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Abstract: L-Arginine Phosphate (LAP) is a possible material for applications involving nonlinear
optical properties. Slow evaporation was used to generate single LAP crystals with a very high degree
of transparency from an aqueous solution. The solubility of the pure and doped LAP crystals was
measured at different temperatures in the double-distilled water. Natural bond orbital (NBO) research
investigated the molecule's stability and charge delocalization. The HOMO-LUMO energies describe
the charge transfer between molecules. The electrostatic potential of molecules has been investigated.
The correlation found between crystalline perfection and SHG potency was mentioned.
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1. Introduction

Several researchers are currently interested in nonlinear optical (NLO) materials
because of their potential uses in future optoelectronic and photonic technologies [1-3]. Some
technological challenges currently exist, such as the creation of blue light from a near-infrared
(NIR) laser via Second Harmonic Generation (SHG) [4,5]. A nonlinear material, usually a
crystal, is required for this type of nonlinear optical process. Investigation of improved
nonlinear optical materials is required to overcome this serious challenge. The LAP crystal is
important in the field of second harmonic generating devices and laser tuned experiments [6,7].
When a centrosymmetric LAP molecule reacts with inorganic material, it forms
noncentrosymmetric (NLO) complexes, which contain organic and inorganic properties and
are referred to as semi-organic material [8].

The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) are critical factors in quantum chemistry. The computation is done by looking
at all conceivable interactions between full’ (donor) Lewis—type NBOs and 'empty"' (acceptor)
non-Lewis NBOs and using 2nd order perturbation theory to estimate their energetic relevance.
As a result, LAP is a promising choice for nonlinear optical applications, as it has a higher
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SHG efficiency than KDP. The LAP crystal was created using a variety of procedures that
necessitated the use of sophisticated tools.

2. Materials and Methods

Using the B3LYP/6 — 311+G(d,p) basis set and the finite field technique, the first
hyperpolarizability (0) of the molecular system and the corresponding characteristics (0,0) of
L-Arginine Phosphate (LAP) are computed. The energy of a system is a function of first
hyperpolarizability, third-rank tensor that can be expressed by a 3 3 3 matrix in the presence of
an applied electric field. The Kleinman symmetry [9,10] allows the 27 components of the 3D
matrix to be reduced to 10 components. When the energy in the external electric field is weak
and homogeneous, the components are defined as the coefficients in the Taylor series
expansion.

E = Eo— poFo — 1/200sFaFp — 1/6Bafy Fo FpFy +....... (1)

where, Eo is the energy of unperturbed molecules, F is the field at the origin, and,, and are the
dipole moment, polarizability, and initial hyperpolarizabilities components, respectively.
Using the x, y, and z components, calculate the total static dipole moment, mean polarizability
0, and mean initial hyperpolarizability 0 [11].

Because the output of GAUSSIAN 09W is reported in atomic units, the estimated
values are translated to e.s.u. units (1 a.u. = 8.3693x10%(e.s.u.). Table 1 shows the calculated
values of hyperpolarizability and polarizability of LAP.

3. Results and Discussion

Hyperpolarizabilities are used to characterize organic compounds with conjugated
electrons, and vibrational spectroscopy is used to investigate them [12]. However,
intramolecular charge transfer from the donor to accepter acceptor group via a single-double
bond conjugated channel can cause significant changes in molecular dipole moment and
polarizability. The border orbitals are so named because they can be used to determine how a
molecule interacts within a species. HOMO, which is assumed to be the outermost orbital
containing electrons, tends to act as an electron donor for these electrons. On the other hand,
the innermost orbital, LUMO, can be thought of as having free locations to accept electrons
[13,14].

With molecular orbital theory, a state transition of the * type is observed due to the
interaction between a structure’s HOMO and LUMO orbitals. As a result, while the HOMO's
energy is proportional to its ionization potential, the LUMO's energy is proportional to its
electron affinity. The energy gap is the difference in energy between the HOMO and LUMO
orbitals, and it is an important structural stability factor (Figure 1). The replacement groups
like N and oxygen have no effect on HOMO, which is located on the middle ring. The
substituted electronegative oxygen atom contributes to LUMO, which is quite concentrated on
the centering.

