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ABSTRACT: The n-conjugated organic molecules containing cyanostilbene motifs have been extensively investigated due to their
great potential applications in several optoelectronic and biological fields. Developing efficient molecules in this respect requires
strategic structural engineering and a deep understanding of the structure—property relationship at the molecular level. In this
context, understanding the impact of positional isomerism in cyanostilbene systems is a fundamental aspect of designing desired
materials with improved photophysical properties. Herein, we designed ten donor—z—acceptor (D—z—A) type cyanostilbene
derivatives (P; — P,,) with different 7 linkers and compared their structural and optoelectronic properties arising from the positional
variations of the —CN group (a and /- variations) through the utilization of density functional theory (DFT) and time-dependent
DFT (TDDFT) methods. The topological analyses of the electron density are used to explain the relatively high stability of @ isomer
compared to that of f. Frontier molecular orbital analysis reveals that 17 molecules tend to show a reduced highest occupied
molecular orbital—lowest unoccupied molecular orbital gap, and most of them showed a greater nonlinear optical (NLO) character
compared to the parent molecule. TDDFT calculations indicate that f isomers show higher absorption maxima compared to their a
counterparts. Among all the scrutinized molecules, the absorption maximum extended up to 602 nm for Py and it possesses the
highest first-order hyperpolarizability. This study sheds light on positional isomers and their reactivity, absorption spectra, and NLO
properties of D—z—A type architecture that can be suitably tuned by appropriating the z-bridge for practical applications.

1. INTRODUCTION The functional motif in cyanostilbene consists of -

Stimuli-responsive materials with different 7z-conjugated conjugated skeletons, which are covalently linked to a cyano

structures have evolved as new-generation functional materials
due to their intriguing optoelectronic properties and their
subtle tunability.”” Among the z-conjugated molecular
systems, cyanostilbene-based assemblies are the most promis-
ing candidates for various optoelectronic applications owing to

group. The insertion of the cyano substituent at different
positions in the core stilbene unit is one of the most powerful
means of fine-tuning the physicochemical properties of
cyanostilbene.'> The positional isomers thus obtained in
which the —CN group that is connected at the a-position of

their aggregation-induced enhanced emission properties the ethylenic bond is called a-cyanostilbene, whereas the —CN
(AIEE).” Literature shows that the cyanostilbene derivatives

are employed as multifunctional building blocks for various Received: January 25, 2024

applications such as organic solar cells, organic field effect Revised:  April 21, 2024

transistors, organic light-emitting diodes, liquid crystal displays, Accepted: April 23, 2024

bioimaging, sensing, etc.°™'" In addition, the cyanostilbene Published: May 15, 2024

systems are well explored for the response to multiple stimuli
such as pressure, temperature, light, solvent, and pH.S’lz_14
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group connected at the p-position is termed as f-
cyanostilbene.” Generally, these two positional isomers of
acrylonitrile have variable molecular arrangements that
influence the crystal packing characteristics.'® For instance, a
report by Zhang et al. demonstrated that the molecular packing
and optical properties are greatly affected by the positions of
the cyano group on donor—acceptor type isomers.'” Yoon et
al. explored the tunability of photophysical features of a series
of @ and f cyanostilbene derivatives and the report implied the
advantages of position and orientation of the cyano unit in
controlling the solution and solid state photophysical proper-
ties." An investigation by Ros and co-workers on cyanos-
tilbene-based bent-core liquid crystals demonstrated the
control of positional isomerism on the molecular arrangement
and fluorescence properties in the liquid crystalline states.” The
study established that the quantum vyields depend on the
position of the cyano group and the value is higher for the f-
isomer than that of the a-isomer due to the higher radiative
and lower nonradiative rates of the f-isomer. A report on two
distyrylpyrrole derivatives with @ and f cyano substitution
resulted in substantial differences in solid-state luminescence
behavior."® From all of these experimental reports, it is evident
that the position of the cyano group plays a significant role in
deciding and dictating the extent of conjugation, molecular
packing, and photophysical properties of a molecule. However,
there are very few experimental reports that link positional
isomerism in cyanostilbenes evolved by the position of the
cyano group to the observed difference in optical properties in
the solution and solid states, so far.'®'*~>! Furthermore, to the
best of our knowledge, the structural, energetics, and optical
properties of a and f analogs of cyanostilbene have not been
systematically compared and explored. In this scenario, a
molecular-level understanding through theoretical approaches
will guide us in gaining insights into such properties and offer
valuable guidelines for designing efficient optoelectronic
candidates for practical applications.

