢]pyrazine ring, respectively. It is
included in this study even though TT, and TT; have not yet
been synthesized. The fused ring extension is known to
increase the singlet BRC and in parallel, with that, the
excitation energy decreases. Donor substitution further
amplifies the BRC.”® The presence of a nitrogen heteroatom
brings together stability, ring asymmetry (in longitudinal axis),
and enhanced dipole moments in the structure. We hope that
this study regarding these combined effects of substitution
(ICT, BRC, and asymmetry) on NLO behavior such as second
hyperpolarizability and two-photon absorption (TPA) charac-
teristics will expand the understanding of design criteria to
enhance NLO responses.

Computational Methodology. The geometries for
simulating optoelectronic properties in this study are
optimized using M06-2x hybrid meta GGA functional with
54% Hartree—Fock (HF) exchange and a cc-PVTZ basis set.
Vibrational frequency analysis is then performed on computed
geometries, confirming that optimized structures have no
imaginary frequencies, that is, to ensure that the obtained
geometries are minimum on the respective potential energy
surfaces. The TDDFT/RPA method is used to evaluate the
wavelength of the absorption maxima of the first two dipole-
allowed electronic transitions. For the prediction of electronic
absorption, the CAM-B3LYP and M06-2X functionals are used
for comparison. To judge the adequacy of TDDFT for
describing one-photon absorption, three post-HF methods
have been used: symmetry-adapted cluster configuration
interaction (SAC-CI), algebraic diagrammatic construction
scheme in the second-order perturbation scheme [ADC(2)],
and its spin-flip variant SE-ADC(2).>°~*® The split basis set 6-
31G(d,p) and augmented correlation consistent basis set jun-
cc-pVDZ(d,p) have been used in SAC-CI and ADC(2)
calculations, respectively. The SAC-CI calculations are carried
out at level one with an active space of 120 orbitals (40
occupied orbitals and 80 unoccupied orbitals) except for TTO
(the smallest system of the series) for which a full window is
considered. In these molecules, the extent to which they
possess an open shell is determined by the natural orbital
occupancy number of the LUMO orbital of a broken-
symmetry (BS) LC-UBLYP wave function. Odd electron
density (OED) distribution and CT analysis have been
performed by post-processing the wave functions obtained
by BS-LCBLYP and CAM-B3LYP methods using the Multiwfn
package.”” The NLO parameters are determined at the BS-
LCBLYP/6-311+G(d,p) level, and the TPA cross sections are
determined using the CAM-B3LYP/6-31+G(d,p) method,
which provides the reasonable cost-to-performance ratio and
although underestimating significantly the TPA strength,
allows us to obtain the correct relative tendencies for extended
systems.’’~>> All DFT, TDDFT, and SAC-CI calculations
were performed using G16 software, Dalton2021.alpha (2020)
code is used for TPA cross section calculations, and Q-
Chem.5.4 for ADC(2) and SF-ADC(2) calculations.**™*’

https://doi.org/10.1021/acs.jpca.2c04788
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B RESULTS AND DISCUSSION

Electronic Structure and Bonding. Sulfur Diimide and
Sulfur Dimethide Bond Lengths. Previous studies for
obtaining the ground-state geometries on heteroannulated
fused ring systems having sulfur diimide bonding as well as an
open-shell nature suggest that Hybrid DFT functionals having
50% of exact HF exchange fares better than the conventionally
used B3LYP method.*’ In this account, from the widely used
methods, we have chosen the M06-2X functional over the BH
and HLYP function to estimate the geometries because the
prior functional is less susceptible to symmetry breaking and
minimal singlet—triplet stability issues than the latter.'" The
established bonding nature for the non-Kekule-type biradica-
loids derived from tetramethylenebenzene (TMB) substruc-
ture suggests that the significant changes in geometry can be
found mainly in central ring with donor substitution than the
other rings.15 Thus, selected bond lengths obtained at the
MO06-2X/cc-PVTZ level are provided in Table 1. In case of the

