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ARTICLE INFO ABSTRACT
Keywords: In the present work, the adsorption of silver (Ags) and gold (Aus) clusters on 2,9-Dimethylquina-
Clusters cridone (2,9-DMQA) was examined by using density functional theory. The variation of structural

Density functional theory
Nonlinear optics
2,9-Dimethylquinacridone
Hyperpolarizability

parameters was observed after the introduction of Ags and Aug clusters. The interactions between
the clusters and 2,9-DMQA induced variations in the structural parameters and electronic prop-
erties. The involvement of clusters in inducing the intramolecular charge transfer was confirmed
by electrostatic potential surface and charge analysis. The electronic properties of the complex
were studied by absorption and emission spectra. The adsorption of the Ags and Aug clusters over
the 2,9-DMOQA leads to an enormous rise in the hyperpolarizability of the complexes. Thus, the
Ags and Aug clusters adsorbed 2,9-DMQA gave enhanced nonlinear optical activity.

1. Introduction

Over the past three decades, great scientific efforts have been made to design new organically derived nonlinear optical (NLO)
materials with ultrafast response time and higher efficiency [1]. The development of organic NLO materials has become one of the
most crucial areas of research among researchers due to their potential applications. Organic compounds with superior NLO properties
have been extensively studied owing to their broad applications in the areas of microscopy, telecommunications, microfabrication,
three-dimensional data storage, frequency mixing, optical power limiting, up-converted lasing, photodynamic therapy, lasers, and
photoluminescence [2-5]. Researchers are in the queue to explore different NLO materials comprising molecular dyes, polymers,
nanomaterials, and organic, and inorganic semiconductors. The n-extended skeletal compounds have developed a new and trending
sphere in the field of NLO materials due to high durability, high structural flexibility, exceptional photo-thermal stability, unique
electronic optic spectra, and short response time [6,7]. Organic n-conjugated compounds are rich in electron donors and electron
acceptors that lead to intramolecular charge transfer (ICT) [8-10]. Ultimately, rising ICT leads to a rise in hyperpolarizability and NLO
responses of the molecules [11]. Thus, the NLO activity of any compound can be enhanced by simply introducing some donor-acceptor
moieties [12]. Literature has evidenced a lot of studies reporting the enhancement of ICT by optimizing the externally added
donor/acceptor pairs that could finally maximize the NLO responses. The aforementioned features were used for the enhancement of
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NLO responses of many compounds like 6,12-Diethynylindeno[1,2-b] fluorenes [13], phenoxazine [14], triphenylamine derivative
[15], chromophores with double carboxyl groups [16], optical chromophores with different aromatic amine donors [17], phenan-
throlines [18], Cyclometallated iridium (III) complexes [19], and many more. Structural arrangements of (2-cyano-5-(4-(phenyl
(4-vinylphenyl)amino)phenyl) penta-2,4-dienoic acid (TC4) was altered by Asif et al. and its NLO activity using DFT tools [20]. Some
dyes like indigo-based dyes with high non-linear optical response have been investigated by Mahmood et al. [21]. DFT was used to
study the electronic, NLO, and vibrational properties of indigo and newly designed dyes (IM-Dye-0, IM-Dye-1, IM-Dye-2, and
IM-Dye-3). A detailed computational analysis is performed on the chalcogen-based polymers by Mahmood for employing the polymers
as efficient NLO materials and charge transport materials [22]. Thus, DFT analysis has been considered as a game changer, especially in
the fabrication of NLO and photovoltaics.

Heterocyclic aromatic hydrocarbons such as anthracenes, pyrenes, indole, quinoline, pyrene, coronene, chrysene, naphthalene,
fluorene, benzopyrene, etc., are the compounds containing multiple benzene rings clubbed together in different arrangements like
linear, angular and clusters [23-25]. These molecules are known for their excellent performance and high charge carrier mobility [26].
Thus, researchers have a profound interest in developing various applications for these molecules. Quinacridone (QA) is one such
polycyclic aromatic hydrocarbon that is organically prepared by condensation followed by dehydrogenation of succinosuccinate esters
with aniline [27]. QA is a pink-colored powder that is used in high-quality dyes and paints [28]. In a dispersed state, QA shows an
intense fluorescence [29]. Due to having high carrier mobility and fluorescence, it can be favorably used in optoelectronic devices,
organic field effect transistors, organic light-emitting diodes, organic solar cells, photovoltaics, and many others [30]. The
self-assembling property of QA due to intermolecular hydrogen bonding and n-conjugated bonds makes it a desirable supramolecular
organic semiconductor [31]. The investigation of third-order NLO properties of different quinacridone derivatives like dimethyl vinyl
quinacridone, methoxy quinacridone, and N, N-dimethylamine quinacridone [32], 5,12-dioctylquinolino[2,3-b]acridine-7,14-dione
[33], 5,12-Biphenyl-5,12-dihydroquinolino[2,3-b]acridine-7,14-dione, and 5,12-Bis(4-methoxyphenyl)-5,12-dihydroquinolino[2,
3-blacridine-7,14-dione have been performed by Jia et al. [34]. Felscia has reported a rise in the NLO activity of probe QA after the
adsorption of gold and silver clusters [35]. The identification of luminescence of QA hierarchical microstructures was done by Deska
et al. [36]. Apart from these, the QA and its derivatives were employed for many other applications like solar cells [37], photovoltaics
[38], light-emitting diodes [39], lasers [40], dyes [41], and many more.

