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Abstract

In this work, natural bond orbital (NBO) analysis, nonlinear optical and the thermodynamic
properties of six organic m-conjugated compounds based on imidazolinone have been analyzed by
employing density functional theory (DFT) level employing B3LYB/6-31G (d, p) basis set. NBO
analysis reveals that the intra-intermolecular charge transfer occurs within the molecules leading
to the stabilization. The predicted nonlinear optical (NLO) properties like; polarizability and first
hyperpolarizabiliy support showed that the six organic m-conjugated studied imidazolone
derivatives compounds could attract the interests for future investigation. The LUMO energy is
increasingly concentrated around the nitrogen group of the chain by the acceptor groups with the
increase of their mesomeric attractor effect in the following order — P6 < P1 < P4 < P5 < P3 < P2-.
This explains the decrease in gap energy AE(P2) > AE (P3)> AE (P5) > AE (P4) > AE(P1)> AE(P6).

Keywords: imidazolinone, DFT, B3LYB, NBO, NLO, nonlinear optical, polarizability,
hyperpolarizabiliy.

1. Introduction

Over recent years, imidazolinones have gained much attention due to their environmentally
friendly molecular properties. Imidazolinones have been used to study the solar cell activity
(Sharma, Handique, 2016). Moreover, imidazolinones are well known for their optoelectronic,
biological, pharmacological and photochemical properties (Chuang et al., 2009; Bhattacharjya et
al., 2008; Bahadur, Srivastava, 2004; You et al., 2000). In this study, NLO analysis of the studied
molecules were evaluated at the B3LYP basis set. The chemical descriptors such as the
Polarizability (a), anisotropic (Aa), polarizability (), hyperpolarizability <B> and isotropic //
were computed using the TD-DFT method. Furthermore, NBO analysis were examined with
DFT/B3LYB, CAM-B3LYP, HSEH1PBE, HCTH407 and WB97XD basis set (Bahgeli et al., 2015).

The most used photovoltaic technology is silicon solar cell which is considered as inorganic
ones (Kim et al., 2005). The disadvantages of silicon solar cells are their price and complicated
fabrication procedures. Due to such disadvantages, a new generation of solar cells has been
emerged. This includes organic solar cells (OSCs) (Yang et al., 2005; Park et al., 2009), perovskite
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solar cells (Green et al., 2009; Lee, 2007) dye sensitized solar cells (Hadipour, 2008; Ameri, 2009),
quantum dots solar cells (Boreland, 2008; Lu et al., 2015).

2. Materials and methods

All geometry optimizations computation was executed using the Gaussian 09 programs
(Frisch et al., 2009). The geometries of the products were fully optimized through DFT calculations
using the B3LYP functional (Becke, 1993; Yang, 1988), jointly in addition to the 6-311G (d,p) basis
set (Francl, 1982). Initial structures were cleaned repeatedly to obtain normalized geometry. Each
of the P1 and P2 was then subjected for successive optimization using DFT methods in conjunction
with appropriate basis sets. Final optimization of these molecules is achieved using DFT/B3LYP/6-
311G (d, p) method. Final optimization of these molecules is achieved using DFT/B3LYP/6-311G
(d, p) method. For computation of linear and NLO properties, the additional key of “optical” was
included in the study. Following equations are used for the extraction of parameters and properties
of these impurities. Molecular complexity is the criterion that can be related with Aa (Chen et al.,
2017; Aihara et al., 1999; Obot et al., 2009; Ghanadzadeh et al., 2000). More the complexity of
structure more is the anisotropy of polarizability (Aa) (Zhan et al., 2003; Xue et al., 2004).

While dipole moment (DM) is the measure of a of a molecule in its ground state, a is the
intrinsic capacity of a molecule of having a dipole when it is assaulted with an external electric field
(Harris et al., 1999; Lim et al., 1999). If a molecule is present in a weak, static electric field
(of strength, F), then the total energy (E) of the molecule can be express as a Taylors series.