Table 1. Selective Bond Lengths (in A) and Natural
Population Analysis (in e) of All the Molecules Obtained at
the M06-2X/cc-PVTZ Level

natural atomic charge

bond lengths"’b sulfurdiimide sulfurdimithide

molecule S—-N S-C qs qn qs qc

TT, 1601 1689 1012  —0.644 0579  —0462
TT, 1.588 1.679 1.081 —0.645 0.616 —0.453
TT, 1.584 1.676 1.119 —0.646 0.644 —0.457
TT,; 1.582 1.672 1.144 —0.648 0.667 —0.465
Th-TT, 1.605 1.710 1.009 —0.647 0.569 —0.253
Th-TT, 1.592 1.699 1.069 —0.639 0.600 —0.248
Th-TT, 1.587 1.698 1.109 —0.642 0.619 —0.252
Th-TT, 1.583 1.695 1.137 —0.645 0.635 —0.258

“Experimental bond lengths of S—N (1.77 A), S=N (1.56 A), S—C
(1.79 A), and S=C (1.65 A).5*¢’ bMPZ/aug-cc—pVZ calculated bond
lengths of S—C (1.80 A) and S=C (1.60 A)."'

sulfur diimide moiety, the increased conjugation from TT, to
TT; has induced shortening of the S—N bond gradually. For
instance, 1.601 and 1.582 A are found for the S—N bond in
TT, and TTj;, respectively, while the other two molecules fall
between. This ascertains the prominent role of sulfur for
bonding within the sulfur diimide moiety of the series of
molecules. Likewise, the S—C bond within the central fused
thieno ring also resembles a similar change from TT, to TTj,
that is, 1.689—1.672 A, respectively, upholds the non-classical
bonding nature of sulfur within the central fused ring in the
same trend. As expected, substitution of donor groups
(thienyl) at the central fused thieno ring has negligible change
(0.004 A) on sulfur diimide bond lengths. However, the
central thieno ring experiences elongation in S—C bonds by
0.02 A in all Th-TT, molecules. This clearly suggests that the
extended conjugation shortens both S—C and S—N type of
bonds, while donor substitution induces significant elongation
of S—C bonds in the central fused ring with negligible change
in S—N bond lengths on the other end of the molecule. Hence,
the characteristic long bond/singlet-biradicaloid structure
within the central fused ring would be prominent along with
the other non-classical bonding characters by increasing
conjugation and donor substitution as well.'"">
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Natural Atomic Charge Analysis. The structure-bonding
pattern in sulfur diimides/dimethides can be endorsed by
carrying out natural population analysis. Table 1 also presents
selected natural atomic charges (NACs) for the N=S=N and
C=S=C bonding framework. In case of unsubstituted
molecules, the NAC on sulfur in sulfur diimide (1.0le to
1.14¢) is more positive than that of the sulfur dimethides
(0.58e to 0.66¢). In addition, the adjacent nitrogen and carbon
atoms have shown NAC around —0.64e and —0.46e,
respectively, suggest charge polarization is abundant toward
sulfur diimide chromophore relatively. On the other hand, the
substituted systems are found with insignificant changes in
charge on sulfur in both the structural patterns. However,
charge on carbon has been reduced to nearly half of the
unsubstituted counterparts though change in charge on
nitrogen is of no account. This further refers to the presence
of unaltered ylidic type resonance structure within sulfur
diimide, while reduced ylidic structure contribution at sulfur
dimethide upon donor substitution. This is in congenial with
the prediction of Fabian and Hess on a non-classical
benzobisthiadazole molecule which is formally represented
by tetravalent sulfur.*'

Biradicaloid Character. Recent experimental and theoreti-
cal studies had revealed the sulfur diimide bonded hetero-
acenes as biradicaloids.'"'>***® As it is well known that BRC
alters the NLO properties, we estimate the percentage of BRC
in this work. The extent of open-shell nature expressed as a
percentage of BRC can be analyzed satisfactorily from the
fractional occupancies of natural orbital (n;) of orbital
corresponding to LUMO of the broken symmetry wave
function (eq 1). The advised DFT method for evaluation of n;,

is uLC-BLYP."~*
% BRC = n; X 100 (1)

The calculated % BRC values are furnished in Table 2. The
range for % BRC is between 0 and 100 to represent pure