The present study accounts for the investigation of NLO responses of QA derivative 2,9-Dimethylquinacridone (2,9-DMQA) with
adsorbed silver (Ags) and gold (Aus) metal clusters in different solvents. The planar structure of 2,9-DMQA forms strong intermo-
lecular n- interactions leading to high NLO activity. The availability of nitrogen atoms makes 2,9-DMQA donating, and the intro-
duction of an electron-withdrawing unit can readily give rise to the ICT character of 2,9-DMQA. Thus, to increase the NLO
characteristics of 2,9-DMQA, silver (Ags) and gold (Aus) metal clusters have been introduced near the chemically reactive areas and
the adsorption of clusters on 2,9-DMQA was observed. Ags and Aus trimers are firstly obtained after the nucleation of silver and gold
nanoparticles and many research reporting adsorption studies of metal trimers have resulted in an enormous rise in the NLO activity
[42]. The computational study comprises establishing the enhancement of ICT in 2,9-DMQA after the introduction of Ags and Aus
using density functional theory (DFT). The chemical reactivity was analyzed by natural bond orbital analysis (NBO) and chemical
reactivity parameters. The simulated vibrational, absorption, and emission spectra give complete spectral features.

2. Computational methods

The simulation tools like DFT are getting immense interest from researchers due to their skillful properties and versatility in
quantum computations [43-46]. One gets a varied set of functions to get the calculations done and even the results can be relayed [47].
Even the literature has evidenced that the simulation results specially generated by DFT were found to be satisfying corresponding to
the experimental results [48-50]. The PDB structure of 2,9-DMQA is available on the online database PubChem (https://pubchem.
ncbi.nlm.nih.gov/) with ID 70423. Two different kinds of hybrid functionals were used for the calculations with the Gaussian 09
program’s package (https://gaussian.com/). The analysis of chemical and spectral properties was analyzed using Gauss View (https://
gaussian.com/gaussview6/). All the quantum chemical calculations for probe 2,9-DMQA were done using the B3LYP/6-311-G(++d,p)
set of functions [51]. The set of functions was known to be more accurate and precise for calculations of organic compounds. Ags and
Augs trimers were drawn nearby the identified chemically reactive sites of the optimized structures of 2,9-DMQA using the builder
function of the Gauss View 5.0 program. 2,9-DMQA + Ags and 2,9-DMQA + Aug were optimized employing the DFT augmented with
B3PWO91 (Becke exchange & Perdew and Wang in 1991 correlation functional) with LanL.2DZ basis set The B3PW91/LanL2DZ
functions are widely used to predict the interactions between the organic compounds and the metal clusters [52]. The structure was
minimized for the values maximum force as 0.00045, Root-mean-square (RMS) force 0.0003, maximum displacement 0.0018, and
RMS displacement 0.0012 without any additional information sets. The free energy was also calculated and computed for the 2,
9-DMQA and clusters molecule by the following given expression:

Efrre = Eetecironic T Ethermat (1)
Interaction energy for the 2,9-DMQA + Ags and 2,9-DMQA + Aus was computed using the expression:
Ein = Ez‘amplﬁx - (ZEmmpanzm) (&3]

The better insights into the interactions between the 2,9-DMQA and clusters, basis set superposition error (BSSE) was computed for
the PD-Ags and PD-Aus with the same set of functions as used for the optimization with counterpoise = 2 procedure [53]. The
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empirical dispersion term was computed for the 2,9-DMQA + Ags and 2,9-DMQA -+ Aug using the “Dispersion energy = Grimme GD3”
procedure for the B3PW91/LANL2DZ set of functions [54]. The optimization energies, geometrical parameters, dipole moment, and
charge distribution have been estimated to predict the chemical stability of the 2,9-DMQA. The natural bond orbital (NBO) calcula-
tions were performed to report the ICT within the molecule and the clusters. The second-order perturbation approach was used for
computing the stabilization energy (E(2)) corresponding to each donor (i) and acceptor (j) atom [55]. The E(2) corresponding to the
delocalization of each i— j was calculated using the expression:

2
E(Z) =AE; —q; (Ejjl] E,-) 3)
where F(i,j) is the Fock matrix element between i and j NBO orbitals, AEj; is the energy corresponding to each NBO interaction, Ej and E;
are the energies of the acceptor and donor NBOs. Furthermore, evidence of intramolecular interactions was established by the
interpretation of molecular electrostatic potential (MEP) map and frontier molecular orbitals (FMOs). The energies corresponding to
the highest occupied and lowest unoccupied molecular orbitals (HOMO-LUMO energies) are taken into account to calculate the
reactivity parameters following Koopman’s theorem [55-57]. The expressions for calculating different FMO parameters are as follows:
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Time-dependent Self-consistency field theory (TD-SCF) was used for computing the absorption and emission properties. Conver-
gence parameters were set on the RMS density matrix at 1.00 x 108 and the maximum density matrix at 1.00 x 10~® for TD-SCF
calculations without any additional set of information. The absorption spectra was obtained by doing energy optimization of the
optimized structure using TD-SCF function for nine transitions. The ground state optimization was further done with the resultant
geometry obtained by the energy optimization for nine states for obtaining the emission spectra.

