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Investigating functional performance and substituent effect in
modelling Molecular Structure, UV-Visible Spectra and Opti-
cal properties of D-m-A conjugated organic dye molecules: A
DFT and TD-DFT study.

Garima Chanana® Kriti Batra®*
@ University School of Basic and Applied Sciences, GGS Indraprastha University, Dwarka, Delhi-110078,
India

Abstract: The molecular structure, UV-Visible spectra, and optical properties of D-m-A conjugated
organic dye molecules (Disperse Red 1 (DR1) and Disperse Red 73 (DR73)) were analyzed using Density
Functional Theory (DFT) and Time-Dependent Density Functional Theory (TD-DFT) and compared
with Azobenzene molecule to study the effect of Donor and Acceptor substituents on the molecular
properties. The performance of DFT functionals is investigated using B3LYP hybrid functional and
three long-range corrected functionals (CAM-B3LYP, LC-wPBE, and wB97XD) in conjunction with
6-31G(d,p) basis set. Using TD-DFT, we calculate the vertical excitation energies and transition dipole
moment values for 100 excited states. These values were further utilized to calculate frequency de-
pendent polarizability under Sum-Over-States (SOS) formalism and refractive index of these molecular
systems. We observe that BSLYP and CAM-B3LYP perform well in estimating molecular structures
while CAM-B3LYP models the UV-Visible spectra of molecules with the least error compared to exper-
imental results. Therefore, CAM-B3LYP is reported to be the most suitable candidate for modelling
disperse dye molecules. Large polarizability response is also observed for these molecules (DR1 and
DR73) in comparison to parent Azobenzene structure due to charge transfer between donor and ac-
ceptor groups. For DR1 and DR73 molecules, «,, component of polarizability dominates in contrast
to azobenzene where a,, dominates. The HOMO — LUMO transition during excitation contributes
to the peak molecular response in simulated UV-Visible spectra. The high polarizability response of
selected D-m-A conjugated molecules in comparison to parent molecule suggests that these molecules
are promising candidates for tailor-made photonic and optoelectronic device development.

Key Words: DFT, TD-DFT, Optical properties, UV-Visible Spectra, D-7-A organic dye
molecules, Disperse Red 1, Disperse Red 73

1 Introduction

Novel organic optical materials have garnered significant scientific interest due to their potential applica-
tions in optical data storage [1], molecular photovoltaics [2,3], laser technology [4], organic photonics [5],
and nonlinear optics [6]. It has been observed that organic molecules exhibit large intrinsic optical re-
sponses and are therefore promising candidates for optoelectronic and photonic applications [7,8]. Or-
ganic molecules are increasingly replacing inorganic optical materials due to their higher photoelectric
coefficients, lower dielectric constants, low production cost, and flexibility toward design and fabrica-
tion [9]. Among organic molecules, D-7-A conjugated organic dye molecules have received considerable
attention due to their unique optical properties and has been shown to be suitable candidates for sen-
sitizer in dye-sensitized solar cells (DSSC) applications [10,11].

For designing practical optical devices, D-m-A conjugated organic dye molecules are incorporated in
polymeric matrices and have been observed to show high optical response properties. Nahata et al. [12]
studied the non-linear optical properties of Disperse Red 1 (DR1) covalently functionalized to a methyl
methacrylate (PMMA) backbone polymer. DR1-functionalized PMMA copolymer undergoes reversible
Simple Harmonic Generation (SHG) switching due to molecular-level changes in the pendant DR1
units in the film [13]. Polymer composite poly(vinyl carbazole):trinitrofluorenone/DR1 has been shown
to possess dual grating formation due to simultaneous photorefractivity and photoisomerization [14].
The substantial third-order non-linear effect is experimentally observed for DR1 dye covalently doped
organic-inorganic hybrid films [15]. Thus, polymers functionalized with disperse red molecules can be
used to control the electrical and optical properties at the molecular levels and thereby help develop
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new technologies for high data storage applications [16].

Quantum chemical methods act as an excellent computational tool to predict the optical properties
of these organic molecules and identify the structure-property relationship within these molecules [17].
Some computational research studies have been previously performed for DR1 molecule. The molecu-
lar structure and absorption spectrum of the DR1 dye molecule has been computationally studied by
Ojanen et al. [18]. Poprawa-Smoluch [19] investigated the photoisomerization property of DR1 with the
help of Transient Absorption Spectroscopy and quantum chemical calculations.

Recent molecular modelling studies of organic molecules illustrate their unique optical properties and
confirm them to be suitable candidates for nanophotonics, terahertz photonics and optical image pro-
cessing [20-23]. In this study, we investigate the molecular response of D-m-A conjugated organic dye
molecules (Disperse Red 1 (DR1) and Disperse Red 73 (DR73)) using Time-Dependent Density Func-
tional Theory (TD-DFT) and compare it with parent azobenzene structure to highlight the effect of
substituents. For accurate prediction of response properties, electron correlation within the molecular
system must be taken into account. Under TD-DFT formalism, functionals are used to approximate
electron correlation within the system, and hence the selection of appropriate functional is critical for
accurate prediction of optical properties. Conventional functionals overestimate the optical properties
for large m-conjugated systems. However, long-range corrected functionals incorporate long-range ef-
fects and therefore describe the diffuse regions of charge distribution adequately [24]. Consequently, we
have considered long-range corrected functionals for estimating the structure and response of selected
molecules. The predictive performance of functionals is theoretically estimated and compared with
experimental data avaliable.

Our objective is to perform a systematic computational analysis on Disperse Dyes (DR1 and DR73)
and Azobenzene molecules using both long-range corrected functionals (CAM-B3LYP, LC-wPBE and
wB97XD) and, for comparison purposes, the popular hybrid B3LYP functional in conjunction with 6-
31G(d,p) basis set [25]. The molecular structure, vertical excitation energy, transition dipole moments,
optical properties (static and dynamic polarizability, refractive index) have been reported. We aim to
assess the quality of these functionals in predicting the optical properties and the substituent effect on
the optical properties of target molecules.

2 Theoretical Background

2.1 Optical Properties of Molecules

One of the most crucial aspects determining practical applications of these molecular systems is their
optical properties. The optical properties reveal the interaction of the molecule with the external electric
field. The energy of the molecule varies with the external electric field. For static external electric field,
this shift in energy can be defined as:

1
F = EO — ‘LLZF1 — iaijFiFj (1)

where p;, a;; are the dipole moment and polarizability components of the molecule. Ej is the ground
state energy of the molecule, F; and F} are electric field vectors along i and j direction respectively.