Table 2. uLC-BLYP/6-311g(d,p)-Derived % BRC and
B3LYP/6-311G(d,p) Level-Derived Frontier Orbital
Energies and HOMO—-LUMO Gaps of All the Molecules
Studied

molecule % BRC HOMO (eV) LUMO (eV) HLG (eV)
TT, 0 —6.23 —-2.82 341
Th-TT, 39 =S§.15 -3.20 1.95
TT, 27 —6.37 —-3.83 2.54
Th-TT, 52 —=5.27 —3.97 1.30
TT, 40 —6.47 —4.42 2.05
Th-TT, 62 —=5.35 —4.48 0.87
TT, 49 —6.55 —4.84 171
Th-TT, 69 =542 —4.86 0.56

closed shell and pure open-shell biradical characters,
respectively. The unsubstituted TT, is found to be a pure
closed-shell singlet system with no BRC, whereas DFT
envisages intermediate to moderate BRC for all other
molecules. As expected, the BRC increases with the expansion
of m-conjugation via fused ring heteroannulation in the
longitudinal axis. From TT; to TTj;, the BRC increased from
27 to 49. On the other hand, the substitution of thienyl donor
strengthens the BRC in all the molecules including Th-TT, for
which BRC is found with 39%. Similarly, substitution leads to

https://doi.org/10.1021/acs.jpca.2c04788
J. Phys. Chem. A 2022, 126, 78297839
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more than 50% of BRC in remaining molecules, for instance,
Th-TTj; attains maximum BRC among series, that is, 69%.

It is further appraised by the portrayal of OED in Figure
1.** For bare TT,, the OED distribution is almost equally
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Figure 1. OED plots for TT,, TT;, Th-TT;, and Th-TT; molecules
derived at the uLC-BLYP method.

distributed throughout the zig-zag edge regions. It points out
that the biradicaloid is more delocalized over the longitudinal
axis. Upon thienyl substitution, the amplitude of OED is
slightly dominant in the substituted central thiophene ring and
decreases as going toward the other end. From the same figure,
one can comprehend that OED’s lobes can be even seen in the
3,5-position of the thienyl group. Thus, the enhancement in
BRC of the substituted derivatives hails from the OED’s

localization and its distribution extending toward donor sites in
the longitudinal axis.

To investigate the electron delocalization pattern in these
molecules, analysis of the localized orbital locator (LOL-7)
plane above 2 bohr units of the molecular plane has been
performed for all the molecules and given in Figure 2."” The
regions with large LOL- values (red and yellow) are with high
electron kinetic energies and so profound delocalization is
assigned, while with low values (blue) are in the boundary
between localized s-orbitals. It can be inferred from the LOL-7
plane maps that the participation of sulfur from the central
fused ring has been minimized upon substitution of thienyl
donor groups in all the cases. However, the principal
delocalization path within the longitudinal axis is not affected
and has contributions from all the bonds except sulfur in sulfur
diimide moieties in central fused and side donor groups as
well. Given all this, it seems reasonable to assume that these
systems are both ylidic and biradicaloid and that the donor
substitution effect increases BRC by reducing ylidic properties.

Optical Properties. HOMO, LUMO, and HOMO—-LUMO
Gaps. To explore the utility of a molecule as an optical and/or
electronic active material by aiming to deduce structure activity
design relationships, investigating the frontier molecular orbital
(HOMO and LUMO) is inevitable. For many borderline
biradicaloids, it is reported that HOMO and LUMO
eigenvalues from the B3LYP method reliably reproduced the
experimental electron affinities and ionization potentials, and
the HLGs to a reasonable extend which corresponds to the
long wavelength absorption maxima.** The absolute value may
be slightly different but to a good approximation, the predicted
trends may be ideal to understand the opto-electronic behavior
of these systems. Therefore, in this study, eigenvalues of
HOMO and LUMO are evaluated at the B3LYP/6-311G(d,p)
level, and the obtained results are summarized in Table 2. As

TTo TT:

TT:

Th-TT, Th-TT,

Th-TT:

Figure 2. LOL-7 plane of all the molecules obtained at the uLC-BLYP/6-311 g(d,p) level.
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Scheme 2. Schematic Representation of Oxyallyl-, TME-, and TMB-Based Biradicaloid Systems
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the fused ring number increases from TT, to TT;, we could
see only a mild stabilization (0.14—0.08 V) of the HOMO
level, whereas the LUMO shows a pronounced lowering in
energy, that is, from TT, to TT, a stabilization of 1.01 eV,
from TT, to TT, stabilizes about 0.59 eV again from TT, to
TT; 0.42 eV. Hence, these molecules tend to show a better
electron-accepting behavior as new rings are annulated and are
clearly without sacrificing ionization energy. Interestingly, this
feature is absolutely different from the tendency seen in linear
acenes, where along with the LUMO, the HOMO is also
destabilized.*” Similarly, the extent of stabilization of HOMO
and LUMO levels is found relatively small within the
substituted molecules (Th-TT,) compared to unsubstituted
counterparts. In contrast, the thiophene donor substitution
largely destabilizes the HOMO to about 1.1 eV to the parent
unsubstituted molecules. Furthermore, the donor group also
lowers the LUMO, and this stabilization effect on LUMO is
more pronounced in lower order ring systems, and as the
number of fused-ring increases, the magnitude of stabilization
decreases. Thus, the donor substitution destabilizes the
HOMO, while the additional conjugation with fused rings in
the longitudinal axis stabilizes LUMO, which helps to reduce
the gap between frontier orbitals.

When compared with linear acenes and corresponding aza-
acenes, the obtained HLG values are smaller for TT, series, for
example, considering the two-ring system, naphthalene,
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pyrazino[2,3-b]pyrazine, and TT,, the HLG values are 4.8,
3.9, and 3.41 eV, respectively.*” Similarly for five-membered
ring systems, the sequence is noted as pentacene (2.17 eV) >
decazapentacene (2.33 eV) > TT,; (1.71 eV).’" The
extrapolation of the hypothesis brings that the thiophene
donor substitution narrows further the HLG, which may result
beyond the NIR region absorption property.

One-Photon Absorption Characteristics. In molecules with
narrow HLGs, electron transitions occur in the NIR region and
the NLO response is expected to be magnified."*"** In the
case of non-Kekule-type biradicals with TMM substructure
(oxyallyl-based dyes such as squarine and croconate, see
Scheme 2) our own experience with the estimation of
excitation energies using TD-DFT method has not been very
encouraging."*>* Nevertheless, we have successfully obtained
excitation energy values using DFT methods with 50% HF
exchange for molecules having TMB and tetramethyleneethane
substructures (benzobisthiadiazole, BBT, thienothiadiazoles,
TT, see Scheme 2).""">** The success of TDDFT may be a
fortuitous error—error cancellation due to considerable CT in
the BBT/TT dyes (which does not exist in the case of oxyallyl
dyes) cannot be completely ruled out. M06-2x functional, in
comparison with BH&HLYP, is less prone to symmetry
breaking.”’15 Furthermore, it is noteworthy that Grotjahn et al.
in their studies of capto-dative stabilized biradicaloids have
estimated the vertical excitation energies nearly accurately with

https://doi.org/10.1021/acs.jpca.2c04788
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respect to CC2/CBS by the TD-MO06 method.”* Because of
these promising results, we have begun this part of the study
using the results of the TD-MO06. As these molecules exhibit
panchromatic absorption, we report in Table 3 the wavelengths

Table 3. One-Photon Absorption Properties of All the
Molecules Obtained at the M06-2X/6-311+G(d,p) Level
and CAM-B3LYP/6-311+G(d,p) Level (in Parentheses)

excited state 1 excited state 2

molecule Amax (nm) f Amax (nM) f
TT, 378 [379] 0.068 [0.068] 267 [267]  0.357 [0.355]
Th-TT, 640° [601] 0284 [0.290] 330 [320]  0.457 [0.453]
TT, 519 [511] 0.047 [0.049] 321 [322]  0.525 [0.516]
Th-TT, 1022° [926]  0.096 [0.104] 376 [363]  0.483 [0.473]
TT, 638 618 0.039 [0.042] 391 [364]  0.001 [0.718]
Th-TT, 1551 [1306]  0.046 [0.058] 441 [424]  0.291 [0.264]
TT, 754 [718] 0.034 [0.037] 417 [402]  0.018 [0.971]
Th-TT, 2389 [1803]  0.023 [0.035] 525 [498]  0.143 [0.130]
“Experimental absorption maximum 624 nm.®® bExperimental

absorption maximum 940 nm.*’