1
a'g]_,F FﬁP;.— gaaﬁ},gFaFﬁF]',F;. ......... (1)

Eo denotes the energy of the molecule in the absence of an external electrical field. Energy
(Eo), dipole moment (p.), polarizability (aaf), and first- and second-order hyperpolarizability
(BaPy and yafyd, respectively) denote the molecular properties. First polarizability and second
hyperpolarizabilities are expressed as tensor quantities, whereas subscripts single, double, etc.,
denote the first-rank and second-rank tensor, etc., in Cartesian coordinate (Desharnais et al.,
2003).

If the external field lies on any one of the three orthogonal Cartesian axes, then the
components of the induced moments will be parallel to the field. In that case, off-diagonal terms of
the tensor, aaf vanish. Under these conditions, the expected value of aand DM obtained as:

DM = J‘:U?( +ud + 1) Or <aspare> =27 O;W e (2)

In case of the anisotropic orientation of the external field, the anisotropy of the polarizability

(<Aa>) can be computed as:

EFZEO_ﬁaFa_Z aﬁFF,S

1
[( Wyw — uw]2+ (C‘YY —uzzjz + (C‘YY — gz P4 é(uxxz - axyz+uyzz )2 [:3)
2
Similarly, the first-order (Bafy) and second-order (yafyd) hyperpolarizability is calculated
from components of respective tensors that are obtained from the Gaussian 09 output file.

< astamic > = (BE+ B3 + B )2

1
Bi = Bui + 3 Z(Bikk + B + Prexi )
izk [:4)

< o | [(Bxxx + Bxyy + Bxzz ) + (Byyy + Pyzz + Pyxx)’
STATIC + (Bzzz + Bzxx + Pzvy )’

<Aa> =

o Ysxx t Yyvyy T Vzzzz t 2Vvvxx t2Vvvzz + 2Vzzxx
< OsTATIC = = c (5)
All these optical terms have been calculated using appropriate basis set that contains
polarized and diffused functions for high accuracy, in that DFT/B3LYP/6-311G (d, p) was
preferred.
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Fig. 1. Chemical structure of studied compounds

3. Results and discussion

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) for P1 to P6 imidazolone derivatives are presented in (Figure 1), along with their
optimized structures. While HOMO delocalizes over bonds of P1, and P2, it is less prominent for P1
to P6. Notably, the delocalization is uniform in P1. By the use of DFT/B3LYP/6-311G (d, p) level of
theory, the extracted energies for HOMO, LUMO, and AE for P1 and P2 are presented in (Table 1)
and compared in (Figure 2).

Table 1. HOMO, LUMO, and band gap energies for P1 to P6 imidazolone derivatives.
The band gap is computed by Erumo — Exomo

Compounds HOMO (eV) LUMO (eV) | Band gap (eV)
P1 -4.028 -2.852 1.178
P2 -5.358 -3.011 2.347
P3 -5.082 -3.074 2.008
Pgq -4.009 -2.815 1.194
P5 -4.291 -3.059 1.232
P6 -4.328 -3.243 1.085
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Fig. 2. Plot of highest occupied molecular orbitals, lowest unoccupied molecular orbitals,
and band gap energies for P1 to P6

According to the Table 1, the gap energies increase from P6 to P2. This is due to the force of
various acceptor groups given to the acceptor electron. Also, the HOMO/LUMO energies levels in
consonance with the donor/acceptor of their electron are affected by the structure modification.

As mentioned previously, the HOMO and LUMO energies levels and band gap energies affect
the photovoltaic performance of organic solar cells. The values of these energies levels are
summarized in Table 1. The computational values of gap energies range from 1.085 to 2.347 eV.

It is clear from the Table 1 and Figure 2 that electron donating ability (EgoM Q) follows the

order as P2 < P3 < P6 < P5 < P1 < P4 (Figure 2a).