Cyanostilbene appended donor—z—acceptor (D—7—A)
type systems, where the cyano moiety acts as the acceptor
(A), are the more straightforward model for a comprehensive
understanding of the effect of positional isomerism of a and
analogs of cyanostilbene because it allows flexibility in
molecular design by changing either conjugating moiety (7)
or donor unit (D) systematically.”*>">* Such systems are
capable of fabricating excellent hole and electron transport
facilities and executing push—pull effects, allowing electron
transfer from the donor to the acceptor through the conjugated
7-units.”>™%° Furthermore, D—7—A architecture having
functionalized acrylonitrile comgounds offers better nonlinear
optical (NLO) performance.’®™"* For example, Singh and co-
workers recently synthesized a series of cyanostilbene-based
D—rn—A systems containing the 9,9-dimethyl-9H-fluoren-2-
amine type of chromophores and observed a significant
enhancement in the first hyperpolarizability and related
intrinsic hyperpolarizability by modulating the 7-conjugation
pathways.” In a continued work,”' the same group compared
the first hyperpolarizabilities by extending the z-conjugation of
D—7z—A systems and found that lengthening of 7-conjugation
beyond a certain limit hardly improves the NLO response.
Therefore, improving the efficiency through structural tuning
to design better NLO candidates attracts a lot of
attention.”> > In recent years, organic heterocyclic lumino-
phores have made great progress as a new-generation
functional material.”” ~>” These findings triggered our curiosity

to computationally design cyanostilbene-based NLO materials
with various heterocyclic rings as z-linkers.””*" More
importantly, it would also serve as the optimal candidate to
study the effect of positional isomerism on the cyanostilbene
derivatives.

Motivated by the above-mentioned considerations, herein
we employed a systematic comparative study focusing on the
structural properties, orbital analysis, and relative stabilities of
a and f analogs (respectively designated as “a” and “b”
isomeric forms, hereafter) of various cyanostilbene derivatives
with the help of density functional theory (DFT) calculations.
The cyanostyryl appended D—n—A systems with varying 7
linkers have been designed for this purpose. The absorption
characteristics of these compounds are judiciously investigated
using time-dependent DFT (TDDFT) studies. The present
study additionally examines the impact of various x linkers on
the NLO properties of the designed molecules. Bader’s
quantum theory of atoms in molecules (QTAIM),*"*
noncovalent interaction (NCI),* and molecular electrostatic
potential (MESP)** analyses have been performed to further
understand the structure—property evaluation of these
molecules.

2. THEORETICAL CALCULATIONS

All DFT and TDDFT calculations are performed using the
Gaussian 16 suite of programs.45 The geometry optimizations
followed by frequency calculations of all molecules are done in
the gaseous state at the B3LYP/6-31+G(d,p) level of
theory.**” Vibrational frequency calculations confirm that all
of the reported geometries correspond to true minima,
ensuring the absence of imaginary frequencies.

The Frontier molecular orbital (FMO) analysis is done with
the optimized geometries of the designed molecules and
FEMOs are plotted using the Chemcraft software.** QMForge
program® is used for the FMO percentage analysis to
understand the role of the donor, acceptor, and the 7-bridge
toward the stabilization of highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
of these molecules.

From the optimized geometries, topological analyses of the
designed molecules are performed using the B3LYP/6-
31+G(d,p) method. The win files generated from the Gaussian
outputs are used for this purpose. NCI*’ and (lTAIMA_r2
analyses are computed using the Multiwfn® and AIMAI’
software, respectively. The reduced gradient density (RDG)
isosurface plots resulting from NCI analysis are further
visualized using the VMD package.”

The literature shows plenty of functionals capable of
predicting the absorption maxima and, therefore, it is highly
essential to identify and validate the correct functional that can
reproduce the experimental results in cyanostilbene systems. In
this context, to identify the suitable functional to simulate the
experimental absorption maxima in the solution state of these
cyanostilbene derivatives, all computations including geometry
optimizations and subsequent time-dependent DFT (TD-
DFT) calculations were performed with different functionals
viz. B3LYP, CAM-B3LYP,* PBE0,”* and Boese—Martin for
Kinetics (BMK)>® coupled with the 6-31+G(d,p) basis set.
The Solvation Model based on Density (SMD) solvation
model*® with the relevant solvent reported in the experimental
work was adopted for these calculations. Figure S1 shows the
selected molecules (Pya,*® 1,'° 2,'" and 3'*) for the simulation
of absorption spectra. The graphical comparison of the
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absorption maxima (4,,,;) obtained using different functionals
calculated at the TD/DFT/SMD/6—31+G(d,p) level is
displayed in Figure 1. It is clear from Figure 1 that the BMK
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Figure 1. Graphical comparison of the experimentally reported
absorption maxima of selected molecules to the corresponding
simulated values. Solid curve corresponds to the experimentally
reported values, and broken curves represent simulated values
obtained using different functionals.