and oscillatory strengths of the first two dipole-allowed excited
states. The increased conjugation with ring fusion shifted the
absorption maximum by about 140 nm from TT, to TT}, as
expected, while about 120 nm for both TT, to TT, and TT, to
TT; cases. Hence, in TT, derivatives, ring fusion in the
longitudinal axis leads to the shift of absorption to NIR region
absorption. There is a significant bathochromic shift seen for
donor-substituted derivatives (Th-TT,) as compared with
their unsubstituted counterparts for both short and long
wavelength region absorptions. For Th-TT; and Th-TT,, the
predicted absorption maxima are in the NIR-II window region
(1000—1750 nm). It is well known that as BRC increases, the
oscillator strength decreases and the table clearly illustrates this
trend.” It should be noted that the second absorption is more
intense than the observed absorption maximum. A further
comparison was made using TDDFT studies utilizing the
Coulomb attenuating CAM-B3LYP functional, a range-
separated hybrid DFT functional that can address CT
excitations. A similar trend occurs with CAM-B3LYP and all
of the wavelength maximums are blue-shifted compared to
Mo06-2X.

TD-DFT is generally a single reference configuration
approach, meaning it has inherited limitations related to
addressing the open-shell nature, double excitation, and CT,
making its application to elucidate excitation energies in
systems with varying BRCs (especially extreme biradicaloids)
always a concern. For a deeper discernment of the scope and
limitations of TD-DFT, we also used post-HF methods to
estimate excitation energies, such as SAC-CI, ADC(2), and the
spin-flip variant of ADC(2).In the succeeding Table 4, we
present the excitation energies along with the oscillator
strength estimated by SAC-CI, ADC(2), and SF-ADC. The
results appear to be very consistent with the TD-DFT results,
although shifted to shorter wavelengths.

To explain the origin of the large red shifts within the series,
we have examined the frontier molecular orbitals (FMOs)
which are given in Figure 3. The long wavelength region
electron excitations are predominantly HOMO to LUMO
transitions. Upon inspection of LUMO pictures, the electron
densities were almost similar between respective TT, and Th-
TT, derivatives. On the contrary, in the case of HOMO,
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Table 4. Absorption Maxima of Spectral Wavelength in nm
Predicted in the Gas Phase by SAC-CI, ADC(2), and SF-
ADC(2)"

molecule SAC-CI (in nm) ADC(2) (in nm) SF-ADC(2)(in nm)
TT, 362 (0.151) 345 (0.098) 367
Th-TT, 633 (0.313) 509 (0.404) 538
TT, 505 (0.112) 473 (0.070) 506
Th-TT, 961 (0.156) 789 (0.138) 816
TT, 607 (0.094) 580(0.060) 576
Th-TT, 1170 (0.110) 1119(0.076) 1116
TT, 701 (0.087) 678 (0.054) 608
Th-TT, 1521 (0.076) 1518(0.049) 1240

“Oscillator strength in parenthesis.

regions of anti-bonding characteristics between donor and
central thiophene rings were clearly visible. This leads to the
narrower gap between FMOs and so the observed large shifts
in absorption accordingly. Moreover, a significant decrease in
orbital coefficients on the thiadiazole and pyrazine rings in
HOMO from Th-TT, to Th-TT;. As FMOs in these
derivatives are disjoint in nature, donor substitution results
in an enhanced bathochromic shift.>> In the laboratory,
synthesis of these molecules might face stability issues, but
recent advances have resulted in many biradicaloids with very
high BRC values bein% synthesized and tested for optoelec-
tronic applications.*™>

CT Analysis. The associated CT during one-photon
absorption evaluated with TD-DFT and SAC-CI methods is
presented in Table 5 based on the qualitative index proposed
by Le Bahers et al.>” As reported for biradicaloid squarylium
dye derivatives, the TD-DFT and SAC-CI methodologies have
shown good agreement for the CT indexes in this study too.”
Thus, TD-DFT results at the CAM-B3LYP/6-311+G(d,p)
level have been discussed in this section. The net charge
transferred (Q™) is found non-significant which is below le,
suggesting poor CT during OPA in all the molecules.
However, the donor substitution induces a small CT from
Th-TT, to Th-TT;. On the other hand, the CT length (D)
has been notably increased upon increased fused rings and
donor substitution as well. The unsubstituted molecules
observe D between 1.172 and 3.113 A, while the substituted
molecules are found between 1.325 and 3.325 A. This
increased D provides an opportunity to quantify the variation
in the dipole moment (u). Therefore, the significance of
electron donor substitution has been clearly unveiled in all
cases. The unsubstituted TT, has got 2.586 D of change in
dipole, while the thiophene substitution results 3.376 D for
Th-TT,. Similarly, large dipole changes are observed in the
case of TT; and Th-TT; as 7.849 and 12.536 D, respectively.
Owing to the small Q and large D" and u* values, it will be
required to study the overlap between centroids of charge
increased and charge-depleted regions in a molecule.
Interestingly, the overlap of both centroids has been found
within the 0.8—0.9 range indicates that both the centroids are
not well separated as expected in pure CT molecules.”” Also
the large H-index values suggest that these molecules
experience poor CT but strong charge reorganization during
one photon absorption.

