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Abstract: In our research, a comparative experimental and computational IR spectra of DAPQ have
performed utilizing B3LYP/6-311G level. DAPQ hold over total dipole moment (TDM) (5.18 Debye),
and HOMO/LUMO offset (3.76 eV). A theoretical model has been established to inspect the interaction
between Cu*™ and N atoms associated with (-NH>), terminals of DAPQ. TDM for Cu-2DAPQ has been
improved by 70.38% (17.49 Debye). Also, Cu-2DAPQ spin became doublet, which gives rise to the
band splitting into Alpha and Beta MOs with energies 2.58 and 1.31 eV, respectively. Moreover, Cu-
2DAPQ hyperpolarizability (Bwr) is 200 times larger over urea (ref. Buea = 0.3728 x10%° esu).
Eventually, the non-linear optical response has been improved by 94.53%. Such outstanding
improvement nominates Cu-2DAPQ as a promising MOF material for both Photovoltaic and non-linear
optics applications.
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1. Introduction

A little while backward, researchers have paid more interest in metal/organic
frameworks (MOFs) for fabricating newly efficient solar cells [1-3]. MOFs combine transition
metal cations with multidentate organic materials. Such MOFs are applied in catalysis, sensing,
and gas storage implementations. Moreover, MOFs can serve in various fields as nano/material
science and drug-delivery techniques (DDTSs) [4]. Organic solar cells are distinguished with
fair cost manufacture and active competences for energy transmutation [4-6]. Researcher’s
prior challenge is to explore a high photo-current by a synthesis of new organic solar cells [7,
8]. Pyrano-quinoline-2-one derivatives are prominent by their bio-pharmaceutical significance
as antitumor/antioxidant activities, protein control, and anti-bacterial/anti-fungal drug
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synthesis  leverages [9-11]. 3,4-diamino-6-ehtyl-6H-pyrano[3,2-c]quinoline-2,5-dione
(DAPQ) is one of pyrano-quinoline-2-one derivatives which has a structural formulation as
C14H13N30s, and its molecular mass is 271.09569 amu as shown in Fig.1. In our research, a
computer-based simulation program will be applied as a spectroscopic tool for DAPQ FT-IR
spectrum authorization [12]. Theoretical iterations are based upon density functional theory
(DFT) selecting Becke3-Lee—Yang—Parr (B3LYP) as precise means for computing Vibro-
optical spectroscopy [13-15] as well as hetero-cyclic conjugations and optoelectronic features
[16]. Molecular modeling at a different level of theories shows potential applications for
elucidating molecular structures fro many systems and molecules [17-20]. Molecular modeling
provides data not limited to physical, chemical, and biological properties but also could be of
concern for conformers and isomers covering, organic, inorganic, and organometallic systems
[21-24].

As further as informed, neither experimental nor theoretical insights have been reported
for DAPQ molecule yet. In consequence, we represent the first announcement to study the
experimental FT-IR spectrum of DAPQ. We select DFT/B3LYP/6-311G level to calculate
various features as optimal geometry, IR, HOMO-LUMO band gaps, Total dipole moment
(TDM), and thermo-chemistry. Non-linear optics (NLO), Polarizability and
hyperpolarizability, has been calculated by WB97XD/6-311G level. Moreover, we investigate
the interaction between terminal diamino groups (-NH2)2 of DAPQ with copper Cu** cations
at the same level; to seek how the physical properties of Cu-2DAPQ will be improved for both
photovoltaic and non-linear optics applications.

2. Materials and Methods

2.1. Synthesis of DAPQ.

The title compound was prepared for the first time by mixing 6-ethyl-3,4 dicholro-6H-
pyrano[3,2-c]quinoline-2,5-dione (3.1 g, 10 mmol) with ammonium acetate (6.16 g, 80 mmol)
for 3 h at 220 °C under free-solvent circumstance [25]. The green powder precipitate so
obtained was filtered off, washed by water (3 x10 mL), dried and crystallized from methanol
to give DAPQ; Yield 1.70 g (62.7%); green crystals; mp 181-183 °C; as shown in Fig.1.