The adsorption of the clusters on the surface of the title molecule was studied using vibrational modes. The vibrational spectra were
computed for 2,9-DMQA, 2,9-DMQA + Ags, and 2,9-DMQA + Aus and vibrational modes were analyzed for high Raman intensity. The
Raman intensity was computed using the given expression:

flvo—v)* S
en(B)]

where I refer to Raman intensity of the considered mode, f is a constant with value 10712, Vo has value 9398.5 cm™ . v; and S; is the
vibrational wavenumber and Raman activity of selected mode respectively. h is Planck constant with value 4.1357 x 10~ % eV K1, cis
speed of light having value 3 x 108 m/s, K is Boltzmann constant with value 8.6173 x 107> eV K™%, and T is temperature 293.5 K.

The linear and non-linear optical activity of the molecule and the complex were predicted using polarizability and hyper-
polarizability parameters respectively. These parameters were the coefficients of Taylor’s series expansion of the energy of the mol-
ecules in the electric field. The linear and non-linear optical activity of the 2,9-DMQA, 2,9-DMQA + Ags, 2,9-DMQA -+ Aug was
computed using finite field theory and were computed using the below-given expressions:

I= a4

1
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Fig. 1. Optimized geometry of (a) probe 2,9-DMQA and 2,9-DMQA adsorbed with (b) Ags and (c)Auz computed by B3PW91/LANL2DZ.
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where ay, ayy, and, ag are the tensor components of polarizability, and Sy Pyyy, and By, are the tensor components of
hyperpolarizability.

3. Results and discussion
3.1. Structural analysis

The ground state geometries of 2,9-DMQA in probe state and after the adsorption of Ag and Au dimers, trimers, and tetramers as
performed and the optimized geometries of trimers are shown in Fig. 1. The optimized structures of dimer and trimer complex are
shown in SD 1. All the optimal bond lengths and bond angles has been listed in SD 2, and 3. The benzene chains of 2,9-DMQA are
planarly arranged with 40H—26C—41H and 37H—25C—39H bond angles leading to non-planarity in the molecule. The probe
molecule has a low dipole moment of 7 x 10~* Debye. This may be due to the symmetrical structure of 2,9-DMQA. A significant
change in the bond length of the C=0 and N—H bonds was observed which shows the mentioned bonds induce the reactivity of the
2,9-DMOQA. Bonds 20—16C and 10—=15C have a bond length of 1.26 A and 4N—30H and 3N—29H have a bond length of 1.01 A A
high magnitude of the bond length between the Ag and Au atoms was observed when the metal clusters were introduced into the
system. Dipole moment was also computed for 2,9-DMQA, 2,9-DMQA + Ags, and 2,9-DMQA + Aug (Table 1). The justification of the
selection of Ag and Au trimers was validated by computing the dipole moment for 2,9-DMQA + Agz 2,9-DMOQA + Ags, 2,9-
DMQA + Auyp, and 2,9-DMQA + Auy (Table 1). The computed values had been listed in Table 1. The dipole moment of the 2,9-
DMQA + Ags does not seem to rise much (0.54 Debye). Moreover, the dipole moment of 2,9-DMQA + Aus (6.95 Debye) was the
highest among all the other considered complexes. This might be due to the high electronegativity of Au as compared to the Ag element
and the higher stability of Au trimer than the corresponding dimer and tetramer. The computed energies of the geometries were listed
in Table 1. By the means of the ground state energy, we tried to justify the stability of the molecules as the lower energy means higher
stability [58]. The stability (via total energy) as compared for the dimer, trimer, and tetramer adsorbed molecules for two different
types of dopants i.e., Ag and Au. In simple words, total energy of 2,9-DMQA + Ag, was compared with 2,9-DMQA + Auy, 2,
9-DMQA + Ags was compared with 2,9-DMQA + Aug, and 2,9-DMQA + Ag4 was compared with 2,9-DMQA + Aug, and in all the cases
the energy for Au complexes was found lower as compared to their respective Ag complexes. Moreover, in the similar context, the free
energy was also found to be highest for 2,9-DMQA + Aus showing its highest thermodynamic stability and effectivity towards doing
work in thermodynamic environment. Therefore, it can be said that the involvement of Ags and Aug clusters in 2,9-DMQA leads to
enhancement in the intramolecular interactions. Moreover, the trimers are found to give more promising results than the dimers and
tetramers of the clusters. Less negative interaction energy was obtained for the 2,9-DMQA + Aus. This validates the greater extent of
interaction between 2,9-DMQA and Aus cluster. Moreover, the free energy and the dispersion energy were higher for 2,
9-DMQA + Aug, This is in good agreement with the dipole moment. Therefore, the larger dipole moment leads to higher intra-
molecular interactions in 2,9-DMQA + Aus.