Static Second Hyperpolarizability. Recent literature shows
that calculating static hyperpolarizability with the uLC-BLYP
functional with split valence basis combined with diffuse and
polarization function provides results that are comparable to
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Figure 3. FMOs depicted at the M06-2X/6-311+G(d,p) level for all molecules.

Table 5. Net Charge Transferred (Q” in e), CT Length (D" in A), Variation in Dipole Moment (" in debye), H-Index (in A),
and Overlap between Centroids of Charge Increased and Charge Depletion Regions (C*/C™) during One-Photon Absorption
Obtained at the CAM-B3LYP/6-311++G(d,p) Level”

molecule

Index TT, Th-TT, TT, Th-TT, TT, Th-TT, TT, Th-TT,

Q" 0.46 (0.44) 0.53 (0.55) 0.52 (0.54) 0.67 (0.73) 0.53 (0.62) 0.74 (0.82) 0.54 (0.64) (0.86)

D+ 1.172 (1.090)  1.325 (1.365)  1.733 (1.740)  2.063 (2.075)  2.336 (2.424)  2.722 (2.695) 3.113 (2.908)  3.325 (3.266)
u<t 2.586 (2.322)  3.376 (3.576)  4.284 (4.548)  6.666 (7.293)  6.110 (7.156)  9.665 (10.644)  7.849 (8.875)  12.536 (13.573)
H 2235 (2.262)  3.294 (3.249) 2784 (2.692)  3.599 (3.539)  3.346 (3.266)  3.993 (3.944) 3.91 (3.81) 4.415 (4.350)
cr/C” 0.89 (0.90) 0.84 (0.85) 0.90 (0.91) 0.82 (0.83) 0.9 (0.91) 0.81 (0.83) 0.90 (0.91) 0.80 (0.82)

“SAC-CI/6-31G(d,p) level results are given in parenthesis.

those achieved by the spin unrestricted CCSD method.®”®’ presented in Table 6 for all molecules. Scheme 3 illustrates the
Therefore, the hyperpolarizability tensor components are molecule’s alignment in the XZ plane of the Cartesian space.
calculated using the uLC-BLYP/6-311+G(d,p) method and The origin is placed at the central thiophene ring, the donor
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Table 6. Orientationally Averaged Isotropic Second
Hyperpolarizability (y) Tensor Components of All
Molecules Obtained by Using the uLC-BLYP/6-311+G(d,p)
Method”

molecules Il () o) ¥ () Y(ezzz) ¥ (exzz)
TT, 6.34 5.21 2.02 9.85 1.19
Th-TT, 175.67 10.46 684.27 31.47 60.24
TT, 22.88 S.11 15.90 54.76 12.06
Th-TT, 221.88 10.37 562.59 229.47 137.81
TT, 59.07 541 21.01 204.28 24.04
Th-TT, 404.14 10.53 466.00 1083.57 214.71
TT,; 140.49 5.80 24.05 575.34 39.51
Th-TT, 867.25 10.92 399.93 3270.29 312.65

“The magnitude is in 107% esu units.

Scheme 3. Schematic Representation of the Orientation of
All Molecules in the XZ Plane of the Cartesian Space

X
YN
Z
~

group is on the X-axis (transverse axis), while the extended
conjugation reclined in the molecule through the Z-axis
(longitudinal axis). The orientationally averaged isotropic
second hyperpolarizability (y) is evaluated from the following
eq 2!