For dynamic fields, the change in dipole moment (p(w)) as a function of frequency w is defined as

plw) = 1@ + ay; (W) F(w) (2)
The electric dipole moment () is a measure of the charge density within the molecule. It also indicates
the strength of intermolecular reactions, where higher the dipole moment more substantial are the in-
termolecular reactions. However, the dipole moment contains no information about the response of the
ground state wave function to the electric field as it can be computed from the zero-field density alone.
The response of a molecule to an external electric field is encoded within the molecule’s polarizability
and hyperpolarizability components. Polarizability determines the linear response of the molecule to the
external electric field whereas first-order hyperpolarizability models the molecule’s quadratic response.



Molecular polarizability is one of the most fundamental optical properties of conjugated systems and
can be calculated using Sum-Over-States (SOS) formalism. Within this method, for all single excited
electronic states, their corresponding vertical excitation energy and transition dipole moment from the
ground state is used to calculate the static and dynamic polarizability of the molecule as follows:
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where «;;(0) and «;;(w) are static and dynamic polarizability respectively, ™ is the transition dipole
moment from ground state to n'” excited state in the i** direction, ;¥ is the transition dipole moment
from n*" excited state to ground state in the j** direction, hwgn = B, — E4 is the transition energy and

hw is the photon energy.

The components of molecular polarizability tensor thus calculated can be utilized further to estimate
the isotropic polarizability («) and anisotropic polarizability (A«) using the following equations

1
o= g(am + ayy +az) (7)
Aa = i\/(Ofmc —ayy)? + (ayy = 022)? + (Qzz — @aa)® +6(0f, + a3, +0f.) (8)
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As the electromagnetic field passes through a molecular gas, it induces motion in the electrons within
the molecule. The moving electrons generate a field which modifies the source field within the molecular
gas. Thus, the total field experienced by an electron is due to the source field and the field of all other
moving electrons within the molecule. Thus, the field within the molecular gas medium appears to
be moving with different velocity than the source field. This variation in field velocity is quantifiable
in terms of the refractive index of the molecular gas medium. This property is of practical impor-
tance for optical fibers, optical switching devices, and photorefractive materials. For these devices, the
knowledge of the refractive index of the material is an essential parameter in the manufacturing process.

The refractive index of a molecular medium can be estimated using the calculated value of isotropic
polarizability (a(w)) of an isolated molecule using the Lorentz-Lorenz equation [26] as:

4 n?(w) —1

where N is the average number of molecules per unit volume (Avogadro Number=N4), a(w) is the
isotropic polarizability of an isolated molecule and n(w) is the refractive index of medium for a field of
frequency w passing through the molecular medium. The frequency-dependent isotropic polarizability
directly determines the molecule’s refractive index and, therefore, can be altered by substituent effect
and by using different wavelengths of the field to design materials whose refractive index can be exter-
nally controlled.

Using properties calculated using TD-DFT we can also simulate the UV-Vis spectra of molecules
according to the relation:

fi 1/A=1/A\°
—_— — | 10
107/3099.6 " 1/3099.6 (10)
where €(\) is the absorbance corresponding to external field of wavelength A, f; is the calculated oscillator
strength and \; is the excitation wavelength of the molecule.

€(A) = (1.30629274 x 10%)



2.2 DFT functionals and its effect in simulating molecular optical properties

To model the optical properties of molecules, DFT has emerged as a popular method due to its lower
computational need and improved accuracy than traditional methods like Hartree-Fock Theory. Within
the DFT formalism, functionals are used to estimate the exchange-correlation energy of electrons within
the molecule. A variety of functionals with different levels of approximations from the simplest to highly
sophisticated have been developed and arranged in the order of Jacob’s Ladder of Density Functional
Approximations [27]. The computational cost increases with the level of sophistication of approxima-
tion. Local Density Approximation (LDA) is the most basic approximation that takes into account only
local densities for calculating the exchange-correlation energy. The next hierarchical approximation is
the Generalized Gradient Approximations (GGA), which considers both the local densities and its gra-
dients to estimate the exchange-correlation energies. Previous studies have been performed to assess
the suitability of functionals in predicting the optical properties of organic m-conjugated molecules.
Champagne et al. [28] studied the accuracy of LDA and GGA in predicting the linear polarizability of
p-nitroaniline (PNA) and 4-amino-4’-nitrostilbene(ANS) conjugated systems and found that the calcu-
lated values did not match the experimental results. They suggested that to estimate the polarizability
of such systems, the contribution of exchange energy is much more significant than the correlation term
within the exchange-correlation energy. Moreover, the exchange contribution of the LDA and GGA
functionals has been reported to overestimate the molecule’s optical properties. The overestimation of
these properties is due to the poor asymptotic behavior of exchange-correlation functionals.

Hybrid functionals were introduced to alleviate these shortcomings by combining general gradient ap-
proximations (GGA) with Hartree-Fock(HF) exchange integral at a constant rate. B3LYP [29] is a
hybrid functional and has been popular in the field of organic chemistry for calculating molecular ge-
ometry and thermochemical properties. It is composed of Becke 1988 (B88) exchange, Lee-Yang-Parr
(LYP) correlation functional, Slater (S) exchange, Vosko-Wilk-Nusiar (VWN) correlation LDA func-
tional and HF exchange integral with three parameters.

EBLYP —  EHE L (1 — a)ES 4+ a, EP% + (1 — a)EYWYN 4+ EFYP (11)

where EXF is the Hartree-Fock exchange contribution, and EY is the Slater exchange contribution,
EDB88 is the Becke 1988 (B88) exchange contribution, EYW¥ and EEY? are VWN and LYP correlation
energy approximations. The values of parameters ag, a, and a. are 0.2, 0.72, and 0.81 respectively.
However, it has been observed that it fails to predict the response of molecules to external electric fields
and charge-transfer excitations within the molecule due to its inaccurate asymptotic behavior, which
decays as # instead of exact asymptotic decay of _71 . This necessitates improvement of asymptotic

correction to exchange functional.

Range separated hybrid (RSH) functionals were first introduced by Savin et al. [30] where the inter-
electron coulomb operator i of LDA exchange functional was split into short range (SR) and a long
range (LR) contribution.