3.2. Molecular electrostatic potential surface analysis

MEDP surface is applicative in qualitatively locating the electrophilic and nucleophilic sites of the molecules. It is used to illustrate
the charge distribution of the molecules three-dimensionally. The distinct color blue symbolizes the molecular part having excess
electrons for charge transfer and thus indicate the most electron-donating part, and the red color represents the moiety with electron-
deficient part and thus indicates the electron-withdrawing part of the molecules [59]. To signify the electron-donating and
electron-withdrawing moieties, the MEP surface has been mapped over the geometries of molecular systems 2,9DMQA, 2,
9DMOQA + Ags, and 2,9-DMQA + Aug (Fig. 2). For the probe molecule, the blue color was observed over N—H bonds and the red
colored surface was observed over the C=0 bonds. The settlement of red colored surface over 20—16C and 1C—=150 bonds attached

Table 1
Dipole moment (u), Ground state energies (Eg), Free energy (Ef..), Interaction energy (E), Basis set superposition error (BSSE), and Dispersion
energy (Egispersion) Of the 2,9-DMQA, 2,9-DMQA + Ags, and 2,9-DMQA + Aus. The dipole moment is in Debye and all energies are in kcal/mol.

Complex u Egs Efree Eine BSSE Edgispersion
2,9-DMQA 7 x 1074 -694,924.78 -694,703.00 - - -
2,9-DMQA + Ag, 5.77 -865,025.23 -542,670,095.67 -204.44 0.00468 -32.768
2,9-DMQA + Ags 0.54 -969,465.37 -608,206,467.45 -302.71 0.00368 -33.286
2,9-DMOQA + Agy 3.65 -1,060,994.09 -665,640,267.01 -339.13 0.00398 -39.263
2,9-DMQA + Au, 5.77 -865,025.23 -542,670,095.67 -195.68 0.00457 -32.97
2,9-DMQA + Aug 6.95 -3,975,070.27 -2,493,798,069.31 -23.31 0.00435 -35.614
2,9-DMQA + Auy 6.49 -1,035,130.06 -649,410,270.66 -21.24 0.00467 -41.34
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Fig. 2. MEP surface of (a) 2,9-DMQA, (b) 2,9-DMQA + Ags and (c) 2,9-DMQA + Aus computed by B3LYP/6-311++G(d,p) and B3PW91/LANL2DZ.
Red color regions indicate the electron-withdrawing part and the blue color indicates the electron-donating part of the title molecules.

to the second and fourth benzene rings (from the left end) respectively indicates the electron-deficient nature of C=0 bonds. This
might be due to the involvement of electron-withdrawing oxygen atoms. Nitrogen atoms are less electronegative as compared to
oxygen. Thus, the 4AN—30H and 3N—29H bonds behave as the electron-rich moiety and impart electron donation. Therefore, the MEP
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map of probe 2,9-DMQA indicates the possibility of intramolecular interactions between the C—0 and N—H bonds. The N—H bonds as
usual act as an electron-donating part after the introduction of Ags and Aus clusters, but the electro-withdrawing region readily shifts
towards the Agz and Aug clusters. For 2,9DMQA + Ags, the electron-withdrawing surface that was observed over 16C—=20 for probe
molecule seems to be vanished and a light-yellow region was found to surround the Ags trimer. Further shifting of the
electron-withdrawing surface was observed for 2,9-DMQA + Augs. The electron-withdrawing red regions in 2,9-DMQA + Aug were
completely vanished from both the C=0 bonds and more intense yellow surface was found over the Aug trimer. This can be interpreted
as the Aug acts as strong electron-withdrawing as compared to the Ags. The intensity in color of the electron-withdrawing surface was
further supported by the electrostatic potential where higher range of potential (shown in the color bar in Fig. 2 above the MEP
surfaces) was observed for 2,9-DMQA + Aus (£ 7.09 x 1072 V) as compared to 2,9-DMQA + Ags (+ 8.19 x 1072 V). Thus, the MEP
surface establishes the involvement of the clusters in the intramolecular interactions and is in great agreement with the results from
structural analysis. Therefore, the MEP surface analysis reveals the active participation of the Ags and Aug clusters as electronegative
moieties and shows the reactivity of the probe and the complexes.