The energy gap between HOMO and LUMO is -0.1530 a.u., indicating that charge
transfer from the ring to the oxygen atom is possible (Tableland Table 2). Global chemical
reactivity descriptors of compounds such as hardness, chemical potential, softness,
electronegativity, electrophilicity index, and local reactivity have been characterized using
density functional descriptors. The notion of electronegativity was established by Linus
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Pauling, who defined it as the ability of an atom in a compound to attract electrons. The
following are the definitions for hardness (1), chemical potential (L), electrophilicity index (S),

electronegativity (), and softness (y).

n=~1-A)2 )
n=-(1+A)2 (3)
S=1/n 4)
o= P20 (5)

X = -M = -(6E/ON)v(r)(6)

Figure. 1. HOMO-LUMO plot of LAP.

Table 1. Nonlinear optical properties of LAP calculated at B3LYP/6 — 311+G(d,p) method and basis set.

NLO behavior B3LYP/6-311+G(d,p)
Dipole moment (p) 3.1727
Mean polarizability () 1.3793 x 10%0
Anisotropy of the polarizability (A«) 3.2723 x 10
First hyperpolarizability (B) 3.0450 x 10-%°
Vector - first hyperpolarizability (Bvec) 1.8270 x 100

Table 2. HOMO - LUMO energy gap and related molecular properties of LAP.

Molecular Properties B3LYP/6 — 311+G(d,p)
HUMO -0.3273
LUMO -0.173
Energy gap -0.1530
lonization Potential (1) 0.2565
Electron affinity (A) 0.0922
Global Hardness (1) 0.08215
Chemical potential () -0.17435
Global Electrophilicity (o) -0.2063
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4. Natural Bond Orbital Analysis

Natural bond orbital (NBO) approaches are a set of algorithms that use computations
to extract fundamental bonding principles from Density Functional Theory (DFT). Table 3
shows the atomic charges, core, valences, and total charge of LAP determined by NBO analysis
using the B3LYP/6-31+G(d,p) technique. The negative charges of the ring carbon atoms C3,Cs,
C., and Ce for LAP are the same.

However, due to the resonance of LAP, Ni7, N21, Ns, and N1 have higher negative
charges. For LAP, the costs for H7, Hs, and Ho are the same. Table 4 lists the natural atomic
orbitals, their occupancies, and LAP's corresponding energy. Natural atomic orbitals reflect the
chemical give and take of electronic interactions in a given molecular environment, with
differences in shape (e.g., angular deformations due to steric pressures of adjacent atoms) and
size (e.g., altered diffuseness due to increased 250 anionic or cationic characters) that
distinguish them appreciably from free atom forms. The orbital energies of NAOs | (A) are
determined using the Kohn-Sham operator (F) as follows:

(A) — /oA (A
el = (0" |Flo{"") -

The NAOs deal with interatomic and intraatomic contributions to molecular
characteristics. Table 5 depicts bonding concepts such as orbital bond type, occupancies,
natural atomic hybrids from which the NBO is composed, giving the percentage of the NBO
on each hybrid, the atom label, and a hybrid label showing the hybrid orbital (spx) composition
(the amount of s—character, p—character, etc.) of the LAP molecule determined by B3LYP/6—
31+G(d,p) method with respectable accuracy. In this hypothetical Lewis structure, the
hybridization of the atoms and the weight of each atom in each localized electron-pair bond are
calculated and reported in Table 5. The structure of LAP is well explained by typical Lewis
electron-pair orbitals. Hence no antibonding orbitals are included [15].

4.1. Donor acceptor interactions: perturbation theory energy analysis.

The localized orbitals in LAP's Lewis structure can have many interactions. A donor
can be a filled bonding or lone pair orbital, and an acceptor can be an empty or filled bonding,
antibonding, or lone pair orbital. These exchanges have the potential to enhance or weaken
bonds. A lone pair donor-antibonding acceptors orbital interaction, for example, could decrease
the connection associated with the antibonding orbital 251. An interaction with a bonding pair
as the acceptor, on the other hand, may enhance the bond. Donor—acceptor interactions are
another manifestation of strong electron delocalization in the Lewis structure. Table 5 lists the
stabilizing energy of various interactions for LAP, respectively.

