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Abstract: Maleates are present in large amounts in foods and medicines. These are important pharmacophores in
modern medicines because they can improve the physical and chemical properties of drugs, including their water
solubility. Enhancing the physicochemical properties of new maleate-based compounds and enriching the literature
largely depend on the synthesis method of multicomponent solid forms. In this research, we analyzed the synthesis,
theoretical vibrational spectra, and geometric parameters of the diisopropylammonium hydrogen maleate molecule
(iPr,NH,-OC-C,H,-CO,H) using both experimental and theoretical methods. Parallel zigzag chains are formed through
O-H---O and N-H---O hydrogen bonds between cations and the interconnected acidic anions HO,C-C,H,-CO,, as
demonstrated by the crystallographic analysis of this compound. An experimental study was conducted to investigate
the characteristics of a new crystal, assessing the applicability of various Density Functional Theory (DFT) methods and
adjustments to describe its structural and spectroscopic properties. Using the DFT/M06-2X and DFT/B3LYP methods
with the basis sets 6-31+G(d,p), 6-311G(d,p), 6-311++G(d,p), and 6-311++G(d), theoretical vibrational frequencies
and geometric parameters (bond lengths and bond angles) were calculated for the first time. The calculated frequency
values were corrected using an appropriate scaling factor to obtain Infrared (IR) spectra consistent with IR data from
the literature. A good agreement was observed when the optimized geometric parameters were compared with the
corresponding experimental data. The dipole moment, as well as the energies of the Highest Occupied Molecular Orbital
(HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO), were also determined.

Keywords: diisopropylammonium hydrogen maleate, crystallographic structure, density functional theory, physicochemical
properties

1. Introduction

Maleate-derived compounds are synthetic products widely used in various fields such as energy,"” food
packaging,™ the medical sector,”” catalytic materials,”"" and more. Various maleic derivatives, whether acidic or neutral,
have been synthesized by several research teams.”"* Recently, Mulayle et al.”’ synthesized dibutyl maleate, a fragrance
ester used as an intermediate in the production of paints, adhesives, and copolymers. Maleate esters are synthesized and
widely used as additives and intermediates in the production of thermoplastic and thermosetting plastics.'® For catalytic
reactions, the synthesis of Dimethyl Maleate (DMM) in the presence of p-toluenesulfonic acid and ion exchange resin
has already been reported.'” Moreover, the use of maleate-based salts and crystals is common in the field of Active
Pharmaceutical Ingredients (APIs) and represents an increasingly explored approach to modulate the physicochemical
and pharmacological properties of these compounds.'**’ The use of hydrogen bonding for the formation of salt or
cocrystal compounds derived from maleate to improve API properties, such as solubility, is often successful.”’ A recent
example includes the enhancement of the solubility of the antiretroviral drug lamivudine saccharinate, in which the
saccharinate anion is replaced by the maleate anion.”” The use of maleic acid has led to improved solid-state stability,
solubility, and low bioavailability of the drug Hypoxanthine (HYP), through the formation of a salt resulting from
Hypoxanthine-Maleic Acid Salt (HYP-MAL).” In addition, the study of Timolol Maleate (TM) aims to examine the
impact of its behavior on Bovine plasma Fibrinogen (BF) using spectroscopic techniques and computer data.” For
prochlorperazine maleate, an identification method has been developed to make it ideally suited to quality control
analysis of pharmaceutical formulations.” Thus, to validate these synthesized compounds, determining parameters such
as vibrational, electronic, and structural properties with acceptable accuracy is of paramount importance and necessary.
To this end, experimental studies on maleate derivatives are supported by quantum chemical calculations. Furthermore,
previous studies have examined the geometries of some maleate derivatives using various experimental and theoretical
methods. These studies show that the cis configuration of maleate contributes to the formation of these derivatives.”*
In addition, the combination of experimental and theoretical studies has provided insights into the effects of geometry,
electronic structure, and molecular orbitals of maleate-derived compounds.’™ To date, no Density Functional Theory
(DFT) calculations using the M06-2X and B3LYP methods have been performed on diisopropylammonium hydrogen
maleate, as revealed by a review of the literature and to the best of our knowledge. Moreover, the combination of
crystallographic studies and theoretical calculations on this compound remains unexplored. A detailed study aimed
at determining the geometric parameters (bond lengths and angles) and performing a vibrational analysis based on
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theoretically calculated spectra, therefore seemed relevant in this context. The geometric parameters (both experimental
and theoretical), the optimized structure of the salt, and the vibrational frequencies obtained through calculations
are presented in this study. The performance of DFT methods was evaluated using the 6-31+G(d,p), 6-311G(d,p),
6-311++G(d,p), and 6-311++G(d) basis sets. A reliable prediction of molecular structure and vibrational spectra is
offered by these methods, while maintaining relative accuracy with a moderate computational effort. Ultimately, the
dipole moment and HOMO, LUMO of the compound were calculated and examined.