3.3. Natural bond orbital and charge analysis

The property of charge transfer was discovered by the comparison between the natural charges obtained by NBOs and Mulliken
charges. NBO analysis was performed for 2,9-DMQA, 2,9-DMQA + Ags, and 2,9-DMQA + Aus to get a better understanding of the
charge delocalization from donor NBO to acceptor NBO, the higher will be the degree of conjugation which ensures complex stability.
The Mulliken charges were obtained by the optimized geometries. The natural charge and the Mulliken charge distribution of all the
atoms have been listed in SD 4 and Fig. 3 visualizes the comparison between both types of charges of 2,9-DMQA + Ags, and 2,9-
DMOQA + Aus. Hydrogen atoms bonded to the carbon were all positive charge contributors while the carbon atoms of the benzene rings
were positive as well as negative charge contributors. However, a change in the charges of the C=0 and N—H bonds was observed. 10
and 20 have equal charges of — 0.338 e. The charge dissociation established by Mulliken and natural charge distribution was
harmonious to the ICT shown by second-order perturbation theory analysis of the Fock Matrix in NBO calculations. E(2) was calculated
for the 2,9-DMQA + Ags, and 2,9-DMQA + Aus for identifying the charge donor and acceptor moieties. In 2,9-DMQA + Ags complex,
the interaction between 20 and 43Ag had highest value of E(2) and in 2,9-DMQA + Aug complex, the interaction between 20 and
43Au had highest value of E(2). Thus, the NBO analysis reveals the donor nature of 20 atom of 2,9-DMQA molecule. The donated
charge cloud was accepted by the cluster in the respective complex. The 43Ag and 43Au were identified as the acceptor moieties in the
2,9-DMOQA + Ags, and 2,9-DMQA + Aug. Thus, the ICT was observed between the 20 atom of 2,9-DMQA and 43Ag and 43Au atom in
clusters. To support the intramolecular interactions predicted by the Mulliken and natural charges, the Hirshfeld’s surfaces has been
discussed from our previously done study on photovoltaic study of 2,9-DMQA [60]. The Hirshfeld surface shown in reference paper
shows the red regions nearby the C—=0 and N—H bonds. The red surface represents the moieties with high availability and deficiency
of the charges. Ultimately, these surfaces are responsible for charge interactions. Moreover, the fingerprint plots in reference study
gave prominent peaks for the N...H/H...N and C...0/0...C interactions. Thus, the Hirshfeld’s surfaces gave promising results in the
identification of the C—=0 and N—H as the bonds leading to the intramolecular interactions (Tables 2 and 3).

(a) 2,9-DMQA+Ag,
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Fig. 3. Natural charge and Mulliken charge distribution of (a) 2,9-DMQA -+ Ags, and (b) 2,9-DMQA + Aus.
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Second order perturbation theory analysis of Fock matrix in NBO Basis of 2,9-DMQA + Ags, 2,9-DMQA + Auj (LP-lone pair, LP*-anti-bond lone pair,
BD-bonding orbital, BD*-antibonding orbital, CR-one center core pair).

S. no. Donor NBO (i) Acceptor NBO (j) E (2) (kcal/mol) E ()-E () (au) F (ij) (au)
2,9-DMQA + Ags

1. LP (2) 20 LP* (6) 43Ag 11.91 0.64 0.111
2. LP (2) 20 BD* (1) 43Ag — 44Ag 1.10 0.62 0.034
3. LP (2) 20 BD* (1) 43Ag — 45Ag 1.10 0.62 0.034
4. LP (1) 20 LP* (6) 43Ag 6.44 0.67 0.083
5. CR (1) 20 LP* (6) 43Ag 1.34 19.08 0.206
2,9-DMQA + Aug

1. CR (1) 20 LP* (6) 43Au 1.58 19.12 0.225
2. LP (2) 20 LP* (6) 43Au 15.93 0.68 0.134
3. LP (2) 20 BD* (1) 43-44Au 3.95 0.56 0.06
4. LP (2) 20 BD* (1) 43-45Au 3.91 0.56 0.06
5. LP (4) 43Au BD* (1) 18C - 32H 1.43 0.79 0.043
6. LP (5) 43Au BD* (2) 20 - 16C 1.07 0.25 0.023

Table 3

Frontier molecular orbital parameters for the 2,9-DMQA, 2,9-DMQA -+ Ags, and 2,9-DMQA + Aug (all values in eV and value of S is in ev .

S no. Molecular property 2,9-DMQA 2,9-DMOQA + Ags 2,9-DMOQA + Aug
1. Enomo -5.52 -3.56 -5.95
2. Erumo -2.51 -2.72 -3.3
3. Energy gap (AE) 3.01 2.87 2.65
4. Ionization potential (IP) 5.52 3.56 5.95
5. Electron affinity (EA) 2.51 2.72 3.3

6. Chemical potential (CP) -4.01 -3.14 -4.62
7. Electronegativity (y) 4.01 3.14 4.62
8. Hardness (17) 1.5 1.43 1.32
9. Softness (S) 0.66 0.69 0.75
10. Electrophilicity index (o) 5.36 3.44 8.08
11. Electron accepting power (o) 3.53 10.21 5.92
12. Electron donating power (®) 7.55 13.36 10.55

(a) 2,9-DMQA

AE - 3.01 eV

(b) 2,9-DMQA+Ag,

RaX U VS ¥ -
* %‘ i‘&? H
™" .

AE - 2.87 eV

(¢) 2,9-DMQA+Au,

AE=2.65 eV

Fig. 4. HOMO-LUMO surfaces of (a) 2,9-DMQA, (b) 2,9-DMQA + Ags, and (c) 2,9-DMQA + Aus.