Electron-accepting ability (E[,;ypm0) is seen to follow the order as P6 < P3 < P5 < P2 < P4 <
P1 (Figure 2b).

What about the band gap from product Pito P6?

The chemical reactivity is highest and the kinetic stability is lowest for P6, P1 which is
followed by P4, P5, P3 and P2 (Figure 2c). These proprieties are interesting to realize organic solar
cells Hetero Junction.

Nonlinear optical (NLO) of P1to P6

Intermolecular interactions the P1 to P6 are largely understood by DM, a, and first-order and
second-order hyperpolarizability energy terms (Zhang et al., 2007), which are reliably computed by
B3LYP/6-311G (d,p) level of the theory (Hurst et al., 2000; Gupta et al., 2017; El idrissi et al., 2019;
Zeroual et al., 2017). How are these parameters affected for this compounds. To check this above
basis set is used and dipole moments (DM), a, and first- and second-rank hyperpolarizability are
determined (u.a). Isotropic DM ispresented in (Table 3).

Table 3. Cartesian components and net electric dipole moments (DM in Debye)
for products P1 to P6

Names DMx DMy DMz DMrotal
P1 0.00 0.00 8.46 8.50
P2 0.00 0.00 6.38 6.40
P3 7.65 0.00 0.00 7.70
P4 8.68 0.00 0.00 8.70
Ps5 0.00 0.00 7.85 7.90
P6 0.00 7.16 0.00 7.20




European Journal of Molecular Biotechnology, 2020, 8(1)

It is seen that the X and Y components are zero in all the cases with the Z component
constituting the total DM. Higher and lower DMTQOTAL than the reported mean value are

highlighted in Table 3. Here, (P4, P1, P5) and (P3, P6, P2) show higher and lower DMTOTAL,

respectively.

The Polarizability (a), anisotropic (Aa), polarizability (), hyperpolarizability <f> and
isotropic // values of P1 to P6products are given in Table 4. Few of these properties are also
plotted in (Figure 3) (Figure 3a for a and Aa; Figure 3b for <> and 3//).

Table 4. Polarizability (a), anisotropic (Aa), polarizability (), hyperpolarizability <> and

isotropic B// values of compounds P1 to P6 (in 10-3° esu Unit).

Parameter P1 P2 P3 P4 P5 P6

Olxx 31.25 35.91 30.25 34.88 32.35 20.56

Qyx 9.65 10.25 7.65 8.65 7.16 8.97

Qyy 29.87 33.21 30.26 31.54 30.83 32.01

*Polarizability a Cx 10.31 | 11.23 12.81 | 10.22 11.2 9.56

*anisotropic Aa

Azy 9.36 10.25 12.74 0.87 10.55 8.59

Az 58.26 | 64.78 43.44 50.22 51.36 51.63

a x 1024 (esu) | 39.79 | 44.63 34.65 38.88 38.18 37.73
Aa 80.74 87.8 72.89 67.16 70.89 68.58

Bxxx 3.08 5.22 4.82 -3.87 4.23 -3.66

*Hyperpolarizabil Bxxy 3.56 -4.41 3.22 5.32 5.22 2.88
:Ey> Byxy 287 | 477 | 365 | 3.43 | -4.02 | 5.23

* isotropic B// Byyy 4.89 -3.47 -5.23 -4.68 3.26 3.62
Bxxz 3.44 -4.41 6.03 5.28 4.92 4.61

Byxz -2.36 5.06 5.22 -4.69 -3.22 3.66

Byyz 3.29 4.19 4.81 3.65 3.51 -5.22

Bzxz -3.24 2.74 -2.68 3.02 2.86 4.87

Bzyz 4.54 -4.14 4.12 4.11 4.23 -3.02

Bzzz -5.89 6.89 5.83 4.69 -3.68 3.82

<p> 13.29 18.73| 16.87 14.65 13.91 7.99

B// 4.97 1.01 5.94 4.46 5.94 2.38
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Fig. 3. Plot of polarizability (a), anisotropy of polarizability (Aa) (Figure 3a), hyperpolarizability
<B> and isotropic // (Figure 3b) for compounds P1 to P6

According to the data in (Table 1) the gap energies increase from Ps to P. due to the force of
various acceptor groups given to the acceptor electron. In addition, the HOMO/LUMO energy
levels in agreement with the donor/acceptor of their electron are affected by the modification of the
structure.