is the best functional for the simulation of absorption spectra
since it gives A, values that are consistently in agreement with
the experimental values. Indeed, the CAM-B3LYP results are
closer to the experimental results of the three systems, but Pja
shows a significant deviation. This suggests that the BMK
method is better suited to TDDFT calculations for the present
study. In addition, there have been some previous reports
suggesting the use of the BMK method for the study of
absorption spectra in organic compounds.””* In fact, Table S1
(Supporting Information) shows that the ., calculated at the
TD-BMK/SMD/6-31+G(d,p) level from the gas phase
optimized geometries of B3LYP/6-31+G(d,p) agrees well
with the experimentally observed A.,. Subsequently, this
methodology was adopted herein for the computation of the
vertical excitations and oscillator frequency. The simulated
absorption spectral data are analyzed using the GaussSum
software.””

The optimized geometries at the B3LYP/6-31+G(d,p) level
were used to compute first- and second-order hyperpolariz-
abilities to characterize the NLO activity of the designed
molecules. The first-order hyperpolarizability (f3,), described
by a 3 X 3 X 3 matrix, is computed from the x, /N and z
hyperpolarlzablhty tensor components using the eq 1.°

[(ﬁxxx + xyy xzz)2 + (ﬂyyy + yzz ﬂyxx)z
1/2

+ (ﬂzzz zxx zyy) ] (1)

Second-order hyperpolarizability (y) is calculated from its
components using the eq 2. 60

y = 1/Sly,

XXXX

+7,

yy R

oze T 2y + 7,

yyzz yxxll) ]

2)

3. RESULTS AND DISCUSSION

Twenty different D—7—A systems derived from an exper-
imentally reported structure Pga (Figure 2A)*" are designed
and considered for the present study. All the designed
molecules are cyanostyryl-based structures with a dimethyla-
mino group as the donor and a cyano-substituted nitrostyryl

W > O‘O \

NC

NO,

(B)

~.,

. \
NO,

NC
P.a
CN
\, L \
/ NO,
P.b

Figure 2. (A) Reference system considered and (B) the isomers (“a”
and “b” variants) investigated in this study.

group as the acceptor part. The cyano group here functions as
an additional electron-withdrawing group in the D—z—A
structure. The initial geometry of the reference molecule Pja is
taken from the X-ray crystallographic data.*” Molecules with
ten different spacer groups (7 bridges, designated as L,), each
having “a” and “b” forms with respect to the position of the —
CN group, as shown in Figure 2B, have been included in the
study. Hence, a total of 20 D—n—A architectures have been
examined to understand the role of z-linkers as well as the
positioning effect of the —CN group on their structural and
optoelectronic properties. In addition, the reference compound
Pja and its positional isomer Pgb are also considered for
comparison. The different spacer groups used in designing the
D—rn—A systems are shown in Figure 3. The selected spacer
groups include aromatic 7-conjugated systems of phenyl-based
and heterocyclic rings containing heteroatoms such as
nitrogen, oxygen, and sulfur (see Figure 3). o162

3.1. Optimized Molecular Geometries. Optimized
geometries of four representative molecules viz. Pja, P;b
(with no heteroatom in the spacer group), Psa, and P;b (with
oxygen as the heteroatom in the spacer group) are shown in
Figure 4. As can be seen in the figure, P a and P b possess the
same D—n—A backbone with only a difference in the position
of the —CN group. The computed dihedral angles @, and ®,,
as indicated in Figure 4, have been considered for analyzing the
planarity of the systems under study. ®; is the CaC4C,C,
dihedral angle (where C, and Cj are the @ and 3 carbon atoms
and to which the —CN group is attached in the “a” and “b”
isomers, respectively, and C; and C, are two carbon atoms of
the phenyl ring of the styryl group) and ®, isa C—C—C—C/X
(where “X” is the heteroatom) dihedral angle inside the spacer
group, as illustrated in Figure 4. The dihedral angle @, is not
significant for the two P, molecules because spacer group L,
does not contain a phenyl ring that is connected to the
remaining part of the 7-spacer through a single bond. The @,
and @, values of all of the D—z—A systems under study are
listed in Table S2. All the scrutinized molecules are distorted

https://doi.org/10.1021/acsomega.4c00850
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Figure 3. Sketches of the 7-spacers used in the study.
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Figure 4. Optimized geometries of the representative structures. The two dihedral angles ®, and @, (in degrees) are also shown.