S. Lakhera et al. Optik 286 (2023) 170983

3.4. Molecular orbital analysis

Energies corresponding to FMO were used to compute the global reactivity parameters. For probe 2,9-DMQA, the AE was computed
as 3.01 eV. The introduction of Ags and Aus clusters lead to the decrement in the AE of 2,9-DMQA + Ags (2.87 eV) and 2,9-
DMOQA + Aug (2.65 eV). This could be due to the ability of Ag and Au to participate in the intramolecular interactions in 2,9-
DMQA + Ags and 2,9-DMQA + Aus. The low value of AE indicates the easy transition of electrons from lower energy levels to higher
energy levels [61]. The IP and EA values are analogous to the electron-donating and electron-accepting capabilities of the molecules. IP
is analogous to the electron-donating activity of the molecule and low value of IP indicates that the molecule can easily donate the
charge cloud for the interactions. Whereas the EA is the amount of energy of the molecule to accept the free charge cloud. 2,
9-DMQA + Ags has the lowest value of IP (3.56 eV) which indicates the easy drifting of electrons in 2,9-DMQA due to the presence of
Ag. The EA is highest for 2,9-DMQA + Aus showing its active participation in ICT reactions. The CP is the property of the molecules to
lead the intramolecular interactions within the reactive moieties. 2,9-DMQA + Ags has the highest value of CP (— 3.14 eV) showing
that it has better capabilities to impart ICT other than probe 2,9-DMQA and 2,9-DMQA -+ Aus. y is defined as the chemical property of
the withdrawing moiety of the molecule to attract the free charge cloud. The more the y, the more the molecule will be able to donate
the free electrons. Thus, 2,9-DMQA + Aus has the highest value of y. The o defines the lowering of energy due to maximal electron flow
between IP and EA. 5 and S are the chemical parameters to describe the chemical hardness and softness of the of the materials. High
values of chemical hardness and low value of softness reveal the rigidness and stiffness of the title compounds to get into the chemical
reactions. Categorization of molecules is done as strong, moderate, and weak electrophiles for ® > 1.5 eV, 0.8 < ® < 1.5 eV, and
® < 0.8 eV [62]. The introduction of Ags and Aug gives rise to the o of the 2,9-DMQA, 2,9-DMQA + Ags, and 2,9-DMQA + Aug. This
validates the favorable energy transition between HOMO to LUMO. The higher values of o™ for 2,9-DMQA, 2,9-DMQA + Ags, and 2,
9-DMQA + Aug indicates electron donating nature. The FMO analysis reveals that the chemical reactivity of the 2,9-DMQA experience
a rise after the adsorption of Ags and Aug clusters. Fig. 4 illustrates the HOMO-LUMO surfaces over the molecule and the complex.
HOMO-LUMO surfaces locate the donor and acceptor orbitals in the molecular orbital wave function, respectively. The HOMO-LUMO
surfaces show the participation of the C=0 and N—H bonds in the 2,9-DMQA. However, the clusters adsorbed complex shows the
involvement of clusters also. In 2,9-DMQA + Ags, the surfaces seem to dissociate from the cluster along with some nearby regions of
the 2,9-DMQA to the overall geometry of 2,9-DMQA. Whereas, in 2,9-DMQA + Aus, interactions were seen from the Aus cluster only to
the 2,9-DMQA molecule. this shows the enhanced intramolecular interactions in 2,9-DMQA + Aug as compared to 2,9-DMQA + Ags.
Therefore, the molecular orbital analysis reveals the existence of intramolecular interactions within the 2,9-DMQA + Ags, and 2,
9-DMQA + Aug complex.

3.5. Absorption and emission analysis

The electronic transitions were computed and studied for the title compound in the probe state and in the complex state using the
TD-DFT calculations. The absorbance spectra and the emission spectra had been illustrated in Figs. 5 and 6. The other UV-Vis details
had been listed in SD 5, 6, and 7. The absorption band of 2,9-DMQA comprises of two peaks one major and one minor. The major band
falls in the range of 250-450 nm. The major band of 2,9-DMQA + Ags, and 2,9-DMQA + Aus shift to higher wavelengths between 350
and 700 nm. The absorption peak for 2,9-DMQA, 2,9-DMQA + Ags, and 2,9-DMQA + Aus were identified at 281 nm, 481 nm, and
504 nm with orbital transitions from HOMO-7 — LUMO, HOMO — LUMO + 5, and HOMO-1 — LUMO respectively. The absorption
spectra were in great agreement with the HOMO-LUMO maps illustrated in Fig. 4. The HOMO in 2,9-DMQA + Ags partially spread
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over the Ags (some part is localized over the molecule) and shifts from Ags over the molecule. On the other hand, in the case of 2,9-
DMOQA + Aus, the HOMO-LUMO surface is completely seen to shift from Aug over molecule indicating the involvement of Aus in the
charge delocalization. There seems a shift in the wavelength of the absorbance band of 2,9-DMQA + Ags, and 2,9-DMQA + Aug which
shows the active participation of clusters in enhancement of the intramolecular interactions. The absorption spectra of both the
complex falls in the acceptable range for inducing the t—n* transitions. Comparatively, 2,9-DMQA + Aug had higher wavelength.
These results further correlate well with the structural parameters and the MEP plot.