Atomic charge, Lewis structure, bond type, hybridization, bond order, charge transfer,
and resonance weights are all demonstrated using the NBO technique. Within the molecule,
natural bond orbital (NBO) analysis is a useful technique for evaluating electron density
delocalization from occupied Lewis-type (donor) NBOs to appropriately unoccupied non—
Lewis type (acceptor) NBOs. The energy differential between interacting orbitals is
proportional to the stability of orbital interaction. As a result, the interaction with the highest
level of stability occurs between effective donors and effective acceptors. The NBO technique,
which is stated in terms of second-order perturbation interaction energy E® [16-18], can be
used to quantify this bonding—antibonding interaction quantitatively. The estimate of the off-
diagonal NBO Fock matrix element is represented by this energy (Figure 6). The second-order
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perturbation technique [19-21] is used to quantify the stabilization energy E®® associated with
| (donor) j (acceptor) delocalization.

. o\2
EC = AE, =q, F(i.J)
A ®)

The donor orbital occupancy is gi, the diagonal elements (orbital energies) are | and j,
and the off-diagonal Fock matrix element is F(i, j). In the bond pair donor orbital, the CC*NC
interaction between the C>—Cz bond pair and the antiperiplanar C1—Cs antibonding orbital
stabilizes LAP at 6.86 kJ mol, while the CC*CH interaction between the C1—C; bond pair and
the antiperiplanar Hio—C16 antibonding orbital stabilizes LAP at 14.04 k] mol~t. The bond pair
donor orbital, CH*NC interaction between the C,—Hsg bond pair and the antiperiplanar C1—Cs
antibonding orbital, stabilizes LAP at 2.21 kJ mol-1, while the bond pair donor orbital, CC*NN
interaction between the C2—C3 bond pair and the antiperiplanar N17—N31 antibonding orbital
stabilizes LAP at 2.41 kJ mol™.

Table 3. Calculated atomic charges of LAP by natural bond orbital (NBO) analysis by B3LYP methods and

basis set.

Atom No Charge Core Valence Total
C1 0.57915 1.99937 5.56249 7.57915
Cz 0.08908 1.99912 4.06298 6.08908
Cs 0.04278 1.99910 4.02585 6.04278
Cq 0.35421 1.99894 4.32938 6.35421
Cs 0.04278 1.99910 4.02585 6.04278
Cs 0.08908 1.99912 4.06298 6.08908
Cr 0.43370 0.00000 5.06333 0.56630
Cs 0.22971 0.00000 0.76896 0.77029
Co 0.69612 1.99949 4.68856 6.69612
Hio 0.24329 0.00000 0.75479 0.75671
Hu 0.24028 0.00000 0.75813 0.75972
Hiz 0.24861 0.00000 0.75025 0.75139
His 0.23186 0.00000 0.76657 0.76814
Cus 0.69612 1.99949 4.68856 6.69612
His 0.24329 0.00000 0.75479 0.75671
His 0.24861 0.00000 0.75025 0.75139
N17 0.24028 0.00000 0.75813 0.75972
His 0.22971 0.00000 0.76896 0.77029
Cuo 1.99918 3.85572 5.87797 0.12203
Cx 1.99908 4.24143 6.25510 0.25510
N21 1.99917 4.32244 6.34987 0.34987
C2 1.99907 4.25893 6.27356 0.27356
Czs 1.99918 3.81252 5.83489 0.16511
Cos 1.99970 5.68029 7.70435 0.70435
Cazs 0.00000 0.60930 0.61390 0.38610
Oz 0.00000 0.59999 0.60222 0.39778
Haz 1.99947 4.68963 6.69796 0.69796
Na2sg 0.00000 0.74071 0.74184 0.25816
Hag 0.00000 0.75060 0.75244 0.24756
Os0 0.00000 0.78330 0.78514 0.21486
N31 0.00000 0.75707 0.75856 0.14424
Hs2 0.00000 0.76448 0.76614 0. 38623
Os3 0.00000 0.75516 0.75663 0.27433
Ca 1.99948 4.70428 6.71144 0.74114
Css 0.00000 0.74098 0.75099 0.21490
Css 0.00000 0.75376 0.73934 0.26606
NEY; 0.22840 0.00054 0.73581 0.72597
Oss 0.21297 0.00076 0.76689 0.77902
O3 1.98991 3.85572 5.87779 0.13220
O 1.98990 4.24143 6.20551 0.20551

https://biointerfaceresearch.com/ 8357


https://doi.org/10.33263/BRIAC126.83538366
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC126.83538366