from planarity to different extents. As can be observed from
Table S2, there is a significant decrease in the value of @, (~10
to 20°) in the “b” series, as compared to the “a” series,
indicating a remarkable increase in planarity as the position of
the —CN group changes from “a” to “b” positions. The lower
values @, indicate less distortion of “b” forms and a slightly
higher conjugation effect. Molecules such as P,b, Pyb, Pgb,
and P;b having sulfur-containing heterocyclic rings possess
very small @, values (less than 1°) leading to more efficient 7-
delocalization in the backbone. The smaller values of dihedral
angles for molecules with heteroatoms in their spacer groups
indicate higher planarity in them compared to those without
heteroatoms. As indicated by the small dihedral angles, Ps;b
and Pgb, both having furanoid rings in their spacer groups,
possess the highest planarity. Among all of the systems studied,
P4 possesses the lowest @,. In all the designed molecules, the
delocalization of s-electrons throughout the molecule is
evident from the calculated geometrical parameters and
dihedral angles.

Analyzing the different bond lengths in the positional
isomers has shown that in all the cases, the “b” isomer has a
slightly shorter —C—N bond (Table S2). The increased
planarity as indicated by the dihedral angle and better #
delocalization slightly increased the —C—N bond strengths in
the “b” isomers.

The calculated dipole moments of all designed molecules are
also presented in Table S2. From Table S2, it is clear that most

of the molecules showed a higher dipole moment compared to
that of reference molecule Pya (12.51 D). Among all of the
scrutinized molecules, the highest dipole moment of 16.07 D is
exhibited by Pya. The dipole moments of the isomers “a” and
“b” are quite similar, indicating that the net molecular polarity
is not much affected by positional changes.

3.2. Relative Stabilities of “a” and “b” Forms. Next, we
examined the energies of the isomeric structures “a” and “b” to
assess their relative stability. The difference in energy between
the isomers “b” and “a” (denoted as AE,,; given in Table S2) is
noted. In all cases, AE,, is positive, indicating that the isomer

« »

a” is more stable than “b”. This may be attributed to the
possibility of additional intramolecular interactions in the “a”
isomer, which needs to be further confirmed by analyzing the
electron density topology analyses. AE,, values in all cases are
compared with the help of bar diagrams provided in Figure S.
It is obvious that P,a and P,a exhibit more stability (AE,,
values of 7.4 and 7.1 kcal/mol, respectively) than the
corresponding “b” analog. The lowest AE,, value of 1.2
kcal/mol is noted for P, isomers.

3.3. NCI and QTAIM Analyses. NCI and QTAIM
analyses serve as a valuable tool to identify, visualize, and
quantify various inter and intramolecular chemical interactions
present in molecular systems.”*”®> We further performed NCI
and QTAIM analyses to unravel various NClIs present within
the designed molecules. As shown in Figure 6, the RDG
isosurfaces resulting from the NCI analysis of representative
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8] “a”. In addition, the existence of another BCP corresponding
to CH--HC contact is evident in the “a” isomer for both P,

7 and P,. Thus, in line with the NCI plots, the QTAIM analysis
clearly suggests that stronger intermolecular interactions are

- & present in “a” compared to their “b” counterparts; this
g 54 corroborates the higher AE,, values obtained for P, and P,
= and thus explains the relatively higher stabilities of “a” isomers.
£ 47 The increased intramolecular interactions of —C—N present
of 34 in the “a” isomer decrease the —C—N bond strength, and
< ) consequently the value of p at the BCP of —C—N of “a”

P;

PS P9 P10

Figure S. Bar chart representation of the calculated AE,, values of the
studied molecules.

isomeric pairs P, and P, are shown. The color scheme and the
area of the isosurface serve as a convenient means of
understanding the nature of NCIs.” For instance, the red
zones correspond to repulsive interactions, whereas the green
zones are indicative of weak van der Waals interactions. In
Figure 6, the appearance of green zones shows the attractive
intramolecular interactions present in these systems. A close
examination of the NCI isosurface indicates that the “a”
isomers have a slightly larger area of green isosurfaces
compared to their “b” counterparts, particularly around the
—CN centers. This shows that the attractive intramolecular
interactions present in the “a” isomer are greater compared to
the “b” isomer.