The emission spectra computed for 2,9-DMQA was observed between 250 and 450 nm with its major peak at 289 nm and peak of
minor band was at 493 nm. Emissive transition HOMO — LUMO leads to the formation of peak in the emissive spectra of 2,9-DMQA.
Similar to absorption, a shift in the emission spectra of title molecule was observed after the introduction of Ags and Aus clusters. The
spectra of 2,9-DMQA + Ags was obtained between 350 and 750 nm with its peak at 492 nm and emission spectra of 2,9-DMQA + Aus
lies between 400 and 800 nm with peak 525 nm. This shows the higher emissive activity of 2,9-DMQA + Ags. Moreover, the range of
emissive spectra of both the complex falls in the acceptable range of luminescence. However, the peak of emission spectra of 2,9-
DMQA + Augs existed at higher wavelength than that of 2,9-DMQA + Ags. The UV-Vis analysis of the cluster adsorbed 2,9-DMQA
indicates the high chemical reactivity of 2,9-DMQA + Aus.

3.6. Vibrational analysis

The adsorption of Ags and Aus on 2,9-DMQA was further studied using vibrational modes. The computed vibrational spectra for
2,9-DMOQA, 2,9-DMQA + Ags, and 2,9-DMQA + Aus are shown in Fig. 7 and the major vibrations with high Raman intensity had been
listed in SD 8. The major vibrational peaks of 2,9-DMQA were observed between 1250 and 1750 cm ™. The torsional bending (¢t
modes majorly occur between frequencies 1200-1500 cm ™. C=C linear stretching (vcc) occurring at 1648 cm ™ was observed to have
the highest Raman intensity. It was observed that the adsorption of Ags and Aug causes a significant enhancement in the Raman
intensity of some of the vibrational species. For 2,9-DMQA + Ags, multiple Raman peaks were observed in between 1200 and
1700 cm™!. These peaks include 8¢y, Snp, and vee. 8cu for 2,9-DMQA + Ags has high peaks around 1244.03, 1362.9, and
1460.79 cm L. vg for 2,9-DMQA + Ags has a high-intensity peak at 1427.41 cm ™. All the vibrational modes of Ag — Ag, and Au — Au
were at low frequencies. The 8¢y observed at 1362.9 cm ™! was observed for 18C—32H bond that is the connecting bond between the
2,9-DMQA and Ags. This mode 8¢y between 18C and 32H for 2,9-DMQA + Ags has the highest Raman intensity at frequency
1679.8 cm among the other vibrational modes. Similarly, for 2,9-DMQA + Augs, the §cy between 18C and 32H had the highest
Raman intensity at frequency 1515.05 cm™'. The highest Raman intensity indicates 18C — 32H as the perfect adsorption site for Ags
and Augs clusters. Moreover, the Raman intensity for the 8;g¢_32n of 2,9-DMQA + Aug was higher than that of §cy in 2,9-DMQA + Ags.
This supports the better adsorption in case of 2,9-DMQA + Aug as compared to 2,9-DMQA + Ags. High Raman intensity obtained for
8¢y of 18C — 32H better supports the interaction shown in the MEP surfaces of 2,9-DMQA + Ags, 2,9-DMQA + Augs. In Fig. 2, the dotted
line between the clusters and 2,9-DMQA nearby 18C — 32H shows interactions between the cluster and probe molecule. thus, it can be
stated that the region with the highest Raman intensity for the vibrations is the target place of the adsorption for the clusters. This
confirms the interactions taking place between the molecule and the metal surfaces involved. Moreover, the high Raman modes were
obtained for 2,9-DMQA + Aus. The higher Raman intensity leads to a high value of hyperpolarizability of the molecule. Thus, the
vibrational analysis also concludes the high hyperpolarizability and thus high NLO activity of 2,9-DMQA + Aus.