Table 4. The atomic orbital occupancies of LAP.

Atom No. Atomic orbital Type Occupancy Energy
1s Core 0.99969 14.19257
2s 0.61019 0.52846
Ci 2px Valence 0.93370 0.28160
2py 0.70719 0.25367
2pz 0.65583 0.24434
1s Core 0.99956 10.06820
2s 0.45872 0.16227
Cz 2px Valence 0.66749 0.13422
2py 0.52767 0.03912
2pz 0.49784 0.02260
1s Core 0.99955 10.04104
2s 0.44940 0.14922
Cs 2px Valence 0.46622 0.07889
2py 0.53180 0.03465
2pz 0.52968 0.03196
1s Core 0.99948 9.99978
2s 0.47403 0.13927
Ca 2px Valence 0.76074 0.12199
2py 0.60256 0.03736
2pz 0.52857 0.02050
1s Core 0.99955 10.04104
2s 0.44940 0.14922
Cs 2px Valence 0.46622 0.07889
2py 0.53180 0.03465
2pz 0.52968 0.03196
1s Core 0.99956 10.06820
2s 0.45872 0.16227
Cs 2px 0.66749 0.13422
2py Valence 0.52767 0.03912
2pz 0.49784 0.02260
Cr 1s 0.27777 0.11773
Cs 1s 0.38069 0.08826
1s Core 0.99974 10.03765
2s 0.54920 0.24879
Co 2px 0.62806 0.07543
2py 0.60980 0.07456
2pz Valence 0.55944 0.06806
Hio 1s 0.37769 0.10148
Hu 1s 0.37838 0.09800
Hi2 1s 0.37403 0.10171
His 1s 0.37728 0.11764
1s Core 0.99974 10.03765
Cus 2s 0.54920 0.24879
2px Valence 0.62806 0.07543
2py 0.60980 0.07456
1s Core 0.99953 -14.21383
2s 0.56716 -0.49330
N17 2px Valence 0.67535 -0.27035
2py 0.57533 -0.23914
2pz .92118 -0.28706
1s Core 0.99959 -10.07773
2s 0.42980 -0.15686
N21 2px Valence 0.44890 -0.01282
2py 0.51352 -0.03957
2pz 0.66295 -0.13219
1s Core 0.99954 -10.02546
2s 0.47522 -0.15235
Na2s 2px Valence 0.58443 -0.03429
2py 0.53812 -0.02757
2pz 0.47394 -0.08382
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Atom No. Atomic orbital Type Occupancy Energy
1s Core 0.99959 -10.00565

2s 0.48238 -0.15531

Nas 2px Valence 0.52473 -0.01345
2py 0.60187 -0.02854

2pz 0.76549 -0.11905
1s Core 0.99954 -10.02154

2s 0.47599 -0.15082

Oz 2px Valence 0.59004 -0.03438
2py 0.53285 -0.02489

2pz 0.50166 -0.08534
1s Core 0.99959 -10.07826

2s 0.43073 -0.15225

Na1 2px Valence 0.44169 -0.00290
2py 0.51983 -0.03708

2pz 0.61461 -0.12140
1s Core 0.99985 -14.22801

2s 0.70247 -0.57543

Ns7 2px 0.85160 -0.25208
2py 0.54018 -0.17893

2pz Valence 0.74219 -0.22576

Haz 1s 0.31341 0.11748

Ha7 1s 0.30096 0.13522
1s Core 0.99973 -10.05781

2s 0.54819 -0.26511

O30 2px 0.56106 -0.09156
2py Valence 0.60209 -0.09170

2pz 0.62649 -0.09324

Hag 1s 0.37168 0.09545
Os3 1s Core 0.99599 -10.07682
2s 0.43307 -0.15522

2px Valence 0.44916 -0.00029

2py 0.53198 -0.00837

2pz 0.61146 -0.14021
Oss 1s Core 0.95998 -14.21280
2s 0.77024 -0.53754

2px Valence 0.80516 -0.28520

2py 0.58401 -0.13789

2pz 0.79421 -0.26257

Table 5. Bond orbital analysis of LAP by B3LYP/6-31+G(d,p) method and basis set.