On the other hand, the QTAIM analysis uncovers not only
the occurrence of intramolecular NCIs but also the nature of
such interactions through the appearance of (3, —1) bond
critical points (BCPs).®”®” These BCPs are characterized by
their corresponding electron density (p) values. As representa-
tive systems, the QTAIM features of two pairs of isomers viz.
P, (“a” and “b”) and P, (“a” and “b”) are displayed in Figure 7.
P,a isomer possesses intramolecular interaction between the H
(from the N—H group in the spacer group) and the —C—N
group with a p at the BCP of 0.01482 au. The —CH(phenyl)---
CN interaction (p = 0.01282 au) is evident in the QTAIM
molecular graph of P,b. For “a”, p value is larger than that of
the “b” isomers indicating the stronger interaction present in

[pcn(a)] is found to be smaller than their “b” counterparts
[pcen(b)], in all cases. pey(a) and pey(b) values of P, and P,
given in Figure 7 in green color. The difference in p values at
the BCP of —C—N between “b” and “a” [Ap = pcn(b) —
pcen(a)] roughly correlates with the AE,, values (see
Supporting Information; Figure S2 and Table S3). This further
confirms that the relatively high stability of the “a” isomer
originates from intramolecular interactions.

3.4. Molecular Electrostatic Potential Surfaces. The
MESP maps provide valuable information about the region
around a molecule where an electrophilic and nucleophilic
attack is possible.’® It also gives an idea about the possible NCI
of molecules with their surroundings.69’70 The MESP isosur-
faces of the two isomers of the representative systems (P, and
P,) are shown in Figure 8. The highest negative potential (red
region) is located mainly around the oxygen atoms of —NO,
and N of the —CN group. The MESP isosurfaces shown in
Figure 8 indicate that the positive electrostatic potential
regions (blue regions) are dispersed around the H atoms
present in the molecule. The possibility of intramolecular
interaction between —CN and the nearby —NH region of
pyrrole is evident from the negative and positive charge
localization of the corresponding moieties of the “a” isomer
(Figure 8).

3.5. Frontier Molecular Orbitals. It is well known that
the FMO analysis sheds light on the chemical reactivity, which
in turn helps to estimate the optoelectronic properties of
D-z—A systems.””’> Therefore, the FMOs such as the
HOMO and LUMO obtained from the optimized geometries
are studied. The calculated energies of HOMO and LUMO
together with the HOMO—LUMO energy gap (AEy) are
collected in Table S4. The “a” isomers show a wider AEy;
compared to their “b” counterpart (see Figure 9 for Py — Py,
and the remaining in Figure S3). Among the 22 molecules, P;a

o
Cee ' sy

Figure 6. NCI- RDG isodensity surface plot (isovalue = 0.50 au) of P, and P, isomers.
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Figure 9. FMO energy level diagram of “a” and “b” variants of Py, — P;.

is found to be the most stable molecule with AEy; of 2.489 eV,
which is higher than that of the reference molecule by 0.054
eV. Three molecules (P;a, P,a & Psa) show more stability
than the reference molecule, and all other molecules,

irrespective of “a” or “b” isomers, tend to show higher
reactivity with reduced AEy; compared to that of the reference

molecule. Molecules such as Pgb, P,b, and Pyb show higher
reactivity with lower AEy; values of 1.960, 1.963, and 1.974
eV, respectively. Among “a” series, Pga, and P,a are highly
reactive with AEy; values 2.151 and 2.188 eV, respectively.
The reactivity increases when two heteroatoms are introduced
into the molecular framework (Pg — P,) which is observed
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Figure 10. FMOs of the studied molecules.

from the computed AE;. On the other hand, the introduction
of two heteroatoms does not alter the energy of HOMO a lot
but does impact the LUMO energy level. It is observed that
HOMO of Pga and P¢b lies at —5.214 and —5.216 eV which
clearly indicates that HOMO is almost unaffected by the
position of the —CN group. However, the LUMO energy
(—3.062 eV) of Pga is altered to —3.257 eV when the position
of the —CN group changes in the “b” isomer. The decreasing
order of AEy; in “a” isomer is as follows P,a > Psa > P,a > Pja
> Pja > Pya > Pjga > Pga > Pya > P.a > Psa while the same for
“b” isomer is Psb > P;b > P,b > P;b > Pyb > P,b > P;;b > Pgb
> Pgb > P,b > P¢b. This clearly shows that irrespective of the
position of the —CN group, Ps;, P, and Py are potential
candidates with excellent chemical reactivity.