CH,CH,

GH,CH,
Figure 1. Synthesis scheme for DAPQ compound.

2.2. FT-IR spectrometry

A compressed DAPQ/KBr in aratio (50:1) has been applied for the FT-IR spectrometer,
which is adjusted to scan in the range 500-4000 cm™ at chamber temperature.
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2.3. Theory/Calculations.

Theoretical computations were fulfilled by DFT/B3LYP/6-311G level on PC Core
15/2.8 GHz through Gaussian (G09) [26] and GaussView 5 [27] programs. Initially, DAPQ
geometrical optimization has been elaborated in Fig. 2(b). Subsequently, DAPQ IR frequencies
have been calculated and compared with the observed one (see Fig.3). After that, thermo-
physicochemical aspects, total dipole moment (TDM), HOMO/LUMO offset, nuclear
repulsion energy, ionizing potential (1), electronic affinity (A), hardness (n), electronic
potential (p), electrophilic index (1) and lastly softness () have been calculated. In addition,
DAPQ non-linear optical (NLO) features such as polarizability (a) and 1% order
hyperpolarizability () have been computed by WB97XD/6-311G. In addition, we investigate
the interaction between terminal diamino groups (-NH2)2 of DAPQ with copper Cu** cations
at the same level to seek how the physical properties of Cu-2DAPQ will be improved for both
photovoltaic and non-linear optics applications. Moreover, the density of state spectra (DOS)
for both DAPQ and Cu-2DAPQ will be constructed through GaussSum 3 program.
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Figure 2. (a) Chemical construction; (b) Optimal geometry for DAPQ at B3LYP/6-311G.
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Figure 3. Observed and calculated FT-IR spectra for DAPQ at B3LYP/6-311G.

3. Results and Discussion

3.1. Optimum geometry.

The optimization process has revealed DAPQ crystal parameters (bond lengths & bond
angles) at B3LYP/6-311G, which are imported into Table 1. Due to experimental data paucity
on DAPQ crystallography, our reported results are considered as a reference map for discussion
until others appear.
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Table 1 Optimal bond lengths (A) and bond angles (°) for DAPQ at B3LYP/6-311G.

Parameters

Bond Length(A) Bond Angle (°)

C1-C2 1.40 C2-C1-C6 121.08 026-C12-027 11543
C1-Cé6 142 C2-C1-H13 119.10 C3-N17-C9 122.90
C1-H13 1.09 C6-C1-H13 119.83 C3-N17-C18 120.84
C2-C3 142 C1-C2-C3 120.32 C9-N17-C18 116.25
C2-H14 1.08 C1-C2-H14 118.94 N17-C18-H19 108.45
C3-C4 143 C3-C2-H14 120.74 N17-C18-H20 106.42
C3-N17 141 C2-C3-C4 118.48 C17-C18-C21 112.62
C4-C5 142 C2-C3-N17 121.89 H19-C18-H20 108.14
C4-C7 144 C4-C3-N17 119.63 H19-C18-C21 111.63
C5-C6 1.40 C3-C4-C5 120.36 H20-C18-C21 109.35
C5-H15 1.08 C3-C4-C7 118.22 C18-C21-H22 110.18
C6-H16 1.09 C5-C4-C7 121.42 C18-C21-H23 112.08
C7-C8 1.39 C4-C5-C6 120.48 C18-C21-H24 109.75
C7-027 1.36 C4-C5-H15 118.09 H22-C21-H23 108.47
C8-C9 1.46 C6-C5-H15 121.42 H22-C21-H24 108.05
C8-C10 1.46 C1-C6-C5 119.28 H23-C21-H24 108.21
C9-N17 141 C1-C6-H16 120.29 C7-026-C12 122.46
C9-025 127 C5-C6-H16 120.43 C11-N28-H29 113.83
C10-C11 141 C4-C7-C8 121.80 C11-N28-H30 113.75
C10-N31 1.36 C4-C7-026 115.87 H29-N28-H30 110.40
C11-C12 143 C8-C7-026 122.33 C10-N31-H32 119.00
C11-N28 144 C7-C8-C9 119.88 C10-N31-H33 116.23
C12-026 1.48 C7-C8-C10 118.35 H32-N31-H33 124,77
C12-027 1.24 C9-C8-C10 121.78