Contribution
Bond orbital | Occupancy Atom from parent Coefficients Atom Hybrid Contributions (%)
NBO (%)
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Contribution
Bond orbital | Occupancy Atom from parent Coefficients Atom Hybrid Contributions (%)
NBO (%)
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Table 6. Second-order perturbation analysis of Fock matrix in NBO basis for LAP.

Donor(i)— Acceptor(j) E(2)? E()-E(i)P F(i,j)°
6C2-Hi0— ¢"C1-Cs 2.21 1.06 0.061
6 C4—H13— 6"Co-C3 2.00 1.07 0.059
6 C4~Hi13— 6"C5-Cs 2.00 1.07 0.059
6 Ce—H1s— 6'N1—-C> 2.21 1.06 0.061
n C1—Ce— * C2-C3 12.18 0.36 0.086

1 C2-C3— n*Cy 27.34 0.18 0.100

1 Co—C3— 1* Nog—Cp 6.86 0.23 0.052
NCs— n*Cs4 270.93 0.14 0.141
NCss— n*N31—Csp 74.83 0.09 0.121
NCas— o *Cr—Hi7 2.23 0.58 0.062
n*Cas— n*C2-C3 34.65 0.10 0.100
n1*N31—Ce— n*C2—Cs 26.77 0.05 0.072
6N37—Co— 6"N21-Cs 2.24 1.36 0.070
6N2s—Cs— 6 N37—C2 2.29 1.37 0.071
6Co—C3— 6"Na1—Ng7 241 0.98 0.061
6Ca—H10— 6"N2s—Cs 2.03 1.12 0.060
6Cs—H1s— 6"N31—Cs 2.53 1.04 0.065
6C17-H20— 6"Na1—Hg 251 1.04 0.065
nC1—-Co— n* C5—Cep 14.04 0.37 0.092
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Donor(i)— Acceptor(j) E(2)? E(j)-E(i)® F(i,j)°
mC15—Ce— N*Cas 26.71 0.19 0.101
1C5—Ce— * N21—Co 5.47 0.24 0.048
N1033— N*Nas7 207.43 0.05 0.140

N2 Oz3— 1*N1—C» 71.75 0.10 0.124
NiNz1— 7*N1-C» 2.06 0.35 0.038
N2Nz3— 6 *N1—Ce 1.98 0.86 0.052
N*0O3s— 1*Cs—Cs 33.23 0.09 0.094
1*C1—Co— n*Cs—Cs 35.03 0.04 0.073

3 E@) - hyper conjugative interactions
® Energy difference between donor and acceptor i and j NBO orbitals.
¢ F(ij) - Fock matrix element between i and j NBO orbitals.
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Figure 10. PES scan surface of LAP.
4.2. PES scan studies.

The potential energy surface (PES) scan for LAP was performed using the B3LYP/6-
311+G(d,p) level of theoretical approximations, as shown in Figure 2. For conformational
flexibility within the molecule, the dihedral angles Cs—C¢—0O3s—C19 and C1—Cy—N21—Ozg for
LAP are also important coordinates. During the computation, all geometrical parameters are
relaxed at the same time, while the torsional angles of Cs—Cs—03s—C19 and C1—C>—N21—Osg IS
varied in increments of 10°, 20°, 30°, 360°. For both molecules, the highest energy is acquired
at 180°.