2. Experimental details
2.1 Reagents

Maleic acid (HO,CH=CHCO,H, 99% m/m), diisopropylamine (iPr,NH, 99% m/m), and spectroscopic-grade
methanol were used without purification after being acquired from Sigma Aldrich. Every aqueous solution was made
with Milli-Q ultrapure water (MQ 18.2 MQ-cm). Spectroscopic-grade methanol was acquired from Sigma Aldrich and
utilized without further purification.

2.2 Crystallographic study of diisopropylammonium hydrogen maleate

The crystal, (iPr,NH,-OC-C,H,-CO,H), was obtained by partial neutralization of maleic acid (HO,C-C,H,-
CO,H, 8 mmol) with diisopropylamine (iPr,NH,, 5 mmol) in 50 mL of methanol (Figure 1). After a month of gradual
evaporation at room temperature, crystals suitable for X-ray diffraction examination were produced. A crystal with
dimensions 0.60 x 0.32 x 0.16 mm was used for data collection. The structure was solved and refined using the
programs SAINT V8.37A (Bruker AXS Inc., 2015), XT (VERSION 2014/5), and SHELXL2014/7 (Sheldrick, 2014).***

. H.C
/OH H;C\ C/O \\\\\ 3

C CH——CH
o \o CH—CH, o \O\ H\®/ 3
H ’ HN/ — > H M B

cH o
CH\C o \CH—CH3 \c/\ i
o H c/ X H,C
3

Figure 1. Synthesis reaction of iPr,NH,-OC-C,H,-CO,H

The Refinement parameters as R[F~ > 2¢(F)] = 0.043, wR(F”) = 0.117, H-atom treatment: H atoms treated by a
mixture of independent and constrained refinement, Ap,,., Ap,,, (¢:A%)=0.13,-0.15, V' (A*) = 1,267.1, Z=4, = 0.99 mm,
and T, T = 0.64, 0.99.

The bond lengths between two atoms A and B are calculated from the atomic coordinates and the cell parameters,
or by the crystallographic distance formula.

The cell parameters (a, b, ¢) and x, y, z, the coordinates of the atoms, were used to determine the distance (d)

between two bonded atoms.

dg :\/(xB _xA)2 xa’ +(rg _)/A)2 xb? +(zg _ZA)2 xc?

3. Computational details

The DFT-B3LYP method, when used with the 6-311G(d,p), 6-311++G(d,p), and 6-311++G(d) basis sets, may
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provide bond lengths and bond angles, total energies, and infrared vibrational frequencies with excellent accuracy,
according to multiple studies.”’’ The M06-2X and B3LYP levels of Kohn-Sham density functional theory were used
to carry out all calculations performed in this work. DFT methods offer notable advantages due to their accuracy
and relatively low computational cost. These features make them particularly well-suited for the study of Lewis
bases.””” Among them, the B3LYP functional remains one of the most widely used and effective. We used the M06-
2X functional because it offers high accuracy for main-group chemistry, including non-covalent interactions, and it
is parametrized to account for London dispersion interactions at short and medium range.” We used the basis sets
MO06-2X/6-31+G(d,p), B3LYP/6-311G(d,p), B3LYP/6-311++G(d,p), and B3LYP/6-311++G(d) to perform geometry
optimization as well as vibrational frequency calculations. All these calculated vibrational frequencies were scaled by
factors for the 6-31+G(d,p), 6-311G(d,p), 6-311++G(d,p), and 6-311++G(d) basis sets.’ The DFT calculations for the
diisopropylammonium hydrogen maleate compound were performed using the GAUSSIAN16 software.”