3.7. Linear and nonlinear optical activity

NLO activity of the molecule and the complexes was established using the polarizability and hyperpolarizability parameters. As the
NLO materials have high ICT, they must have high hyperpolarizability [63]. So, the polarizability and hyperpolarizability parameters
were computed for 2,9-DMQA, 2,9-DMQA + Ags, and 2,9-DMQA + Aus to check whether the adsorption of Ags and Aug clusters leads
to any increment in the NLO activity. The same parameters were also computed for a dimer (Ags and Auy) and tetramer (Ag4 and Aug)
adsorbed 2,9-DMQA to justify the selection of trimers adsorbed 2,9-DMQA as potent NLO active complexes. a;q and Aa are the
parameters that show the optical linearity of the molecule. However, B is the higher-order term that reflects the optical nonlinearity
of the molecule. The computed values of the @, A, and fyoiqr for all complexes are listed in Table 4. The tensor components of
polarizability parameters for the trimer complex are listed in SD 9 and 10. The value of the aq for the 2,9-DMQA, 2,9-DMQA + Ags,
and 2,9-DMQA + Aus are computed as 51.66 x 10724 121.27 x 10724, and 77.13 x 1072* esu respectively. Aa has values
136.55 x 10724 429.42 x 1024, and 225.09 x 1072* esu for 2,9-DMQA, 2,9-DMQA + Ags, and 2,9-DMQA + Aus. The values of
polarizability parameters for 2,9-DMQA + Ags, and 2,9-DMQA + Aug seem to rise after the adsorption of the clusters. However, the
values of a1 and Aa for 2,9-DMQA + Ago, 2,9-DMQA + Aug, 2,9-DMQA + Auy, and 2,9-DMQA + Auy were not significantly higher
than the probe 2,9-DMQA. The value of a;yq; and A« for 2,9-DMQA + Ags was observed high as compared to that of 2,9-DMQA + Aus.
This indicates the linear opticality of the 2,9-DMQA + Ags complex. The value of Sy for a probe was computed as 0.001416 x 10~3°
esu which is very low. This indicates that the 2,9-DMQA molecule doesn’t have any NLO activity in the probe state. But, when the Ags
and Aus clusters were introduced to the probe, a massive rise in the value of the f;,q was observed. The value of the f;yq for 2,
9-DMQA + Ags and 2,9-DMQA + Aus were computed as 1066.85 x 1073% esu and 1163.07 x 10730 esu. These values are extremely
higher than the Sy of the most generally used reference material Urea (0.78 x 10730 esu) [64]. Moreover, the computed values of
Protal for 2,9-DMQA + Ago, 2,9-DMQA + Aug, 2,9-DMQA + Auy, and 2,9-DMQA + Auy were also comparatively lower than the values
of same for 2,9-DMQA + Ags and 2,9-DMQA + Aus. For better validation of the NLO activity of the designed complex, the f, of the
title complex was compared with already designed and proven complex by Felscia et al. by making Ags, and Aus clusters adsorbed on
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Table 4

Computed values of Wotal, Atotas, A, and P for the complexes (iyorqr is in Debye and, dyorq, A, and P values are in esu).
Molecule Mtotal QAtotal Aa Protal
2,9-DMQA 0.00007 51.66 x 10”4 136.55 x 10724 0.001416 x 1073
2,9-DMQA + Ag, 3.75 58.2 x 10°%* 145.88 x 1024 5.561 x 10°3°
2,9-DMQA + Ags 6.95 121.27 x 10724 429.42 x 10724 1066.85 x 1030
2,9-DMQA + Ag, 3.65 88.92 x 10 235.11 x 10724 1001.64 x 10~%°
2,9-DMQA + Au, 5.77 58.19 x 10~ 145.97 x 10724 5.56 x 10730
2,9-DMQA + Aug 6.95 7713 x 10724 225.09 x 10~ 1163.07 x 107%°
2,9-DMQA + Au, 6.49 74.04 x 10~ 179.33 x 10724 115.96 x 107%°

the QA. In the reference study, the value of the fyq Was found to be 930.81 x 10730 esy, and 120.8 x 10720 esu for silver and gold
trimers complexed with QA respectively. These values are relatively lower than the pioa of the 2,9-DMQA + Ags, and 2,
9-DMQA + Aug [35]. This shows that the 2,9-DMQA complexes have higher NLO activity than the QA complexes. The comparison
between 2,9-DMQA + Ags, and 2,9-DMQA + Aus, reveals the high NLO activity of 2,9-DMQA + Aus.

4. Conclusion

The NLO activity of Ags and Auz adsorbed 2,9-DMQA was reported in the present study. The interaction energy and the dipole
moment were found larger for the 2,9-DMQA + Aus. The NBO calculations done for the complex shows that C—=0 and N-H moieties in
2,9-DMOQA were involved in intramolecular interactions, but after the introduction of Ags and Ausg, it was observed that these clusters
were majorly involved in the intramolecular interactions. The MEP surface was in good agreement with the NBO calculations and
identifies the N-H moieties as the donor and the C—=0 moieties as the acceptor moieties. However, the Ags and Aug, act as the acceptor
in 2,9-DMQA + Ags and 2,9-DMQA + Aus and impart in the intramolecular interactions. The charge transfer was identified from 20 to
43Agin 2,9-DMQA + Ags and 20 to 43Au in 2,9-DMQA -+ Aus. The computed values of FMO parameters reveal the rise in reactivity of
the 2,9-DMQA after the adsorption of clusters. The absorption and emission spectra for the 2,9-DMQA, 2,9-DMQA + Ags, and 2,9-
DMQA + Aus highlights the possibility of ICT in the probe and complexes. The computed Raman vibration corresponding 18C — 32H
was found to have highest value of Raman intensity as compared to the torsional bending of other bonds. The high Raman intensity
indicates the adsorption site for the clusters over the bond 18C—32H. The linear optical parameters had higher values for 2,9-
DMOQA + Ags and NLO parameters had higher values for 2,9-DMQA + Aus. Hence, 2,9-DMQA + Aus had higher NLO activity. Thus,
from the following study, it can be concluded that the 2,9-DMQA adsorbed with Ags, and Aug clusters possess better NLO activity and
this study can better be a basis for experimental demonstrations. Therefore, the present study gives insights into the fruitful experi-
mental proceeding of development of the NLO material from 2,9-DMQA + Aus.
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