1
Yo = g(yxxyy + Vexzz + J/yyzz + Zxcxxx + Z%yyy + 27/zzzz)
(2)

Thus, we focus on longitudinal components (Z-axis) and
transverse components (X-axis), as the purpose of this study is
to examine the extension of conjugation and 7-donor effects.
Initially, we delineate the tensor components contributing to
the overall y value for the unsubstituted series. Each of the
discussed values is in the esu units of y and needs to be
multiplied by 107, As we had aligned the molecule in the XZ-
plane, the y,,,, value contribution is negligible to overall y (with
the exception of TT,) and is in between S and 6. In the case of
¥xxw Sall increments have been found as 2.02 for TT,, 15.90
for TT,, 21.01 for TT,, and 24.05 for TT;. However, with
respect to the increased conjugation in the longitudinal axis,
the lowest member TT, has a y,,, of 9.90, while TT, is
observed with 5.5 times larger y,,,, values. Similarly, TT, to
TT, is increased 3.7 times and then TT, to TT; by 2.8 times.
In general, 7,... contributes the most to overall y value, as
expected.

The effect of donor substitution has a significant role in
overall y values. The transverse component ¥,,. obtains a
larger value of 684 for Th-TT,, as the donor is positioned in
the X-axis. However, this value drops as the fused ring number
increases. That is, the decrease in y,,,, observed in the order
Th-TT, > Th-TT, > Th-TT; as 562, 466, and 400,
respectively. On the other hand, the longitudinal y,.. has
apparently been found to be 3—5.5 times larger than the one
obtained for the unsubstituted one. The y,,,, estimates for Th-
TT, is 1084 and that of Th-TTj; is 3270 and is quite large
when compared to those of other reported diradicaloid
systems.”’ As can be seen in Table 6, 7., is a major
contributor for the total y for thienyl-substituted Th-TT, and
Th-TT; molecules, while y,,.. sets up the overall y for Th-TT,
and Th-TT,. Thus, by adjusting the donor strength and
conjugation, as well as by extending conjugation by ring fusion,
gigantic NLO responses could be achieved. For example,
comparing these longitudinal components on similar size rings
such as in pentacene, the 7,,., is 13.8 X 10* au,”" here for TT,
is 114.2 X 10* au, and upon substituting the thiophene donor,
the 7,... shoots up to 649.3 X 10* au for Th-TT;.

Calculated Two-Photon Absorption Characteristics. The
calculated two photon absorption properties such as wave-

Table 7. Two-Photon Absorption Properties and Tensor Elements Obtained at the CAM-B3LYP/6-31++G(d,p) Level

molecule transition o (eV) 2A(nm) Six Sy
T, So=S1s 697 356 65 209.2
TT, Sy—Ss 4.50 551 0 0
o=, 5.10 486 0 0
T, So=Ss 3.61 687 0 0
So—Ss 426 582 0 0
So—S10 6.74 368 22 9.8
TT, So—S, 3.04 816 0 0
So=Ss 353 703 0 0
So—Ss 3.70 670 0 0
So=S10 620 400 19 —3264
Th-TT, Sy=S, 3.89 638 0 0
So=S, 407 609 0.7 24623.8
So—Ss 4.24 585 0.5 2266
Th-TT, So—=S; 342 725 0 0
So=S, 344 721 -038 7422

S, Sy S S, S (au) o (GM)
—60.6 0 0 0 7930 282

0 0 0 —128.1 4380 64.8
0 0 0 —-338.5 30600 583

0 0 0 128.6 4410 42.1
0 0 0 -512.9 70100 933
1664.7 0 0 0 552000 18400

0 0 0 130.5 4540 30.7

0 —152.9 0 0 6230 56.9
0 0 0 671.4 120000 1210
—4087.5 0 0 0 3540000 99700
0 0 0 —587.7 92100 1020
-8.7 0 0 0 121000000 1470000
—-12.4 0 0 0 1020000 13500