4. Results and discussion
4.1 Crystallographic structure of diisopropylammonium hydrogen maleate

5B

Figure 2. Asymmetric unit of diisopropylammonium hydrogenomtaleate

Figure 3. N-H---O bond interaction on the b axis
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The point of contact with HO,C-C,H,-CO,- is represented by the hydrogen bonds O-H---O and N-H---O, which
form a series of molecules oriented following [010] (Figure 2), with cations and anions coming after each other. Along
the Y-axis, the maleate anions interact with each other via C-H:--O hydrogen bonds (Figure 3). The C-C and C-N bonds
of the cation are similar to those of the iPr,NH," that have been previously described.”* The presence of C-C and C-O
bonds in the HO,C-C,H,-CO,- is almost identical to those observed in previous work developed by Wecharine et al.***’
These interactions, observed in the ab plane, give rise to a 2D layered supramolecular architecture in which interactions
between maleates are ensured on the one hand by C-H:--O hydrogen bonds, and on the other hand, interactions between

maleate and cation are mediated by N-H---O hydrogen bonds (Figure 4).

Figure 4. Supramolecular architecture following the ab pattern

4.2 Geometric structure

With lattice parameters ¢ = 11.7591 (15), b = 11.188 (2), and a = 9.6312 (16), the compound crystallizes as
translucent plate-shaped crystals in the orthorhombic space group Pccn. This was revealed by X-ray diffraction analysis
of the diisopropylammonium hydrogen maleate crystal. Furthermore, the crystal structure of diisopropylammonium
hydrogen maleate consists of an asymmetric unit composed of a diisopropylammonium cation and a hydrogen
maleate anion.”’ These salt crystals, containing the diisopropylammonium cation, iPrNH,’, have been widely studied,
including by Seye et al.”** An intermolecular hydrogen bond (N-H---O) and an intramolecular hydrogen bond
(O-H:--0) are exhibited by the crystal. The experimental and theoretical structural parameters of the molecule,
obtained by X-ray diffraction and DFT calculations using different basis sets, are listed in Table 1, corresponding to
the atom numbering in the optimized structure shown in Figure 5. The molecular structure of the compound is not
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planar, as shown by this figure. The zero-point vibrational energies of the compound are -747.617269, -748.118654,
-748.139353, and -748.104615 Hartree, respectively, for M06-2X/6-31+G(d,p), B3LYP/6-311G(d,p), B3LYP/6-
311++G(d,p), and B3LYP/6-311++G(d). The experimental parameters can be compared to the theoretically optimized
structural parameters, calculated with the M06-2X and B3LYP functionals. Theoretical calculations are performed
on molecules in solution, whereas the experimental data concern molecules in the solid state, which explains why
most of the optimized bond lengths appear slightly longer than the experimental values.” The experimental length of
the intermolecular hydrogen bond (025---H33) is 1.894 A.* In comparison, the calculated bond lengths are 1.657,
1.681, 1.661, and 1.700 A for the basis sets 6-31+G(d,p), 6-311G(d,p), 6-311++G(d,p), and 6-311++G(d), respectively.
For the intramolecular hydrogen bond (024---H34), the experimental value is 1.207 A,”' while the calculated lengths
obtained with the same basis sets are 1.382, 1.463, 1.436, and 1.495 A, respectively. The experimental values are the
closest to the hydrogen bond lengths, both intermolecular and intramolecular, obtained with the 6-31+G(d,p) basis
set; it is worth noting. It is observed that the bond angles and bond lengths calculated with the 6-31+G(d,p) basis set
are generally the best correlated with the experimental data (Table 2). The calculated geometric parameters represent
a good approximation and serve as a foundation for calculating other parameters, such as vibrational frequencies and
thermodynamic properties, despite these differences.”” Nevertheless, an excellent agreement with the experimental
results is observed for the bond lengths and angles obtained with M06-2X/6-31+G(d,p). The correlation coefficients
(R*) of the bond lengths and angles for the four basis sets are presented in Table 3. These values indicate that the
geometric parameters calculated with the 6-31+G(d,p) basis set are significantly closer to the experimental data. With
the 6-311++G(d) basis set, the largest discrepancies between the experimental and calculated geometric parameters are
observed. The maximum difference is found for the intramolecular bond length, with a value of 0.288 A, and for bond
angles, with a difference of 3.835°. These results confirm a good correlation between the experimental data and the
calculated values.