N17-C18 1.49 C8-C9-N17 117.53

C18-H19 1.09 C8-C9-025 122.93

C18-H20 1.09 N17-C9-025 119.53

C18-C21 154 C8-C10-C11 119.57

C21-H22 1.10 C8-C10-N31 120.83

C21-H23 1.10 C11-C10-N31 119.60

C21-H24 1.10 C10-C11-C12 122.58

N28-H29 1.02 C10-C11-N28 117.86

N28-H30 1.02 C12-C11-N28 119.56

N31-H32 1.02 C11-C10-N31 114.72

N31-H33 1.01 C11-C12-027 129.85

3.2. Vibrational assignments.

DAPQ (C14H13N303) as a non-linear structure possesses vibrational modes given by
3N-6, where N is the total atoms count. Accordingly, DAPQ dominates 93 (74 actives &19
inactive) modes. Only 17 modes opted to match with observed chart data assigned in Table 2.
Proposed assignments are based upon GaussView 5 outputs for experimental/simulated IR
wavenumbers. Computed wavenumbers have been factorized by 0.96 [28] to counterpart
measurable peaks. Outstanding approval has been instituted between both measurable and
calculated data. Fig. 3. show both DAPQ experimental and calculated IR spectra at B3LYP/6-
311G. Outspread hydrogen antennas and griddle interactions may interfere agreement between
measurable (solid-state) and predicted (gas state) data to some extent. Briefly, DAPQ
assignments are discussed as in the following:
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3.2.1. N-H, C-H vibrations.

N-H stretching detected near 3300 - 3500 cm™ [29]. Mode (1) is assigned to N-H
stretching at 3431 cm™, comparable to a measurable peak at 3317 cm™. Modes (9,14) are
attributed to N-H in/out of plane bending at 1463 cm™ and 808 cm™, corresponding to
observed bands at 1456 cm™ and 811 cm™?, respectively.

C-H stretching (aromatic/aliphatic) perceived close to 3200-2900 cm™ [30]. Modes
(2,3,4) are specified to aromatic and asymmetric/symmetric C-H stretching at 3163, 3043, 2989
cm?, agreed with experimental data at 3150, 2978, 2935 cm™?, respectively. Modes (10-12)
are identified for C-H in-plane bending at 1299, 1256, 1120 cm™, proportionate to counted
values at 1281, 1247, 1183 cm™. Mode (15) is related to C-H out of plane bending at 784 cm™,
match with the recognized band at 753 cm ™.

3.2.2. C=0, C=C vibrations.

C=0 stretching is noticed around 1750-1690 cm™ [31]. Mode (5) is specified for C=0
stretching at 1692 cm™, proportionate to a recorded band at 1736 cm™. Modes (6-8) are
referred to C=C stretching at 1668, 1634, 1550 cm™, balanced with experimental results at
1660, 1633, 1500 cm ™2,

3.2.3. C-0O, C-N, C-C vibrations.

Mode (13) is related to C-O + C-N + C-C stretchings at 916 cm™, analogous to
measured peak at 928 cm™ [32]. Modes (16,17) are specified for C-O + C-N + C-C in/out of
plane bendings at 687, 556 cm, corresponding to recorded peaks at 678, 577 cm?,
respectively.

Table 2 Experimental and calculated wavenumbers (cm™), IR intensities and assignments for DAPQ at
B3LYP/6-311G.