The FMOs such as HOMO and LUMO for both isomers
are collected in Figure 10. From the figure, it is clear that the
HOMO occupies the donor and a part of the z-bridge (left-
hand side) while LUMO spread through the acceptor unit and
the other part of the z-bridge (right-hand side). It is interesting
to note that in “a” isomers, the —CN group involves in the
stabilization of both HOMO & LUMO while its role in the

22770

stabilization of HOMO in the “b” isomers is zero. Thus, the
HOMO of the “a” isomers is very similar to that of the “b”
isomer except for the contribution of the —CN group.
However, the LUMO of “b” isomers is observed to be very
similar to that of “a” isomers where -the CN group is involved
in stabilization. Analyzing the HOMOs and LUMOs of these
molecules indicates that there can be intramolecular charge
transfer (ICT) along with m—z* transitions. In some
molecules, the z—z* transitions are expected to be
predominant. For instance, the HOMO and LUMO of Pja
are lying on most of the molecule compared to P,a. Thus,
these molecules will tend to show both ICT and #—n*
transitions in their absorption spectra.

To gain more insight into the FMOs, it is essential to
understand how donor, acceptor, and z-bridge fragments
contribute to the FMOs. The whole molecule is divided into
three parts (donor, acceptor, and z-bridge), and their
percentage contributions from these fragments toward
HOMO and LUMO are calculated and summarized in Table
SS and Figure 11. In Figure 11, it is clear that the contribution
of the donor unit to stabilizing LUMO is very negligible (0.1—
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Figure 11. Percentage contributions of the fragments (donor, 7-bridge, and acceptor) toward HOMO and LUMO of the studied molecules.

1%), while its contribution to HOMO varies from 2.5 to
23.4%. It is interesting to note that the donor’s contribution to
HOMO is higher in the “b” isomer compared to its “a” isomer
except in P;yb where a slight edge (~0.1%) is observed. The
results indicate that the LUMO gets many contributions from
the acceptor unit, and a poor contribution is rendered by the
acceptor unit toward the stabilization of HOMO. For instance,
the LUMO of Pyb is stabilized up to 83.5% by the acceptor
unit, while it gets only 9% toward HOMO. It is observed that
the Pia, Psa, and Psa molecules tend to get almost equal
contributions from the acceptor unit for the stabilization of
HOMO and LUMO. For example, the HOMO and LUMO of
Pga are stabilized by acceptor units almost equally (40.4 and
41.7%). Moving to the contribution of z-bridge, it can be
inferred that HOMO is getting much contribution compared
to LUMO. In particular, the HOMO of the “b” isomer largely
benefited out of the 7-bridge than the “a” isomer. In summary,
this section portrays that the insertion of two heteroatoms
tunes these molecules compared to those of one or none of the
heteroatom-containing molecules.

3.6. Absorption Spectra. It is important to note that the
molecule’s ability to exhibit a significant absorption maximum
makes it a promising candidate for optoelectronic applica-
tions.”>’* In this context, TDDFT calculations on the
optimized geometries help us in forecasting a molecule’s
excited state properties. Hence, TDDFT calculations have
been conducted at the TD-BMK/SMD (dichloromethane)/6-
31+G(d,p) level to compute the vertical singlet excitations to
predict the absorption maxima with oscillatory strength. This
analysis further helps us to estimate the percentage
contributions from FMOs toward various configurations of
these excitations. The details of the absorption spectra of “a”
and “b” isomers, obtained through TDDFT calculations, for all
the systems under study, are compared in Table 1. The optical
properties studied include the absorption maxima (4,,,,),
oscillator strength (f), and the percentage contribution of
different transitions toward the absorption maxima. In the “a”
isomer series, the calculated 4, ranges from 459 to 565 nm