1 1—erf(wr erf(wr
1 fluriz) | erf(wriz) (12)
T12 T12 T12

SR LR

However, this scheme was inapplicable to conventional GGA functionals. To overcome this deficiency a
‘Long-range correction scheme’ was developed for GGA functionals [31]. This technique was utilized by
Yanai et al. [32] to develop CAM-B3LYP functional which uses ‘Coulomb-attenuating method (CAM)’
approach to split the coulomb operator. Mathematically, it can be represented by:

1 _ 1—[a+ B.erf(wria)] n a+ B.erf(wria) (13)
T12 T12 T12

SR LR
where a4+ 8 = 0.65.

For B3LYP functional, the Hartree-Fock(HF) exchange term remains fixed (25%) in response to vari-
ations in the interelectronic distance(ri2). However, for long-range functionals, short-range (ri2 —0)



and long-range(rja— o0) operators of interelectronic coulomb operator (i) contributes differently
in response to variations in ris. In the case of CAM-B3LYP functional, short-range, and long-range
operators model 19% and 65% HF exchange interaction, respectively. CAM-B3LYP provides a good
estimation of excitation energies as compared to GGA and hybrid functionals [33]. Other functionals
included in this study, LC-wPBE [34] and wB97XD [35], have been developed as long-range corrected
approximations to PBE and B97X functionals with w=0.4 Bohr~! and 0.2 Bohr—! values respectively
(ref. Eqn. (11)). Both these functionals provide 100% long-range HF exchange (coefficient of LR term
in equation (11) is 1) in comparison to CAM-B3LYP, which includes 65% long-range HF exchange
(coefficient of LR term in equation (12) is o« + 8=0.65). However, they simulate short-range exchange
interactions differently. LC-wPBE cannot model short-range HF exchange interactions. On the other
hand, wB97XD models 22% of short-range HF exchange and includes a dispersion correction term to
account for van der Waals interactions, which is absent in LC-wPBE functional.

In our calculations, we have considered four functionals (B3LYP, CAM-B3LYP, LC-wPBE, and wB97XD)
to approximate the exchange-correlation energy within a molecular system. The contribution of long-
range HF exchange within each functional required to provide improved estimates of our target molecules’
linear polarizability is further analyzed. To achieve this objective, we performed the sum-over-states
calculation of polarizability for 100 excited states. Therefore, we have focused on the performance of
functionals in predicting optical properties of targeted organic m-conjugated molecules (Azobenzene,
Disperse Red 1 and Disperse Red 73). We have also explored the effect of various substituent groups
in modifying the 7 electron delocalization of parent molecule by studying DR1 and DR73 molecular
systems. Our study aims to provide novel insights in innovating new materials with tailor-made optical
properties.

3 Computational Details

The ground state molecular structures of azobenzene, DR1, and DR73 molecules were optimized using
Density Functional Theory (DFT) along with B3LYP, CAM-B3LYP, LC-wPBE, and wB97XD func-
tionals and 6-31G(d,p) basis set. Excited-state calculations for all molecules were performed using
the TD-DFT method for 100 excited states. The calculated vertical excitation energies and oscillator
strengths were used to calculate the static and dynamic polarizability of target molecules using all
functionals under Sum-Over-States formalism. The calculated values of dynamic polarizability were
further employed to assess the refractive index of target molecules. All calculations were performed
using Gaussian 16 Software package [36].

4 Results and Discussion

4.1 Mbolecular Structure

All molecules considered in this study are m-conjugated systems. Azobenzene (C12H19N5) molecule has
electron distribution confined within the xy plane. In contrast, Disperse Red 1 (C16H138N4O3) and Dis-
perse Red 73 (C1sH14N6O2) molecules have substituents attached to their parent azobenzene backbone
which introduces electron density distribution along the z-axis. The structures of these molecules are
illustrated in Figure 1.

DR1 and DR73 molecules consist of a donor and an acceptor group attached to the azobenzene molecule.
Both molecules have the same acceptor group -NOs attached to the azobenzene parent structure. On the
other hand, they differ in the donor group attached to each molecule. DR1 has -N(CyH5)CHyCH,OH
donor group whereas DR73 has -N(CoHs)CH2CHoCN group instead (Ref. Figure 1). The presence
of these substituent groups modifies the structure of the parent azobenzene molecule. The calculated
optimized structures for Azobenzene and DR73 molecules, using all four functionals are compared with
the experimental bond parameters of the molecules [37] [38] (Ref. Table 1).

For all molecules, the bond lengths and bond angles are broadly classified into four groups: C-C bonds,
C-N bonds, N=N azo bond, and central C-C-N bond angles connecting the two benzene rings of azoben-
zene mainframe structure. Table 1(a) and 1 (b) lists the optimized bond lengths and bond angles, respec-



tively, of these molecules calculated using B3LYP, CAM-B3LYP, LC-wPBE, and wB97XD functionals
and 6-31G(d,p) basis set. The order of calculated C-C and N=N bond lengths of azobenzene mainframe
of the molecule follows the trend: B3LYP>wB97XD>CAM-B3LYP>LC-wPBE for all molecules con-
sidered in this study. There are two C-N bonds (N1-C4 and N2-C7) present in the Azobenzene molecule
and four C-N bonds (N1-C4, N2-C7, N3-C1, and N4-C10) present in DR1 and DR73 molecules. The
N1-C4 and N2-C7 bond lengths for all molecules increase in the order LC-wPBE>wB97XD>CAM-
B3LYP>B3LYP. These bonds are equal in the case of the azobenzene molecule, thus making the struc-
ture symmetric. However, this bond symmetry is broken due to attachment of substituents in DR1 and
DR73 with N2-C7 bond lengths longer than N1-C4 bond lengths. For azobenzene molecule, LC-wPBE
gave the closest result to experimental C-N bond length. Furthermore, we observe that all function-
als predicted azobenzene molecule’s planar structure, exemplified by the C4-N1=N2-C7 dihedral angle
reported to be 180°. The calculated bond angle C3-C4-N1 matched with C12-C7-N4 and C5-C4-N1
angle is equal to C8-C7-N2, indicating symmetry in bond angles of azobenzene molecule. The donor
and acceptor groups in DR1 and DR73 introduces an asymmetry in electronic distribution; therefore,
these angles are no longer equivalent in magnitude.

For these bond lengths and bond angles, we calculate the absolute average error (| (experimental
bond length-calculated bond length)/no. of bonds(n) |) and report the calculated values in Table 1(c).
The error is not reported for the DR1 molecule due to the nonavailability of experimental results. From
the table, it is evident that BSLYP predicts the least absolute average error for ground state optimized
structure for all molecules. Among the long-range functionals, CAM-B3LYP predicted the molecular
structure more efficiently than wB97XD and LC-wPBE functionals.