As mentioned previously, the HOMO and LUMO energies levels and band gap energies affect
the photovoltaic performance of organic solar cells. The values of these energies levels are
summarized in (Table 1). We can notice from these computational values of gap energies range
from 1.085 to 2.347 eV.

The analysis of the results given in (Table 1) and (Figure 3) clearly shows in one hand that the
electron donation capacity (EHOMO) follows the order as P, <P; <Ps <P5; <P; <P, (Figure 3a).
On the other hand, the electron acceptance capacity (ELUMO) follows the order as P¢ < P3 < P5 < P
< P, < P, (Figure 3b).

NBO analysis

The analysis of the results obtained in the study aimed at verifying that the DFT procedure
was fulfilled. On doing it previously, several descriptors associated with the results that HOMO and
LUMO calculations obtained are related with results obtained using the vertical I and A following
the ASCF procedure. A link exists between the three main descriptors and the simplest conformity
to the Koopmans’ theorem by linking eH with -1, £ with -A, and their behavior in describing the
HOMO-LUMO gap as JI = |gg + Egs(N — 1) — Egs(N)|, JA = |g; + Egs(N) — Egs(N + 1)| and Jur=

f]I2 + J4%. Notably, the JA descriptor consists of an approximation that remains valid only when

the HOMO that a radical anion has (the SOMO) shares similarity with the LUMO that the neutral
system has. Consequently, we decided to design an other descriptor ASL (the difference between
the SOMO and LUMO energies), to guide in verifying how the approximation is accurate (Weigend
et al., 2005; Pereira et al., 2017). The results of this analysis are presented in (Tables 5 to 10).
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Table 5. Electronic energies of the neutral, positive and negative molecular systems (in au),
the HOMO, LUMO, and SOMO orbital energies (in eV), JI, JA, JHL, and ASL descriptors (also in
eV) calculated with DFT/B3LYB, CAM-B3LYP, HSEH1PBE, HCTH407 and WBg7XD for
compound P1

Eo E+ E- HOMO | LUMO | SOMO Ji Ja JHL ASL
B3LYP 1402.064 -1401.654 | -1402.458 | -4.028 | -2.852 | -3.885 | 14.748 | 14.008 | 20.341 1.033
CAM- -1401.987 | -1401.512 | -1402.265 | -5.523 | -1.265 | -4.256 | 13.087 | 14.189 | 19.303 2.991
B3LYP . . . . . . . . . .

HSEH1PBE | -1401.656 | -1401.482 | -1401.845 | -4.254 | -2.453 | -3.002 | 9.396 | 7.187 11.829 0.549

HCTH407 | -1401.438 | -1401.236 | -1401.654 | -4.365 | -2.688 | -3.258 | 10.242 | 8.184 13.11 0.570

WB97XD | -1401.068 | -1399.879 | -1399.954 | -4.675 | -2.741 | -3.784 | 25.645 | 35.093 [ 43.465 1.043

Table 6. Electronic energies of the neutral, positive and negative molecular systems (in au), the
HOMO, LUMO, and SOMO orbital energies (in eV), JI, JA, JHL, and ASL descriptors (also in eV)
calculated with DFT/B3LYB, CAM-B3LYP, HSEH1PBE, HCTH407and WB97XD for compound P2