Figure 5. The molecular structure of the title molecule has been optimized
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Table 1. Bond lengths (A) and bond angles (degree) for diisopropylammonium hydrogen maleate

Theoretical

Bonds lengths Experimental
MO06-2X/6-  Ecart type B3LYP/6- Ecart type B3LYP/6- Ecart type ~ B3LYP/6- Ecart type

31+G(d,p) (IAL]) 311G(d,p) (AL 311G++(d,p) (AL} 311G++(d) (AL))

CI-N3 1.506 1.501 0.005 1.515 0.009 1.518 0.012 1.519 0.013

CI1-C13 1.511 1.522 0.011 1.526 0.015 1.526 0.015 1.525 0.014
Cl1-C17 1.513 1.524 0.011 1.528 0.015 1.528 0.015 1.527 0.014
C1-H22 1 1.093 0.093 1.09 0.09 1.09 0.09 1.09 0.09
C2-N3 1.506 1.501 0.005 1.514 0.008 1.518 0.012 1.519 0.013

C2-C5 1.513 1.524 0.011 1.529 0.016 1.528 0.015 1.527 0.014

C2-C9 1.511 1.521 0.01 1.526 0.015 1.525 0.014 1.524 0.013

C2-H21 1 1.093 0.093 1.09 0.09 1.09 0.09 1.09 0.09
N3-H4 0.932 1.027 0.095 1.026 0.094 1.023 0.091 1.022 0.09

N3-H33 0.932 1.062 0.13 1.063 0.131 1.065 0.133 1.057 0.125
C5-H6 0.98 1.092 0.112 1.091 0.111 1.091 0.111 1.091 0.111

C5-H7 0.98 1.095 0.115 1.093 0.113 1.094 0.114 1.094 0.114

C5-HS8 0.98 1.093 0.113 1.091 0.111 1.091 0.111 1.091 0.111

C9-H10 0.98 1.092 0.112 1.091 0.111 1.092 0.112 1.092 0.112
C9-HI11 0.98 1.092 0.112 1.091 0.111 1.091 0.111 1.091 0.111
C9-H12 0.98 1.095 0.115 1.094 0.114 1.094 0.114 1.094 0.114
C13-H14 0.98 1.093 0.113 1.091 0.111 1.091 0.111 1.091 0.111
CI13-H15 0.98 1.095 0.115 1.093 0.113 1.093 0.113 1.093 0.113
C13-Hl16 0.98 1.092 0.112 1.091 0.111 1.091 0.111 1.091 0.111
C17-H18 0.98 1.095 0.115 1.092 0.112 1.092 0.112 1.092 0.112
C17-H19 0.98 1.093 0.113 1.092 0.112 1.093 0.113 1.093 0.113
C17-H20 0.98 1.092 0.112 1.091 0.111 1.091 0.111 1.091 0.111
C23-024 1.282 1.273 0.009 1.271 0.011 1.269 0.013 1.267 0.015
C23-025 1.232 1.253 0.021 1.257 0.025 1.258 0.026 1.258 0.026
C23-C26 1.484 1.505 0.021 1.505 0.021 1.506 0.022 1.508 0.024
024-H34 1.207 1.382 0.175 1.463 0.256 1.436 0.229 1.495 0.288
025-H33 1.894 1.657 0.237 1.681 0.213 1.661 0.233 1.61 0.284
C26-H27 0.95 1.086 0.136 1.085 0.135 1.085 0.135 1.086 0.136
C26-C28 1.335 1.34 0.005 1.342 0.007 1.343 0.008 1.343 0.008
C28-H29 0.95 1.086 0.136 1.085 0.135 1.085 0.135 1.086 0.136
C28-C30 1.484 1.504 0.02 1.5 0.016 1.498 0.014 1.497 0.013
C30-031 1.282 1.31 0.028 1.32 0.038 1.319 0.037 1.323 0.041
C30-032 1.232 1.223 0.009 1.22 0.012 1.224 0.008 1.222 0.01
0O31-H34 1.207 1.057 0.15 1.03 0.177 1.041 0.166 1.026 0.181
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Table 2. Bond angles (degree) for diisopropylammonium hydrogen maleate

Theoretical

Bonds angles  Experimental
MO06-2X/6-  Ecarttype B3LYP/6-  Ecart type B3LYP/6- Ecarttype = B3LYP/6-  Ecart type
31+G(d,p) (1a4]) 311G(d.p) (1a4]) 31GH(d,p)  (1A4]) 311G+H(d) (1a4])