4.2 Excitation Energies and Optical Properties

For any unperturbed molecular system, the ground and excited electronic states can be approximated
using TD-DFT formalism. In this work, we have approximated the electronic structure using four
exchange-correlation functionals: B3LYP, CAM-B3LYP, wB97XD, and LC-wPBE for three molecular
systems (azobenzene, DR1 and DR 73) to evaluate the ground and excited states for each molecule. In
the presence of an external field, the molecule is in a perturbed ground state, which can be expressed as
a combination of unperturbed ground and excited states of the molecule and exhibits different electron
density distribution than the unperturbed ground state. When the molecule interacts with the external
field, instantaneous transitions occur from the unperturbed ground state to the perturbed ground state.
This response of the molecule to the external electric field can be modelled using perturbation theory,
which ultimately describes this behavior quantitatively in terms of sum-over-states polarizability tensor
(Ref. equations 3-6).

The sum over states calculation requires the number of states (n) to be specified to calculate the po-
larizability tensor components of a molecule. For this purpose, we calculated the isotropic (a(w)) and
anisotropic (Aa(w)) polarizability of azobenzene molecule using B3LYP functional and 6-31G(d,p) basis
set for n=10, 20, 30, 50, 100, 150, 200, 250 excited states. The results are plotted in Figure 2. From the
figure, we infer that the calculated values of a(w) and Aa(w) remain almost constant beyond n=100.
This indicates that all the important transitions responsible for the linear polarizability response of the
molecule lie within 0-100 states. The transitions occurring to states above n=100 do not contribute
appreciably to our calculations. Therefore, to maintain a balance between the computational cost of
our calculations and the accuracy of our calculations we have calculated polarizability response of our
target molecules by sum-over-states calculations for n=100 excited states.

The polarizability tensor components, as defined in equation (4), depends on two factors: transition
dipole moment between the ground and excited states of the molecule and the excitation energy of
corresponding transitions (i.e., the energy gap between the ground and excited states). The polarizabil-
ity tensor components calculated using the sum-over-state method can be further utilized to estimate
the isotropic (a(w)) and anisotropic (Aa(w)) polarizability of the molecules using equations (7) and
(8). Thus, the behaviour of a(w) and Aa(w) response functions is determined by the polarizability
components Qg (w), ayy(w) and a.(w).

Polarizability represents the linear response of electrons in a molecule to an external oscillating elec-



tric field. The nature of this response is determined by the transitions occurring within the molecular
system. When an external field perturbs the molecule, the response of the system is substantial when
during the transition, the energy of perturbing external field (hw) matches closely with the transition
energy (hwgn), (Ref. equation 5) electronic transition occurs and the molecule exhibits a significant
polarizability response. During this electronic transition within the molecule, transition dipole moment
provides a measure of the extent of the oscillating movement of electrons within the molecule resulting
from interaction with the oscillating field. If the extent of interaction is large, then from equation (4),
we observe that the substantial value of TDM will result in significant polarizability tensor component
indicating coupling between the molecule and external field. The TDM values of all 100 excited states
for all molecules is depicted in Figure 3.

Figure 4 shows the polarizability curves of tensor components o, (w), ayy(w) and a..(w) as well as
the net isotropic (a(w)) and anisotropic (Aa(w)) polarizability variation of azobenzene molecule as a
function of frequency of external field (w). These curves demonstrate the effect of functional in mod-
elling the response of azobenzene to external electric field. In the case of azobenzene molecule, the
contribution from «.,.(w) component is negligible when compared with the contribution from o, (w)
and oy, (w). Among all the polarizability components c,(w) has the largest polarizability value and
therefore plays a major role in determining the response of a(w) and Aa(w) with respect to the ex-
ternal field. All functionals predict peak polarizability in c,,(w) response curve at w=0.152 a.u.. The
transition between ground (] 0)) to second (| 2)) excited state of the molecule for all functionals has
the maximum value of transition dipole moment (TDM) among all transitions occurring within the
molecule (Figure 3(a)), where | (u,) |[=2.8896 for B3LYP, 2.8521 for CAM-B3LYP, 2.8505 for wB97XD
and 2.7614 for LC-wPBE functionals. The excitation frequency corresponding to | 0)—| 2) transition
is calculated to be 0.1385 a.u. for B3LYP, 0.150 a.u. for CAM-B3LYP, 0.1504 a.u. for wB97XD and
0.1606 a.u. for LC-wPBE functionals. The excitation energy (wo2) of | 0)—| 2) transition match closely
with frequency corresponding to peak polarizability frequency (w). Thus, | 0)—| 2) transition plays
an important role in determining sum-over-state polarizability of «,,(w) component for azobenzene
molecule. We observe that as the percentage of long-range HF exchange increases from 25% in B3LYP
to 65% in CAM-B3LYP and subsequently to 100% in wB97XD and LC-wPBE functionals, the pre-
dicted excitation frequency increases and TDM values decreases for | 0)—| 2) transition. In the case of
wB97XD and LC-wPBE functionals, although both have the same % of long-range HF exchange, the
predicted values of excitation energy and TDM differs. This difference in values might be due to the
presence of short-range HF exchange included in wB97XD, which is absent in LC-wPBE functional.

For ay,(w) component of polarizability, we observe that B3LYP, CAM-B3LYP and wB97XD predicts
negative values whereas LC-wPBE predicts positive values. The variation of «,(w) component of po-
larizability varies along both the positive and negative values for B3LYP, CAM-B3LYP and wB97XD
functional while remains positive for all frequencies for LC-wPBE. The positive values oy, (w) and
0z (w) indicate that the change in dipole moment in response to oscillating electric field is along the
direction of the applied electric field. However, the negative values of oy, (w) and oz, (w) signify change
in dipole moment opposite in response to the external electric field.