Eo E+ E  |HOMO[LUMO[sOMO| J | Ja | Ju [ Asy
B3LYP 1561.379_ -1561.723 1561.58; -5.358| -3.011|-4.022 | 11.017| 6.349| 12.715 | 0.991
éﬁgﬁ, -1561.164 1561.023_. 1561.364; -6.235| -1.998]| -5.236 | 11.677| 5.834| 13.053 | 3.238

HSEH1PBE 1560.886_ 1560.736_ 1561.08; -5.624| -3.225| -3.854 | 11.093| 7.306| 13.282 | 0.629

HCTH4o07 1560.652_ 1560.523: 1560.756_ -5.864 | -3.741| -4.056 | 8.693| 7.251| 11.32 | 0.315
WB97XD 1560.365; 1560.254; 1560.546_ -5.744 | -3.994| -4.158 | 10.669| 7.014|12.768 | 0.464

Table 7. Electronic energies of the neutral, positive and negative molecular systems (in au), the
HOMO, LUMO, and SOMO orbital energies (in eV), JI, JA, JHL, and ASL descriptors (also in V)
calculated with DFT/B3LYB, CAM-B3LYP, HSEH1PBE, HCTH407 and WB97XD for compound P3

Eo E+ E- HOMO | LUMO | SOMO Ji Ja JHL ASy,

B3LYP 1723.247 | 1725.621 | 1723.487 -5.082| -3.074| -4.179 | 11.612| 7.102| 13.612 | 1.105

CAM- i} . | -6.357| -1.023| -5.214 | 10.901| 9.017| 14.147 | 4.191
B3LYP 1723.087 | 1723.456 | 1723.254 ) ) ) ) ) ) )

HSEH1PBE 1792.874 | 1723.145 | 1723.183 -5.231| -2.987] -3.587 | 13.638 | 4.386]| 14.327 | 0.601

HCTH4o07 1722.587 | 1722.883 | 1722.897 -5.876| -3.245| -4.011 | 14.311| 4.809| 15.097 | 0.766

WB97XD 1792759 | 1722741 | 1722.756 -5.001| -3.667| -4.572 | 5.109| 3.966| 6.468 | 0.905

Table 8. Electronic energies of the neutral, positive and negative molecular systems (in au), the
HOMO, LUMO, and SOMO orbital energies (in eV), JI, JA, JHL, and ASL descriptors (also in €V)
calculated with DFT/B3LYB, CAM-B3LYP, HSEH1PBE, HCTH407 and WB97XD for compound P4

Eo E+ E- HOMO | LUMO | SOMO Ji Ja JHL ASL

B3LYP 1568.746 | 1568.969 | 1568.762 -4.009 | -2.815| -3.219 | 4.444| 3.252| 5.507 | 0.404

CAM- R} § | -5.674| 1775 -4.236 | 7.415| 4.441| 8.643 | 2.461
B3LYP 1568.523 | 1568.621|1568.587 ’ ) ’ ’ ) ’ ’

HSEH1PBE | -1568.311 - -| -4.236| -2.546| -3.578 | 6.303| 0.474| 6.321 | 1.032
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1568.422 | 1568.387
HCTH4o07 1568.186 | 1568.321 | 1567.265 -4.701| -2.312| -3.256 | 20.359| 1.361|20.404 | 0.056
WB97XD 1567.887 | 1568.077 | 1566.756 -4.887| -2.905| -3.876 | 25.887| 2.264 | 25.986 | 0.971

Table 9. Electronic energies of the neutral, positive and negative molecular systems (in au), the
HOMO, LUMO, and SOMO orbital energies (in eV), JI, JA, JHL, and ASL descriptors (also in eV)
calculated with DFT/B3LYB, CAM-B3LYP, HSEH1PBE, HCTH407 and WB97XD for compound P5