while the same applies to the “b” isomers ranging from 476 to
602 nm, and all transitions are from S, — S;. In both cases, the
P, molecule shows the lowest absorption maxima and Py is the
one that shows the highest absorption maxima. As expected,
the P¢b, P,b, and Pyb molecules show exceptional 4, values
of more than 590 nm. In all the cases, the consistent red shift
in the 4, value in the “b” isomer compared to the “a” isomer
shows an increased wavelength of absorption as the position of
the —CN group changes from the “a” to the “b” position. The
shift in the 4,,,, value ranges from 17 nm (for the P,a — P,b
isomer pair) to 52 nm (for the P,a — P.b isomer pair). This
red shift in the absorption maximum can be attributed to the
increase in planarity and the consequent increase in the
effectiveness of n-delocalization. For instance, a 37 nm increase
in A, is observed between the isomers “a” and “b” of P4 and
P,. Another substantial increase in the 4., is seen in P, and Py
with 41 and 40 nm, respectively. It can be seen that the values
of A, for all of the cases lie in the visible range, making them
advisable for solar cell applications. The oscillator strengths
(f), a measure of the intensity of absorption, show higher
values for “a” isomers in all the cases. The difference in f values
ranges from 0.320 (for the Pja — P;b isomer pair) to 0.548
(for the Pya — P,b isomer pair). For example, one can witness
the strong intense peak at 459 with an oscillatory strength of
1.31S for P,a and the same in P,b that shows a less intense
peak with an oscillatory strength of 0.767 for the 476 nm
absorption. Hence, the intensity of absorption tends to be
lower in the “b” isomer for all pairs of isomers under study
though they tend to show longer A,. All these peaks are
getting maximum contributions from HOMO — LUMO
transitions for all these molecules, and minor contributions
(less than 10%) are from HOMO-1 — LUMO. It is
interesting to note that the HOMO — LUMO contributes
to a higher percentage in the “b” isomer compared to that of
the “a” isomer. For instance, an intense peak at 548 nm from
P-a arose due to an 87% contribution from HOMO — LUMO
while its percentage increased to 93% for the peak at 600 nm
when the position —CN changes in P-b. This trend is observed
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Table 1. Maximum Absorption Wavelength (4,,.,) along with Oscillator Strengths (f) and the MO Contribution of the Studied

Molecules
isomer “a” isomer “b”
molecule Amax (nm) f MO contribution (in %) molecule Amax (nm) f MO contribution (in %)
Poa 486 1334 H— L (87) Pob 515 0.834 H — L (93)
H — L+1 (8) H-1-L (3)
H-1- 1L (4) H - L+1 (3)
P 461 1.186 H — L (86) P,b 481 0.728 H - L (92)
H-1- L (5) H-1-L (4)
H — L+1 (8) H - L+1 (3)
Pja 459 1315 H — L (78) P,b 476 0.767 H — L (86)
H- L (12) H-1 - L (10)
H - L+1 (7) H - L+1 (2)
P;a 521 1.252 H — L (89) P;b 561 0.932 H — L (95)
H-1- 1L (3) H-1->1L(2)
H - L+1 (7) H - L+1 (3)
P, 515 1.405 H — L (90) P,b 556 1.034 H — L (95)
H-1- 1L (3) H-1-1L (3)
H — L+1 (6) H — L+1 (2)
Psa 510 1.449 H - L (87) Psb 540 1.086 H — L (93)
H-1- 1L (4) H-1- L (3)
H — L+1 (8) H - L+1 (3)
Pa 556 1.501 H — L (86) Pb 593 1.088 H — L (92)
H-1-1L (5) H-1 - L (5)
H - L+1 (7) H - L+1 (3)
P,a 548 1.521 H - L (87) P,b 600 1.098 H — L (93)
H-1 - L (6) H-1-L (4)
H - L+1 (6) H - L+1 (2)
Pga 548 1.719 H — L (83) Pgb 567 1.327 H— L (87)
H-1-L (7) H-1- L (7)
H — L+1 (8) H — L+1 (5)
Pga 565 1.940 H — L (86) Pyb 602 1.501 H — L (90)
H-1-L (5) H-1- L (5)
H — L+1 (7) H — L+1 (4)
P 527 1.783 H— L (84) P,b 552 1.336 H — L (88)
H-1- L (7) H-1- L (7)
H - L+1 (7) H - L+1 (3)
1.6 16
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- ——P.b _
31.2- 5 —'5‘.1.2- Peb
®1.0- 1.0
% 3 1.0
2 0.8 4 % 0.8
§ 0.6+ 5 0.6
< 0.4 2oa4.
0.2 0.2
0.0 . 0.0

300 350 400 450 500 550 600
Wavelength (nm)

(A)

350 400 450 500 550 600 650
Wavelength (nm)

(B)

Figure 12. Comparison of simulated UV absorption spectra of (A) Psa & Psb (B) Psa & Pgb.

for all of the molecules studied here. These HOMO — LUMO
transitions can arise from ICT coupled with 7—7z* transitions.
For instance, Psa tends to show a peak at 510 nm with 1.449
oscillator strength arising from HOMO — LUMO transition
resulting from z—7* transitions and ICT. This trend is
observed in almost all the molecules. The UV absorption
spectra of two pairs of “a” and “b” isomers viz. Psa — Psb pair
and Pga — P¢b pair in dichloromethane solvent are compared

22772

in Figure 12. The red shift in absorption maxima as well as the
lowering of intensities in the “b” isomers can be clearly
visualized in the figure.