Figure 5 describes the response of molecular polarizability tensors (o, (w), ayy(w) and «,,(w)) and
isotropic (a(w)) and anisotropic(A«a(w)) polarizability tensor of Disperse Red 1 molecule as a function
of frequency of external electric field. From the graph, it is evident that the response of DR1 predicted
by CAM-B3LYP functional for c,,(w) is larger as compared to the response predicted by B3LYP,
wBI97XD and LC-wPBE functionals. For ay,(w) vs w curve, two positive peaks are observed at exter-
nal field frequencies w=0.09 a.u. and 0.15 a.u. for BSLYP functional. In the case of this functional, the
| 0)—] 2) and | 0)—| 9) transitions occurs at excitation frequency 0.0967 a.u. and 0.15196 a.u.. Thus,
the one positive peak in the curve of oy, (w) vs w at frequency 0.09 a.u. is due | 0)—| 2) transition
with corresponding TDM | (u,) |=3.7996. The other positive peak in the curve at frequency 0.151 a.u.
is due to | 0)—| 9) transition occuring within the molecular system with TDM | {(u,) |=1.0393. The
calculated plots of o, (w) using CAM-B3LYP, wB97XD and LC-wPBE functionals show peak polariz-
ability at 0.114 a.u.. For these functionals, | 0)—| 2) transition requires excitation frequency of 0.1151
a.u., 0.1261 a.u. and 0.1174 a.u. respectively. Thus, in contrast with B3LYP functional which predicts
two positive peaks corresponding to transitions | 0)—| 2) and | 0)—| 9) , other functionals exhibits peak
polarizability only due to | 0)—| 2) transition for o, (w).



From the curves of polarizability tensor components in Figure 5, it is evident that significant contri-
bution to a(w) and Aa(w) is due to @, (w), while a,,(w) contributes the least. The peaks for ay,(w)
are confined within the frequency 0.09 - 0.2 a.u., while for oy, (w) component, response extends within
the range of 0.1 - 0.45 a.u. This variation of each polarizability tensor components (agzq(w), cyy(w)
and «,,(w)) ultimately affects the isotropic («(w)) and anisotropic (Aa(w)) response of Disperse Red 1
molecule. The polarizability response of «(w) closely mimics the response of a,.(w) due to the dominant
contribution of this tensor component. The maximum peak polarizability is computed by CAM-B3LYP
functional, and the least peak polarizability for a(w) and Aa(w) is calculated for LC-wPBE functional.
Similar to the case of azobenzene molecule, in the case of DR1, the major contributing transition is
| 0)—| 2) transition (Figure 3(b)). Moreover, for both molecules, LC-wPBE functional predicts consis-
tently positive values for a,.(w), a(w), and Aa(w)

Figure 6 represents variation in polarizability of Disperse Red 73 molecule in response to an external
electric field of frequency w. The contribution of polarizability tensor components in the estimation of
a(w) and Aa(w) increases as agy(w) > ayy(w) > a,.(w). The major contributing polarizibility tensor
component «,,(w) has maximum positive peak responses at external field frequencies w= 0.0911 a.u.
and 0.1518 a.u. for B3LYP and w=0.1139 for CAM-B3LYP, wB97XD, and LC-wPBE. In the case of
B3LYP functional, the excitation frequencies for DR73 are calculated to be wgo= 0.097 a.u. and wgg=
0.1517 a.u.. These values of excitation frequencies are close to the frequencies of positive peak sum
over state a,,(w) polarizability (Ref equation 4) observed for B3LYP functional. Thus, in the case of
B3LYP functional, instantaneous transitions | 0)—| 2) and | 0)—| 9) gives rise to positive peak polariz-
ability of DR73 molecule. For functionals, with increased % of long range HF exchange, positive peak
polarizability is observed at frequency w=0.1139 a.u.. The excitation frequency of | 0)—| 2) transition
is estimated using TD-DFT to be 0.114 a.u. for CAM-B3LYP, 0.116 a.u. for wB97XD and 0.1245 a.u.
for LC-wPBE. The corresponding TDM | (y,) | of this transition (listed in Table 2) is maximum of all
calculated TDM between ground and excited states along the x-axis. The effect of v, (w) polarizability
component can be directly observed at the peak a(w) and Aa(w) where for CAM-B3LYP, wB97XD and
LC-wPBE functionals, peak polarizability is observed at w=0.1139 a.u.. In the case of B3LYP, peak
polarizability for a(w) and Aa(w) are observed at w= 0.0911 a.u. and 0.1518 a.u., close to calculated
excitation frequencies. Thus, similar to DR1 molecule, in the case of DR73 it is the | 0)—| 2) transition
is crucial in determining the maximum polarizability response of these molecules (Figure 3(c)).

Two major transitions occur in the case of azobenzene and substituted azobenzene molecules, termed
as m — 7* and n— 7*. In the trans configuration of the molecule (the one we have considered in our
study), 7 — 7* is the dominant transition occurring at 325nm and n— 7* is a much weaker transition
occurring at 450nm [39]. In the case of DR1 and DR73 molecules, similar 7 — 7* dominant transitions
take place at wavelength 406nm [40] and 521nm [41] respectively. We compare this experimentally
observed dominant transition 7 — 7* in azobenzene and DR1 with the transition | 0)—| 2) observed
in our calculated results of azobenzene and DR1. The analysis of sum-over-states polarizability curves
for azobenzene, DR1, and DR73 molecules reveal that it is | 0)—| 2) transition, which contribute to
maximum polarizability of molecules. The calculated excitation wavelength of | 0)—| 2) transition for
the target molecules is closest to the experimental m — m* transition excitation wavelengths, and both
excitation wavelengths (theoretically calculated and experimental) are listed in Table 2.

In the case of D-m-A molecules, intramolecular charge transfer occurs from the donor to the acceptor
group, which is mediated by the central azobenzene backbone. The donor group feeds the electron
contribution to the azobenzene mainframe, which is further withdrawn by the acceptor group. Thus
D-m-A system has charge distribution over an extended outer region in comparison to the Azobenzene
parent molecule. The electrons residing in the outer regions (donor and acceptor electrons) interact
with the exchange hole, which is situated at a large distance from the electron. This electrostatic in-
teraction of electrons with its holes in the donor and acceptor groups separated by substantial distance
can be modelled only by the inclusion of non-local HF interaction. Therefore, long-range functionals
yield better performance in modelling the molecular response of D-m-A molecules.

In the presence of external field, the variation in TDM for azobenzene molecule is observed along the
xy plane for all functionals i.e., (u,)=0. However, substituted azobenzene molecules (DR1 and DR73)



have donor and acceptor groups attached to the parent azobenzene backbone. These substituent groups
introduce electron density distribution in the z plane, which results in (p,) # 0 (Ref. Table 2). There-
fore, substituent group attachment to the azobenzene molecule introduces a slight variation of dipole
moment along the z-axis, thereby increasing the net TDM value of substituted molecules compared
to the parent molecule. Moreover, for DR1 and DR73, the substituent groups decrease the excitation
energy of the molecule. Changes in excitation energy and TDM directly affect the static and dynamic
polarizability of these molecules.