N3-C1-C13 110.56 109.84 0.72 110.64 0.08 110.54 0.02 110.54 0.02
N3-C1-C17 107.58 107.45 0.13 108.23 0.65 108.09 0.51 108.13 0.55
N3-C1-H22 108.9 106.79 2.11 106.41 2.49 106.28 2.62 106.14 2.76
C13-C1-C17 111.98 112.37 0.39 112.37 0.39 112.67 0.69 112.68 0.7
C13-C1-H22 108.9 110.53 1.63 109.94 1.04 110.02 1.12 110.1 1.2
C17-C1-H22 108.9 109.65 0.75 109.05 0.15 109.01 0.11 109.01 0.11
N3-C2-C5 107.58 107.29 0.29 108.29 0.71 107.89 0.31 107.91 0.33
N3-C2-C9 110.56 111.06 0.5 111.25 0.69 111.59 1.03 111.59 1.03
N3-C2-H21 108.9 105.84 3.06 105.71 3.19 105.42 3.48 105.32 3.58
C5-C2-C9 111.98 112.61 0.63 112.52 0.54 112.48 0.5 112.52 0.54
C5-C2-H21 108.9 109.41 0.51 108.88 0.02 109.12 0.22 109.1 0.2
C9-C2-H21 108.9 110.36 1.46 109.92 1.02 110.05 1.15 110.11 1.21
CI-N3-C2 118.56 118.52 0.04 118.51 0.05 118.45 0.11 118.44 0.12
C1-N3-H4 108.7 108.89 0.19 108.66 0.04 107.8 0.9 107.88 0.82
CI1-N3-H33 108.7 108.33 0.37 109.06 0.36 108.24 0.46 108.31 0.39
C2-N3-H4 105.7 108.86 3.16 108.68 2.98 107.91 221 108.07 2.37
C2-N3-H33 108.7 108.47 0.23 109.58 0.88 108.29 0.41 108.23 0.47
H4-N3-H33 - 102.6 - 100.9 - 105.41 - 105.14 -
C2-C5-H6 109.5 109.45 0.05 109.13 0.37 109.23 0.27 109.34 0.16
C2-C5-H7 109.5 110.64 1.14 111.26 1.76 111.16 1.66 111.4 1.9
C2-C5-H8 109.5 111.18 1.68 111.26 1.76 111.43 1.93 111.61 2.11
H6-C5-H7 109.5 108.26 1.24 108.13 1.37 107.93 1.57 107.75 1.75
He6-C5-H8 109.5 108.51 0.99 108.4 1.1 108.21 1.29 107.98 1.52
H7-C5-H8 109.5 108.73 0.77 108.56 0.94 108.77 0.73 108.63 0.87
C2-C9-H10 109.5 108.85 0.65 108.88 0.62 108.7 0.8 108.84 0.66
C2-C9-H11 109.5 112.43 2.93 112.62 3.12 112.7 32 112.86 3.36
C2-C9-H12 109.5 110.72 1.22 111.05 1.55 111.21 1.71 111.46 1.96
H10-C9-H11 109.5 107.78 1.72 107.52 1.98 107.47 2.03 107.27 2.23
H10-C9-H12 109.5 108.1 1.4 107.91 1.59 107.83 1.67 107.63 1.87
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Table 2. (cont.)

Theoretical

Bonds angles  Experimental
MO06-2X/6- Ecarttype  B3LYP/6-  Ecart type B3LYP/6- Ecart type ~ B3LYP/6-  Ecart type
31+G(d,p) (|AA]) 311G(d,p) (|AA]) 311G++(d,p) (|AA]) 311G++H(d) (IAA])