DAPQ Vibrational
No | Exp. Wavenumber IR intensity Species Assignments
Unscaled | Scaled Rel. Abs.
1 3317 3501 3431 146 19 A’ v N-H
2 3150 3228 3163 14 2 A v C-H (aromatic)
3 2978 3106 3043 23 3 A vas C-H (aliphatic)
4 2935 3051 2989 24 3 A vs C-H (aliphatic)
5 1736 1727 1692 776 100 A v C=0
6 1660 1703 1668 157 20 A
7 1633 1668 1634 286 37 A v C=C
8 1500 1582 1550 208 27 A
9 1456 1493 1463 81 10 A B N-H
10 | 1281 1326 1299 7 1 A
11 | 1247 1282 1256 19 2 A pC-H
12 | 1183 1143 1120 121 16 A
13 | 928 935 916 66 9 A vC-O+vC-N+vC-C
14 | 811 824 808 45 6 A" vy N-H
15 | 753 801 784 146 19 A" yC-H
16 | 678 702 687 21 3 A BC-O+BC-N+BC-C
17 | 577 567 556 10 1 A" yC-O0+yC-N+yC-C

v (stretching); vs (Symmetric Stretching); vas (Asymmetric Stretching); f (in plane bending); y (out of plane
bending) Species; A’ (stretching & in plane bending); A" (out of pane bending & deformations)
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3.3. Mulliken distributions.

Mulliken distributions mark out electronegativity, charges carry, and the molecule’s
fine electronic arrays [33]. Detailed Mulliken charge distributions for DAPQ have been
imported in Table 3 and plotted in Fig. 4. Our results showed that most acceptor atoms like O
and N hold over negative charges due to their high electronegativity. Consequently, nearby
carbon atoms C(3,4,7,8,9,10,12) exhibit positive charges, while others far away exhibit
negative ones. Most hydrogens have positive charges due to their high donor property.
Eventually, such electronegativity variance in DAPQ will impact both photovoltaic and non-
linear optical features.
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Figure 4. Mulliken charges transport distributions for DAPQ at B3LYP/6-311G.

Table 3. Mulliken charge distributions for DAPQ at B3LYP/6-311G.
Mulliken Charges Distributions (a.u)

Acceptors Donors
Atom Atom Atom
C(1) -0.226 C(3) 0.216 | H(13) | 0.226
C(2) -0.316 C4) 0.192 | H(14) | 0.240
C(5) -0.340 C(7) 0.242 | H(15) | 0.285
C(6) -0.234 C(8) 0.015 | H(16) | 0.233
C(11) | -0.074 C(9) 0.114 | H(19) | 0.200
C(18) | -0.305 C(10) | 0.280 | H(20) | 0.258
C(21) | -0.634 C(12) | 0.128 | H(22) | 0.237
H(23) | 0.212
O(25) | -0.372 H(29) | 0.295
O(26) | -0.311 H(30) | 0.296
O(27) | -0.248 H(32) | 0.387
H(33) | 0.348
N(28) | -0.664
N(31) | -0.649
N(17) | -0.237
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3.4. Thermo-physicochemical features.

Conform to Koopman’s postulate, through HOMO/LUMO energies essential physical
parameters are specified like ionization potential |1 = -Exomo, electronic affinity A =-ELuwmo,
hardness n =1/2(ELumo—Enomo), electronic potential p= 1/2(ELumot Enomo), electrophilic
index y = p? /2n, and softness { = 1/v [34]. Spaciously, many assorted physical features have
been listed (cf., Table 4) like total and zero-point energies, rotational constants, entropy S,
specific heat Cv, total dipole moment (TDM), nuclear repulsion energy and HOMO-LUMO
offset for DAPQ at the same level.

Table 4. Total & zero-point energies, rotational constants, entropies, molar specific heat Cy, total dipole
moment, nuclear repulsion energy, ELumo, Enomo, HOMO-LUMO band gap, ionization potential, electron
affinity, hardness, electronic potential, electrophilic index and softness for both DAPQ and Cu-2DAPQ.