The static polarizability of target molecules has been reported in Table 3. Analysis with different
functionals reveals that BSLYP consistently predicts a large value of static polarizability, whereas LC-
wPBE predicts the least values. The static polarizability predicted using CAM-B3LYP, and wB97XD
functional are numerically larger than LC-wPBE but are in close approximation to each other. This
behavior is observed for all studied molecules. It indicates that an increase in long-range HF exchange
from 65% to 100% resulted in slight decreased value of linear static response of the molecule. We also
observe that both wB97XD and LC-wPBE functionals have 100% long-range HF exchange functional.
However, LC-wPBE values are lower than wB97XD values. This behavior may be observed in molecules
due to the presence of % short-range HF exchange in wB97XD which is lacking in LC-wPBE functional.

Figure 7 shows the variation of the refractive index of molecules (calculated using equation 9) as a
function of frequency w of the external field. For azobenzene, DR1 and DR73, wB97XD predicts
substantial refractive index values at w=0.1139 a.u.. in comparison to other functionals and thus might
not be suitable to predict refractive index response within the theoretical framework considered in our
study (equations 1-9). The refractive index is dependent on the isotropic polarizability a(w) of the
molecule whose response is governed by a,,(w) in case of azobenzene molecule and oz, (w) in case
of DR1 and DR73. These polarizability responses are due to molecular electronic transitions within
the molecule among which | 0)—| 2) transition contributes significantly. Each functional simulates
this molecule transition uniquely and thus predicts different responses of polarizability and refractive
index of the molecule. Therefore, choosing an adequate functional is necessary to study the response of
m-conjugated molecular systems of practical importance.

4.3 UV- Visible Spectra

Figures 8, 9, and 10 represent the UV-Visible spectra of Azobenzene, Disperse Red 1, and Disperse
Red 73 molecules. The maximum peak excitation wavelength calculated for all molecules corresponds
to | 0)—| 2). A general trend is observed in the UV Visible spectra of all three molecules. As the % of
long-range HF exchange increases from 25% in B3LYP to 65% in CAMB3LYP and 100% in wB97XD
and LC-wPBE, the peak excitation wavelength for all molecules decreases. Although both wB97XD
and LC-wPBE have the same percentage of long-range HF exchange, we observe a shift in maximum
excitation wavelength of the molecules due to the short-range range HF exchange-correlation which is
absent in the case of LC-wPBE. This behavior clearly illustrates that HF exchange interaction plays a
crucial role in modeling molecules’ response.

For all molecules, B3LYP functional, we observe two dominant peak excitation wavelengths. For the
azobenzene molecule, these peaks are observed at 224.80 nm and 328.93 nm, i.e., the peaks are observed
in the UV range (200-400nm) of the spectrum. In the case of substituted molecules DR1 and DR73,
B3LYP predicts maximum excitation wavelengths to be 248.80nm and 471.04 nm for DR1; 346.45nm
and 470.81nm for DR73 molecule. Therefore, in the case of B3LYP functional, due to the presence of
substituents, the excitation peaks shifted towards the visible end of the spectra.

A decrease in maximum excitation wavelength in the UV-Visible spectra of the molecules calculated us-
ing wB97XD when compared with CAM-B3LYP. For azobenzene molecule, CAM-B3LYP and wB97XD
predict maximum excitation wavelength at 303.77 nm and 302.79 nm, respectively. This peak shifts
to 395.90 nm and 387.91 nm for DR1 molecule; 399.65 nm and 365.96 nm for DR73 molecule, i.e.,
addition of donor and acceptor substituents increases the maximum excitation wavelength. However,
all excitations lie with the UV region of the spectra. LC-wPBE predicts the lowest excitation wave-
length at 383.66 nm, 361.33 nm, and 391.83 nm for Azobenzene, Disperse Red 1, and Disperse Red
73 molecules, respectively. Unlike other functionals, here DR1 shows decrease in excitation wavelength



while maximum excitation wavelength increases for DR73 molecule.

These excitations are observed due to orbital transitions ocurring within the molecule. For all peak
excitations of all molecules we report the contributing orbital transitions and the corresponding oscil-
lator strengths in Table 4. For all molecules long-range functionals predicts same orbital transitions
(HHOMO)—L(LUMO) in contrast to B3LYP functional. In the case of these functionals, the percent-
age contribution of the transition H— L decreases with increase in the % of long-range HF exchange. For
B3LYP functional we observe two dominant peak excitation wavelengths. For the excitation wavelength
corresponding to maximum absorbance (¢€), the percentage contribution of the transition HHOMO) —
L(LUMO) is still the dominant orbital contribution to the electron excitation.

To verify the validity of our experimental results, we compared the calculated excitation wavelength
with available experimental wavalengths reported in Table 2. The correlation plot comparing the values
is shown in Figure 11 where we report the correlation factor (R?) and Root Mean Square Error (RMSE)
parameters of the best fit for all functionals. It is clearly evident from the graph that long-range func-
tionals report better R? values in comparison to B3LYP functionals. Moreover, among the long-range
functional, CAM-B3LYP results exhibit the least error and therefore is better suited for modelling
molecular excitations of azobenzene and its substituted molecules.

The superior performance of long-range functionals can be understood in terms of orbital transitions oc-
curring within the molecule. The maximum contributing orbital transition H—L (or 7 — 7* transition)
is accompanied by charge transfer upon excitation over long-range and can therefore be modelled only
by the inclusion of appropriate balance of short-range and long-range HF exchange in the functionals.
Among the three long-range functionals considered in this study, CAM-B3LYP gave the best results.

5 Conclusion

In this study, we used DFT to study molecular structure and TD-DFT to analyze the excitation ener-
gies, transition dipole moments, molecular polarizability (static and dynamic), and refractive index of
azobenzene and its substituted molecules (DR1 and DR73). The analysis was made using hybrid B3LYP
functional as well as long-range separated DFT functionals (CAM-B3LYP, wB97XD, and LC-wPBE).
The long-range separated functionals had a different percentage of long-range HF exchange character
associated with each functional. B3LYP and CAM-B3LYP functionals predict the molecular structure
with the least average error for all molecules. In the case of the azobenzene molecule, the maximum
change in polarizability is due to ay,(w) component of polarizability tensor, whereas for substituted
molecules DR1 and DR73, a,,(w) contribute to maximum polarizability response. It can be concluded
that for azobenzene, DR1 and DR73, | 0)—| 2) transition is the dominant transition contributing to
dynamic polarizability response of these m-conjugated molecule to an external field. From our analysis,
we also report that for modelling | 0)—| 2) excitation in the UV-Visible spectra, long-range functionals
outperformed B3LYP functional. Among the long-range functional, CAM-B3LYP gave the closest re-
sult to the experimental value with the least RMSE value. The performance of CAM-B3LYP indicates
its ability to model the charge transfer processes in substituted molecules upon excitation. This inclu-
sion of long-range HF exchange energy is also crucial for accurate prediction of polarizability response
where | 0)—| 2) transition contributed to the dominant response. We also observed that introducing
substitution within the parent molecule can be used to control the molecular polarizability and tune it
for practical applications.