Figure3.NMR shielding surface of LAP.
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5. NMR Spectral Analysis

NMR Spectroscopy is a potent tool for deciphering the topology, dynamics, and three-
dimensional structure of molecules in solid-state and solution. Due to their chemical shift on
the resonant frequencies of the nuclei present in the molecule, this approach is utilized to gain
physical, chemical, electrical, and structural information about molecules. For calculating
chemical shifts for various types of molecules, the GIAO/DFT (Gauge including atomic
orbital/density functional theory) technique is extensively employed [22—-24]. The chemical
shift of a 1*C NMR atom in a specific place in a molecular system is an essential technique for
determining that atom's presence or absence. Shielding of atoms (Figure 3) such as carbon in a
molecule is highly influenced by nearby bound atoms, and similar bonded atoms have varying
shielding values in different contexts. The chemical shift values for carbon atoms were
investigated using the approved approach.

In the gas phase, the NMR calculations are performed at the B3LYP/6 — 31+G(d,p)
levels of theory. Table 7 demonstrates that the typical organic molecule's range *CNMR
chemical shift usually ensures reliable interpretation of spectroscopic parameters. So the O
atoms have an electronegative property (they attract the other atom towards them), but the
chemical shift of C2, C4, Cs appears to be (C2 = 82.907; C4 = 92.800; Ce = 82.9 ppm) by for
LAP, but the chemical shift of N17 is higher, i.e., 153.765 and 135.62 ppm by using B3LYP/6-
31G+(d,p) methods for LAP. The H atom is the tiniest of all atoms, and it is found
predominantly on the edges of molecules. As a result, their chemical changes in aqueous
solution would be more vulnerable to intermolecular interactions than those of other heavier
atoms.

Table 7. Experimental and theoretical chemical shifts (:3C, *H) [8 (ppm)] of LAP by B3LYP/6 — 31+G(d,p)
methods and basis set.

Atom position B3LYP A

6-31+G(d,p) Expt

Ci 153.765

Cz 82.907 111.02 28.113

Cs 54.917 127.15 72.233

Cs 92.800 128.48 35.68

Cs 54.9 127.15 72.25

Cs 82.9 129.31 46.41

C7 29.7

Cs 27.1

Co 176.50

Hio 31.6

Hu 31.0 2.39

Hi2 314 2.39

His 28.5 2.39

His 176.51

His 31.6 7.72

Hie 314

N17 31.0

His 27.1

2 Ref [6].
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6. Molecular Electronic Potential Maps

The electrostatic potential is a three-dimensional indicator of molecular charge
distribution. In fact, this image allows individuals to diagnose and analyze the charge
distribution of atoms in different sections of the molecule. On the other hand, this map could
be used to anticipate molecular behavior and performance in chemical reactions [24-26]. To
generate and show this map, the corresponding structure was first optimized using density
functional theory, and then the electrostatic potential map was calculated and recorded using
the Molekel program. This map depicts the charge distribution mode for several sections of the
molecule.

Figures 4-6 indicate the theoretical levels of B3LYP for electrophilic and nucleophilic
processes. The lowest amount of electrostatic potential in this map is found in hydrogen atoms,
while the highest level is found in oxygen atoms. Furthermore, the O atom has a green color
and is in the middle of the electrostatic potential range. Furthermore, nitrogen atoms associated
with the N group appear yellow in the electrostatic potential map and have a lower negative
level than the S atom.

Figure 5. Different orientations of total electron density of LAP.
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Figure 6. Different counter-mapping surfaces of LAP.

7. Conclusions

It is true based on the literature value mentioned above. Except for the carbon atoms,

the title molecule LAP matches the above literature data in the current study. The presence of
an electronegative atom pulls all carbon atom electron clouds to the O atom, resulting in carbon
atom deshielding and a rise in chemical shift values. Based on the local block eigenvectors of
the one-particle density matrix, NBO analysis was developed as a technique for examining
hybridization and covalency effects in polyatomic wave functions. Localized bonds and lone
pairs as basic components of molecular structure would be closely resembled by NBOs. These
interactions are referred to as 'delocalization’ corrections to the natural Lewis structure because
they cause occupancy loss from the localized NBOs of the idealized Lewis structure into the
empty non-Lewis orbitals (and therefore departures from the idealized Lewis structure
description.
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