Parameter DAPQ Cu-2DAPQ

B3LYP/6-311G B3LYP/6-311G
Total Energy (Hartree) -931.1647326 -0.2088864
Zero Point Energy (Kcal/Mol) 162.76354 302.8859
Rotational Constants (GHz) 0.53269 0.12037

0.28194 0.04001

0.18803 0.03428
Entropy (S) (Cal/Mol-"K)
Total 130.181 245.804
Transational 42.691 45.084
Vibrational 33.698 38.807
Rotational 53.793 160.536
Molar Specific Heat (Cv) (Cal/Mol-"K)
Total 65.961 144.71
Transational 2.981 2.981
Vibrational 2.981 2.981
Rotational 59.999 138.749
Nuclear repulsion energy (eV) 4.163*10* 6.988*10*
Dipole Moment (Debye) 5.18 17.49
Spin Singlet Doublet

Alpha MOs Beta MOs

ELumo (eV) -2.17 -2.93 -5.65
Eromo (eV) -5.93 -5.52 -6.96
ELumorHomo (eV) 3.76 2.58 1.31
lonization energy (1) (eV) 2.17 2.93 5.65
Electron Affinity (A) (eV) 5.93 5.52 6.96
Global Hardness (1) (eV) 1.88 1.29 0.66
Chemical Potential (p) (eV) -4.05 -4.22 -6.31
Global Electrophilicity Index (y) (eV) 4.36 6.89 30.30
Softness ({) (eV1) 0.53 0.77 1.52

3.5. Frontier bang gap energies.

HOMO/LUMO bandgap is a precise indicator of electron transit amongst molecular
orbitals [35]. Fig. 5 (a-b) represents both predicted HOMO-LUMO energy gap and the
electronic DOS spectrum for DAPQ. DAPQ holds over TDM (5.18 D), and HOMO/LUMO
offset (3.76 eV). Most outstanding doorstep electron/hole pair generation energies for Si & Ge
based solar are 3.9 eV and 2.8 eV, respectively [36]. In the upcoming period, DAPQ based
solar cells will be the target for many researchers to check their efficiencies.
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Figure 5. (a) HOMO/LUMO energy gap, (b) Electronic DOS spectrum for DAPQ at B3LYP/6-311G.

3.6. MOFs approach; Cu-2DAPQ construction and properties.

We theoretically inspect the interaction between Cu*™ and DAPQ dimer (-NH2 groups).
Cu-2DAPQ construction is based upon the interaction between Cu** cations with N atoms
associated with (-NH2)2 terminals of DAPQ. Our results emphasize that Cu-2DAPQ dipole
moment had been improved (17.49 Debye). Also, Cu-2DAPQ spin became doublet, which
gives rise to the band splitting into Alpha and Beta MOs with energies 2.58 and 1.31 eV,
respectively. Such surprising prediction would impact both spectral response and
HOMO/LUMO offset by importing new transition probabilities for electron carry in original
frontiers. Fig. 6 shows Cu-2DAPQ construction, calculated HOMO/LUMO band gaps, and
DOS spectrum at the same level.

9
Alpha MOs — Alpha DOS spectrum
—— Beta DOS spectrum
‘ ‘ —— Total DOS spectrum (scaled by 0.5)
4 I 2 3% . 4 = N
“‘J LUMOs "‘J 9 Beta Occupied Orbitals
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220 15 T =5 0
Energy (eV)
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Figure 6. (a) construction; (b) HOMO/LUMO band gaps; (c) DOS spectrum for Cu-2DAPQ at B3LYP/6-311G.
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3.7. Polarizability/first-order hyperpolarizability.