3.7. NLO Properties. The NLO behavior of a molecule
occurs due to the oscillation of molecular electrons when
subjected to a fluctuating field, like electromagnetic radia-
tion.””~”” Consequently, this induces polarization within the
molecule, and the effect becomes more prominent in D—z—A
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molecules, generating asymmetric polarization. It is well known
that electrons tend to migrate more readily toward the electron
acceptor group rather than the donor group, contributing to
this asymmetry.”® As these molecules also fall under D—7z—A
architecture with excellent absorption maxima, it is intriguing
to study their NLO properties.”” We calculated the first-order
hyperpolarizability (f,) and second-order hyperpolarizability
(y) obtained at 1064 nm for all these molecules and the results
are depicted in Figures 13 and 14, respectively. The data
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Figure 13. Comparison of f§; values of the studied molecules.
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Figure 14. Comparison of y values of the studied molecules.

pertaining to x, y, and z components of f; and y are collected
in Table S6. Our results show that the “b” isomers show better
NLO activities compared to their “a” isomers. The computed
first-order hyperpolarizabilities for Pga are 955.62 X 107 esu,
while the same for Pgb is estimated to be 1245.86 X 107 esu.
A similar trend is observed for all of molecules. It is interesting
to note that the molecules with lower AEy; show higher f,
values while those with wider AEyy; show lower f, values. For
example, among all the molecules, P;a shows the lowest S,
value with 432.51 X 107 esu while Pyb shows the highest /3,
value of 1245.86 X 107" esu. Among the 22 scrutinized
molecules, the “b” isomers of P¢— P, show higher 3, values.
Moving from the “a” isomer to the “b” isomer, there is an
increase in the f, values and the increase is significantly
pronounced in P, where a shift of 290 X 107" esu, while this
effect is minimum with only a small increment (35.45 X 107
esu), is observed in P, isomers. The calculated results reveal
that six of the ten designed candidates were found to show
higher 3, values and thus better NLO activity compared to the
reference molecule P,. In general, the higher the chemical

reactivity (lower the AEy;), the higher the first-order
hyperpolarizability.

Finally, we noted the y values of the designed molecules, and
the values are compared graphically in Figure 14. It can be
inferred from Figure 14 that the isomers “b” show higher y
compared to the isomers “a”. This is very similar to what we
observed for first-order hyperpolarizability. The increment is
very minimal in the case of P;, P, and Py while it is maximum
in Pg. Especially, Pgb has the maximum y value followed by
P,b with 7147.22 X 107 esu and 6909.72 X 107¢ esu,
respectively. Among the ten designed molecules, six of them
showed higher y values, suggesting the significance of
modulating the 7z-bridge to tune the NLO properties of
D—n—A type molecules.

4. CONCLUSIONS

In this study, we could attain significant theoretical insight into
the effect of a and 8 cyano positional variation (“a” and “b”
isomeric forms) on the structure, electronic, and optical
properties of D—m—A-based cyanostilbene derivatives by
means of DFT/TDDFT calculations. We designed ten
different sets of D—z—A structures (P; — P,y) and their
positional isomers from a reference compound Pja by varying
the z-linkers. The B3LYP/6-31+G(d,p) method was used to
optimize the designed molecules, and the solvation effect was
included wherever necessary with the dichloromethane
solution using the SMD model. The findings reveal that the
“b” isomers are less distorted from planarity compared to “a”
and molecules having furanoid rings in their spacer groups are
found to have better planarity. Comparisons of “a” and “b”
isomers showed that the “a” isomer is more stable than “b” due
to strong intramolecular interactions, as evident from the NCI
and QTAIM analyses. The AE,, values show the extent of
stability of “a”, and the highest (7.4 kcal/mol) and the lowest
values (1.2 kcal/mol) are found for P, and P;, respectively.

Further theoretical analyses reveal that the “b” isomers show
higher chemical reactivity, higher absorption maxima, and
higher hyperpolarizabilities compared to their “a” counterpart.
Especially, the red shift in absorption maximum of “b” isomers
arises from enhanced z-delocalization and planarity. Among all
of them, Pyb tends to show the highest absorption maxima
characterized by ICT coupled with 7—z* transitions. NLO
studies indicate that the molecules with reduced HOMO—
LUMO gap show greater first and second-order hyper-
polarizabilities. Overall, this study helps experimental scientists
to design new molecules with D—z—A architecture with
varying s-linkers, and the interplay between the chemical
reactivity and other optoelectronic properties can be envisaged
prior to synthesis.
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