The m-electron conjugation of D-w-A conjugated organic dye molecules contributes to the remarkable
performance of these molecules for optoelectronic applications. Our study demonstrates that selecting
the right theoretical model is essential for predicting optical properties of organic conjugated molecules.
Moreover, this study also sheds light on tailoring the optical properties by attaching donor and acceptor
groups to azobenzene based molecules. These studies are essential for studying the interaction of organic
conjugated molecules with light. These light-molecule interactions are at the heart of many novel
technologies like optoelectronic logic circuits, piezoelectric materials, organic molecular circuits, optical
storage devices, and noninvasive imaging techniques.
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Table 1(a) : Optimized bond lengths of molecules using 6-31G(d,p) basis set

Functional | NI1-C4 [ C1-C2 | C2-C3 [ C3-C4 | C4-C5 | C5C6 [ C7-N2 | NI-N2
Azobenzene
B3LYP 1.41857 | 1.39555 | 1.39370 | 1.40115 | 1.40565 | 1.38951 | 1.41857 | 1.26056
CAM-B3LYP 1.42042 | 1.38960 | 1.38894 | 1.39271 | 1.39728 | 1.38491 | 1.42042 | 1.24768
wBI7XD 1.42240 | 1.39134 | 1.39070 | 1.39406 | 1.39883 | 1.38684 | 1.42240 | 1.24845
LC-wPBE 1.42517 | 1.3801 | 1.38694 | 1.38846 | 1.39284 | 1.38322 | 1.42517 | 1.23960
Experimental [37] 1.428 1.382 1.384 1.387 1.389 1.384 1.428 1.247
Disperse red 1
B3LYP 1.39416 | 1.42078 | 1.38350 | 1.40472 | 1.41097 1.37881 1.41286 | 1.27051
CAM-B3LYP 1.39957 | 1.41291 | 1.38044 | 1.39475 | 1.40131 1.37548 | 1.418431 | 1.25403
wB97XD 1.40155 | 1.41460 | 1.38211 | 1.39591 | 1.40246 1.37715 1.42071 1.2570
LC-wPBE 1.40654 | 1.40912 | 1.37967 | 1.38982 | 1.39617 | 1.37465 | 1.42412 | 1.24435
Disperse red 73
B3LYP 1.39141 | 1.41930 | 1.38270 | 1.40567 | 1.41178 | 1.37878 | 1.40504 | 1.27143
CAM-B3LYP 1.39681 | 1.41139 | 1.37961 | 1.39572 | 1.40190 1.37564 1.41122 | 1.25479
wB97XD 1.398881 | 1.41288 | 1.38128 | 1.39681 | 1.40309 | 1.37732 | 1.41300 | 1.25527
LC-wPBE 1.40426 | 1.40747 | 1.37887 | 1.39067 | 1.39637 | 1.37502 | 1.41759 | 1.24476
Experimental [38] 1.387 1.409 1.373 1.402 1.405 1.369 1.414 1.272
Functional N3-C1 [ C7-C8 | C8-C9 | C9-C10 | C10-C11 | C11-C12 [ C12-C7 | C10-N4
Azobenzene
B3LYP - 1.40565 | 1.38951 | 1.40080 | 1.39555 | 1.39370 | 1.40115 -
CAM-B3LYP - 1.39728 | 1.38491 | 1.39454 | 1.38960 | 1.38894 | 1.39271 -
wBI7XD - 1.39883 | 1.38684 | 1.39598 | 1.39134 | 1.39070 | 1.39406 -
LC-wPBE - 1.39284 | 1.38322 | 1.39156 | 1.38701 1.38694 | 1.38846 -
Disperse red 1
B3LYP 1.37601 | 1.40919 | 1.38569 | 1.39866 | 1.39462 | 1.38883 | 1.40479 | 1.46574
CAM-B3LYP 1.37250 | 1.39947 | 1.38204 | 1.39059 | 1.38668 | 1.38517 | 1.39511 | 1.46404
wB97XD 1.37210 | 1.40070 | 1.38394 | 1.39212 | 1.38843 | 1.38696 | 1.39631 | 1.46611
LC-wPBE 1.37047 | 1.39437 | 1.38079 | 1.38652 | 1.38277 | 1.38385 | 1.39044 | 1.46705
Disperse red 73
B3LYP 1.46903 | 1.40685 | 1.38502 | 1.39868 | 1.38910 | 1.39930 | 1.41760 | 1.46903
CAM-B3LYP 1.37657 | 1.39726 | 1.38148 | 1.39055 | 1.38214 | 1.39327 | 1.40567 | 1.46622
wB97XD 1.37624 | 1.39825 | 1.38338 | 1.39211 | 1.38414 1.39478 1.40632 | 1.46841
LC-wPBE 1.37490 | 1.39214 | 1.38033 | 1.38639 | 1.37899 | 1.39032 | 1.39926 | 1.46855
Experimental [38] 1.357 1.391 1.379 1.386 1.375 1.400 1.402 1.472
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Table 1(b): Optimized bond angles of molecules using 6-31G(d,p) basis set

Azobenzene
Functional C3-C4-N1 | C5-C4-N1 | C8-C7-N2 | C12-C7-N2 | C4-N1-N2-C7
B3LYP 115.334 124.776 124.776 115.334 180.00
CAM-B3LYP 115.4410 124.412 124.412 115.441 180.000
wB97XD 115.344 124.443 124.443 115.344 180.000
LC-wPBE 115.530 124.128 124.128 115.530 180.000
Experimental [37] 120.7 123.7
Disperse Red 1
B3LYP 116.394 125.529 124.904 115.496 -179.953
CAM-B3LYP 116.458 125.127 124.440 115.501 -179.942
wB97XD 116.340 125.156 124.523 115.379 -179.957
LC-wPBE 116.537 124.903 124.145 115.523 -179.953
Disperse Red 73
B3LYP 116.405 125.210 125.147 115.684 179.935
CAM-B3LYP 116.474 124.797 124.738 115.691 179.967
wB97XD 116.372 124.782 124.905 115.503 -180.00
LC-wPBE 116.537 124.572 124.486 115.722 179.959
Experimental [38] 115.8 126.2 124.8 116.5 -