0 0 0 207.5 11500 98.4
34.2 0 0 0 107000 930
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length, transition probabilities, and absorption cross sections
based on the CAM-B3LYP/6-31++G(d,p) model chemistry
are presented in Table 7. The obtained TPA cross sections (o)
help to index these molecules in various applications such as in
high-energy ultraviolet grade fiber optics and biological
applications as well, obtained upon increasing conjugation
and donor substitutions. TT, exhibits significant TPA activity
with a o value of 282 GM at a wavelength (24) of 356 nm for a
deeper Sy—S,; transition. While better TPA cross sections for
TT, than TT, resulted with the Sy—S, transition, this leads to
583 GM TPA cross section exhibited for 486 nm absorption.
The TPA tensors S,, and S, are contributing to these TPA
activities of TT, and TT, respectively. Going further to TT,,
we observe a better and multiple responses. Most significantly,
the S,—S, transition (368 nm) possesses the strongest TPA
cross section response 18 400 GM along with S;—Sg transition
(582 nm) with 933 GM response. Between these two, the
largest o has a major contribution from S, tensor that
emphasizes the charge reorganization in the longitudinal axis,
while the other transition is for S,,. A much stronger response
can be found in TT; with a TPA response of 1210 and 99 700
GM at 670 and 400 nm wavelengths, respectively, as well as
moderate responses at 703 and 816 nm with values of 57 and
30 GM, respectively. Similar to TT,, the largest TPA cross
section among all the unsubstituted molecules has attained
contribution from S, tensor which claims that the extension of
conjugation in the longitudinal axis has a greater contribution
in the TPA response. As others have claimed, these results
affirm that extensive conjugation is essential for achieving a
good TPA response.””®*

Upon substitution with donor, Th-TT shows a pronounced
TPA response with 1.47 X 10° GM at 609 nm and 1020 GM at
638 nm. The other significant response falls at 585 nm with a &
of 13 500 GM. TPA does not enhance as expected further, but
Th-TT, exhibits adequate responses with ¢ values of 930 and
98 GM, respectively, at 721 and 725 nm. The BRC increment
results in decreasing TPA activity.”**> Currently, we are
reluctant to discuss TPA for Th-TT, and Th-TT; because our
maximum TPA excitation energy for these systems is negative,
which might be a result of their large BRC, which would
require more correlated ab initio methods.

B CONCLUSIONS

The presence of 7-donor thienyl substitution in the transverse
axis and extension of conjugation in the longitudinal axis by
increasing pyrazine rings incorporates a quadrupolar nature in
nonclassical oligo-pyrazinothienthiadiazole derivatives. Accord-
ingly, two sets of molecules are considered in this study, one
for increasing conjugation in longitudinal axes (TT,, n = 0—3)
and the second one for having additional 7-donor thienyl
substitution at the central thienyl group in the transverse axis
(Th-TT,, n = 0—3). The resulting changes in geometry, NAC,
and frontier orbital energies have been analyzed by using DFT
methodologies by which the asymmetric nature of geometry
and charge distribution is unveiled. The inspection of frontier
orbitals in all the derivatives has shown that the z-donor
destabilizes the HOMO, while additional conjugation stabilizes
LUMO levels. Thus, the narrowing of the gap between frontier
orbitals not only introduces but also enhances the BRC
accordingly. The odd electron densities (OEDs) and
associated 7-ELF have been plotted to investigate the electron
distribution in these molecules. The OED plots reveal that
large electron densities are found near the central thienyl ring,
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while zig-zag mannered charge clouds in the longitudinal axis.
Similarly, 7-ELF plots proclaim the poor contribution from
sulfur atoms in the central thiophene ring and side z-donor
thienyl substitutions as well. This indicates the unaltered ylidic
character in sulfur diimide chromophore, while reduced ylidic
character in the substituted thiophene ring along with the
presence of long-bond/singlet BRC in sulfur dimethide part in
both the series. Also, these effects lead to the panchromatic
one-photon absorption by all the molecules. To address the
CT associated with one photon absorption, Le Baher’s indices
have been considered and found that the net CT is very less
contradictory to D which is increased in both the series of
molecules. This has been interpreted by the overlap of charge
gain and charge loss regions (C*/C~) and H-index by which
the charge reorganization is concluded instead of the CT
nature during electron transition.

The non-linear optical activities of all molecules have been
evaluated by studying second-order hyperpolarizability (y) and
TPA cross-sectional values associated with tensor values in all
the molecules. From TT,-TT;, the tensors in the longitudinal
axis are found to be the major contributors to the overall y
response. In the case of Th-TT, derivatives, tensors in the
transverse axis have larger contributions for Th-TT, and Th-
TT,, while longitudinal tensors play a major role in the large y
response in the rest two molecules. Similarly, TPA character-
istics are also found with the same behavior in tensor
contributions to the increased TPA cross sections in TT,
series. However, the 7-donor thienyl substitution seems to be
disadvantageous in Th-TT, series as TPA cross sections are
dampening from n = 0—1 though shift in transverse to the
longitudinal axis is ascertained.
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