Eo E+ E- HOMO | LUMO | SOMO Ji Ja JHL ASy,

B3LYP 1528.41(; 1528.845; 1528.689- -4.291| -3.059| -3.547 | 11.637| 8.532| 14.43 | 0.488
lf:?lllgi) 1528.209_ 1528.54(; 1528.4535 -3.256 | -2.009| -2.658 | 10.031| 7.16|12.324 | 0.649
HSEH1PBE 1528.025_ 1528.12(; 1528.08; -4.215| -3.546| -3.951 | 5.902| 0.797| 5.955 | 0.405
HCTH4o07 1527.886_ 1528.056_ -1527.911| -4.985| -3.987| -4.031| 5.665| 0.638| 5.701 | 0.044
WB97XD 1527.62; 1527.839: 1527'725_ -5.023 | -4.002| -4.552 | 7.852| 1.766| 8.049 | 0.550

Table 10. Electronic energies of the neutral, positive and negative molecular systems (in au), the
HOMO, LUMO, and SOMO orbital energies (in eV), JI, JA, JHL, and ASL descriptors (also in eV)
calculated with DFT/B3LYB, CAM-B3LYP, HSEH1PBE, HCTH407 and WB97XD for compound P6

Eo E+ E- HOMO | LUMO | SOMO Ji Ja JuL ASy,

B3LYP 1515.384; 1515.786_ 1515.54é -4.328| -3.243| -3.985 8.79] 7.695| 11.682 | 0.742
];?Ll\éi, 1515, 21‘; 1515.5 4‘; 1515, 355; -4.008| -2.008]| -3.879 | 7.844| 6.971|10.494 | 1.871
HSEH1PBE 1515.0122 -1515.315 1515.24; -3.987| -3.654| -3.801 | 10.163| 4.427] 11.086 | 0.147
HCTH407 1514.85; 1515.095' 1514.95:; -3.564| -3.874| -3.652 | 6.176| 2.601| 6.701 | 0.222
WB97XD 1514.68; 1514.90; 1514.766- -3.148 | -3.212| -3.012 | 5.297| 2.61| 5.906 | 0.201

The overall conclusion that can be extracted from the inspection of the results presented in
Tables 5 to 10 is that in agreement with our previous studies on P1 to P6, the values of JI, JA,
and JHL are actually not zero. Nevertheless, the results tend to be impressive especially for the
CAM-B3LYB density functional. As well, the ASL descriptor reaches the minimum values when
HSEH1PBE and HCTH107 density functional are used in the calculations. This implies that there
are sufficient justifications to assume that the LUMO of the all products.

10
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Fig. 4. Plot of JA and JA descriptor (Figure 4a), ASL (Figure 4b), JHL and SOMO (Figure 4c)
for compounds P1 to P6 by CAM-B3LYB

The values of JI, JA, and JHL are actually not zero. Nevertheless, the results tend to be
impressive especially for the CAM-B3LYB density functional. As well, the ASL descriptor reaches
the minimum values when HSEH1PBE and HCTH407 density functionals are used in the
calculations. This implies that there are sufficient justifications to assume that the SOMO of the
neutral approximates the electron affinity.

The analysis of the results given in (Tables 5 to 10) and (Figure 4) clearly shows in one hand
that the JA and JA descriptor follows the order as P, < Py < P, < P5 < P, < Ps (Figure 4a). On the
other hand, the ASL follows the stability is lowest for P3 and P2 products (Figure 4b).

4. Conclusion

In this paper, we have presented a new study performed on the chemical reactivity of P1 to P6
compounds on conceptual DFT as a tool to explain molecular interactions. The obtained results
show that:

- The electron-accepting ability (ELUMO) is seen to follow the order as
P6 < P3 < P5< P2 < P4 <P1;

- (P4, P1, P5) and (P3, P6, P2) proudcuts show higher and lower DMTOTAL, respectively;

- The JA and JA descriptor follows the order as P1 < P3 < P2 < P5 < P4 < P6. On the other
hand, the ASL follows the stability is lowest for P3 and P2 products.
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