Hyperpolarizability and polarizability calculations have performed for both DAPQ and
Cu-2DAPQ to investigate their non-linear optical (NLO) behaviors change upon copper
coupling DAPQ dimer. Using gaussian output, we extract both polarizability (oxx, oxy, Oyy, Oxz,
ayz, 0zz ) and hyperpolarizability (Bxxx, Bxxy, Bxyy, Byyy, Bxxz, Bxyz, Byyz, Pxzz, Pyzz, Pzzz) parameters.
The total polarizability (att), polarizability anisotropy (Aa) and hyperpolarizability (Btt) have
been estimated using the subsequent empirical formulations [37]:

Oy Oy Ay,
Aot = 3
1 2 2 2 2 2 2
Aa = — [(axx - ayy) + (ayy — azz) + (g — ayy)® + 605, + 6az, + 6az,

V2

2 2 2 1 2
.Btot = [(ﬁxxx + .Bxyy + ﬁxzz) + (.Byyy + .Byzz + .Byxx) + (.Bzzz + .Bzxx + .Bzyy) ]

]1/2

Our predicted oo, Aa and By, for both DAPQ and Cu-2DAPQ are listed in Table 5.
A remarkable rise in ., Aa and B, 0f Cu-2DAPQ over prime DAPQ molecule. The
calculated hyperpolarizability (Btot) for both DAPQ and Cu-2DAPQ are 4.08 x 10°%° and 74.62
x 10°%° esu, respectively. The hyperpolarizability (Btt) of Cu-2DAPQ is 200 times larger over
urea (ref. PBuea = 0.3728 x10° esu). Eventually, the non-linear optical response has been
improved by 94.53%. Such outstanding improvement nominates Cu-2DAPQ as promising
MOF material for both Photovoltaic and non-linear optics applications.

Table 5. Mean polarizability a.,. (x102* esu), polarizability anisotropy Aa (x102* esu) and hyperpolarizability
Bor (X100 esu) for both DAPQ and Cu-2DAPQ at WB97XD/6-311G.

Parameters Parameters
DAPQ Cu-2DAPQ DAPQ Cu-2DAPQ
Oxx 35.62 62.25 Brxx 1.47 -48.39
Oxy -1.57 -8.48 Py 1.63 26.28
ayy 31.06 69.82 Bryy 2.50 -11.80
e -0.56 -0.19 Bowy -3.05 8.40
ayz -0.85 4.84 Prxe -0.23 -0.36
Qzz 8.93 36.45 ﬂxyz -0.20 4.37
Oltot 25.20 56.17 By 0.06 -8.98
Ao 24.94 34.70 ﬁxzz -0.12 -3.55
Pyaz 0.07 3.49
P -0.01 2.34
Brot 4.08 74.62

(a; 1a.u.=0.1482x10 2 esu, B; 1 a.u. = 8.6393x10 % esu)

Based on the presented computational data, one can conclude that molecular modeling
data is of concern fro materials, whereas mechanism is required to fictionalize their behavior.
The data given by molecular modeling is of great concern when the experimental data is limited
and/or unavailable. These findings are in good agreement with the previous findings [38-40].

4. Conclusions

Our experimental and theoretical IR spectra of DAPQ have shown excellent approval
for selected B3LYP/6-311G level accuracy. DAPQ holds over TDM (5.18 D), and
HOMO/LUMO offset (3.76 eV). A theoretical model has been established to inspect the
interaction between Cu** and N atoms associated with (-NH2)2 terminals of DAPQ. TDM for
Cu-2DAPQ has been improved by 70.38% (17.49 Debye). Also, Cu-2DAPQ spin became

https://biointerfaceresearch.com/ 8546



https://doi.org/10.33263/BRIAC111.85388549
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC111.85388549

doublet, which gives rise to the band splitting into Alpha and Beta MOs with energies 2.58 and
1.31 eV, respectively. Moreover, Cu-2DAPQ hyperpolarizability (Btt) is 200 times larger over
urea (ref. Purea = 0.3728 x10°° esu). Eventually, the non-linear optical response has been
improved by 94.53%. Such outstanding improvement nominates Cu-2DAPQ as a promising
MOF material for both Photovoltaic and non-linear optics applications.
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