Table 1(c): Absolute average error for C-C, C-N, N-N and C-C-N bond measurements
Molecule Bond Length/Angle | B3LYP | CAM-B3LYP | wB97XD | LC-wPBE

Azobenzene 5 C-C 0.0119 0.0055 0.0072 0.0011

2 C-N 0.0094 0.0076 0.0056 0.0028

1 N-N 0.014 0.001 0.002 0.007

2 C-C-N 2.145 2.2735 2.3065 2.3571

Disperse Red 73 11 C-C 0.0094 0.0021 0.036 0.0014

4 C-N 0.0308 0.0048 0.0086 0.0090

1 N-N 0.002 0.015 0.015 0.025

4 C-C-N 0.214 0.400 0.435 0.496

Table 2 : Excitation energy and Transition dipole moments of
| 0)—| 2) transition of target molecules using 6-31G(d,p) basis set

Functional A (exp) A E 7 Ly 7 Dipole Strength | Oscillator Strength (f)
(nm) (nm) eV
Azobenzene molecule
B3LYP 325 [39] | 328.93 | 3.7693 | 0.1223 | -2.8896 0 8.3645 71724
CAM-B3LYP | 325 [39] | 303.77 | 4.0815 | -0.0761 | 2.8521 0 8.1402 0.8140
LC-wPBE 325 [39] | 383.66 | 4.3709 | -0.0557 | 2.7614 0 7.6283 0.8169
wB97XD 325 [39] | 302.79 | 4.097 | -0.0757 | 2.8505 0 8.1312 0.8157
Disperse Red 1 molecule
B3LYP 406 [40] | 471.04 | 2.6321 | -3.7996 | 0.0741 | -0.0828 14.449 0.9317
CAM-B3LYP | 406 [40] | 395.90 | 3.1317 | -4.0868 | 0.0527 | -0.0964 16.7137 1.2823
LC-wPBE 406 [40] | 361.33 | 3.4313 | -3.9788 | 0.0328 | -0.0992 15.8418 1.3318
wB97XD 406 [40] | 387.91 | 3.1962 | -4.0940 | 0.0504 | -0.0979 16.7726 1.3134
Disperse Red 73 molecule
B3LYP 521 [41] | 470.81 | 2.6334 | -0.0096 | 0.0038 | -0.0262 14.7062 0.9488
CAM-B3LYP | 521 [41] | 399.65 | 3.1023 | -4.0365 | -0.3462 | 0.0173 16.4138 1.2475
LC-wPBE 521 [41] | 365.96 | 3.3879 | -3.9220 | -0.3600 | 0.0132 15.5120 1.2875
wB97XD 521 [41] | 391.83 | 3.1642 | -4.0368 | -0.3534 | 0.0160 16.4209 1.2730
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Table 3 : Static molecular polarizability of target molecules using 6-31G(d,p) basis set

Azobenzene molecule Disperse Red1 Disperse Red 73

Functional @ A« « A« « A«
Bohr3 Bohr3 Bohr? Bohr3 Bohr? Bohr3
B3LYP 73.885 162.240 158.158 | 423.514 | 158.649 413.363
CAM-B3LYP | 68.269 144.113 135.644 | 346.781 | 139.720 341.363
LC-wPBE 63.424 129.558 120.100 | 297.924 | 125.212 294.637
wB97XD 68.326 143.616 133.039 | 338.396 | 137.193 332.577
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Table 4 : Excitation wavelength (A) and relative orbital contributions
at the corresponding wavelengths of selected azobenzene dyes.

A (nm) | Orbital Contributions

(a) Azobenzene molecule

B3LYP functional

328.93 H-1 — L (99 %)
224.80 H-1 — L+1 (81%)
H-3 — L+3 (10%)

H-2 —» L (5%)
H-2 - L+4 (2 %)

CAM-B3LYP functional

303.77 | H— L (97%)
wB97XD functional

302.79 | H— L (97%)
LC-wPBE functional

283.66 | H — L (94%)

(b) Disperse Red 1 molecule

B3LYP functional

471.04 H — L (100 %)
348.80 H — L+1 (90%)
H-2 — L (8%)
CAM-B3LYP functional
395.90 H— L (39%)
— L (3%)

H — L+1 (6%)

wB97XD functional

387.91 H > L (33%)
H-2 - L (5%)
H — L+1 (9%)

LC-wPBE functional

283.66 H— L (76%)
H — L+1 (13%)
H-2 - L (7%)

(b) Disperse Red 73 molecule

B3LYP functional

470.81 H — L (100 %)
346.45 H — L+1 (90%)
H-3 - L (7%)

CAM-B3LYP functional

399.65 H — L (90%)
H-3 — L (3%)

H — L+1 (6%)

wB9I7XD functional

365.96 H — L (78%)
H — L+1 (11%)
H-3 — L (6%)

LC-wPBE functional

391.83 H— L (85%)
H-3 — L (4%)
H — L+1 (9%)

where H=HOMO 1i.e Highest Occupied Molecular Orbital and
L=LUMO i.e. Lowest Unoccupied Molecular Orbital

18




(b) Disperse Red 1

Figure 1:  Molecular structure of (a) Azobenzene (b) Disperse Red 1 (c) Disperse Red 73 molecules
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Figure 2: Plot of isotropic (a(w)) and anisotropic (Aa(w)) polarizability of Azobenzene molecule as a
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function of number of states (n) calculated using BSLYP functional and 6-31G(d,p) basis set.
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Figure 7

Refractive index (n(w)) of molecules (a) Azobenzene (b) Disperse Red 1 (c) Disperse Red 73 as a function
of frequency (w) of external electric field
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Figure 8

UV-Visible Spectra of Azobenzene molecule
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Figure 9

UV-Visible Spectra of Disperse Red 1 molecule
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Figure 10

UV-Visible Spectra of Disperse Red 73 molecule
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Figure 11

Comparison between theoretical (Atheo) and experimental wavelengths (Aexpt) of UV-Visible spectra for
all dye molecules (where R2 is the correlation coefficient and RMSE is the Root Mean Square Error)

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e GraphicalAbstractREVISED.pdf


https://assets.researchsquare.com/files/rs-249110/v1/62504ee8fdad97a0b535db1a.pdf