HI11-C9-H12 109.5 108.83 0.67 108.69 0.81 108.74 0.76 108.56 0.94
C1-C13-H14 109.5 112.43 2.93 112.57 3.07 112.46 2.96 112.63 3.13
C1-C13-H15 109.5 110.49 0.99 111.05 1.55 111.03 1.53 111.27 1.77
C1-C13-H16 109.5 108.92 0.58 108.81 0.69 108.73 0.77 108.88 0.62
H14-C13-H15 109.5 108.87 0.63 108.73 0.77 108.77 0.73 108.6 0.9
H14-C13-H16 109.5 107.82 1.68 107.49 2.01 107.51 1.99 107.31 2.19
H15-C13-H16 109.5 108.19 1.31 108.02 1.48 108.18 1.32 107.96 1.54
C1-C17-H18 109.5 110.56 1.06 111.03 1.53 111.28 1.78 111.51 2.01
C1-C17-H19 109.5 111.38 1.88 111.56 2.06 111.55 2.05 111.75 2.25
C1-C17-H20 109.5 109.33 0.17 109.14 0.36 109.14 0.36 109.23 0.27
H18-C17-H19 109.5 108.66 0.84 108.54 0.96 108.72 0.78 108.56 0.94
H18-C17-H20 109.5 108.54 0.96 108.41 1.09 108.27 1.23 108.09 1.41
H19-C17-H20 109.5 108.29 1.21 108.04 1.46 107.76 1.74 107.56 1.94
024-C23-025 122.69 123.47 0.78 124.22 1.53 124.15 1.46 124.34 1.65
024-C23-C26 119.86 120.31 0.45 120.31 0.45 120.31 0.45 120.37 0.51
025-C23-C26 117.45 116.22 1.23 115.47 1.98 115.53 1.92 1153 2.15
C23-025-H33 - 103.2 - 106.17 - 114.81 - 113.27 -

C23-C26-H27 114.7 112.71 1.99 112.33 2.37 112.69 2.01 112.59 2.11
C23-C26-C28 130.57 129.89 0.68 130.48 0.09 130.42 0.15 130.89 0.32
H27-C26-C28 114.7 117.4 2.7 117.19 2.49 116.89 2.19 116.52 1.82
C26-C28-H29 114.7 117.53 2.83 117.32 2.62 117.28 2.58 117.09 2.39
C26-C28-C30 130.57 131.21 0.64 132.04 1.47 131.63 1.06 132.05 1.48
H29-C28-C30 114.7 111.26 3.44 110.63 4.07 111.08 3.62 110.86 3.84
C28-C30-031 119.86 119.68 0.18 119.6 0.26 119.73 0.13 119.88 0.02
C28-C30-032 117.45 118.34 0.89 118.79 1.34 118.87 1.42 119.08 1.63
031-C30-032 122.69 121.97 0.72 121.61 1.08 121.39 1.3 121.03 1.66
C30-0O31-H34 110.7 111.52 0.82 110.99 0.29 111.07 0.37 111.54 0.84
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Table 3. The correlation coefficients (R) for the four databases used

MO062X/6-31+G(d,p) B3LYP/6-311G(d,p) B3LYP/6-311G++(d,p) B3LYP/6-311G++(d)
Bonds lengths 0.9657 0.9543 0.9573 0.9010
Bonds angles 0.9637 0.9576 0.9593 0.9543

4.3 IR spectrum

Table 4. Infrared wavenumber values of the diisopropylammonium hydrogenomtaleate compound and their assignments calculated by the B3LYP
database

Calculate frequency by B3LYP

M062X/6-31+G(d,p) B3LYP/6-311G(d,p) B3LYP/6-311++G(d) B3LYP/6-311++G(d,p)
Assignment
Scale Scale Scale Scale
3,320.64 3,279.36 3,324.48 3,309.12 (N-H) as v
3,039.36 3,004.8 3,004.8 2,990.4 (O-H) v
2,945.28 2,913.6 2,928.96 2,908.8 (C-H)v
2,622.72 2,655.36 2,715.84 2,625.6 (C-H)o
2,126.4 2,640 2,457.6 2,609.28 (C-H)o
1,736.64 2,457.6 1,682.88 2,577.6 O-Ho
1,669.44 2,438.4 1,666.56 2,259.84 O-Ho
1,615.68 2,411.52 1,606.08 1,665.6 (C=0O)aso
1,581.12 1,682.88 1,514.88 1,621.44 (N-H) as 0
1,537.92 1,666.56 1,468.8 1,485.12 (C=C)v (C-N) v
1,529.28 1,606.08 1,454.4 1,468.8 (C=C)v
1,442.88 1,514.88 1,378.56 1,363.2 (C-C)v
1,410.24 1,500.48 1,317.12 1,317.12 (C-O)v
1,377.6 1,485.12 1,181.76 1,165.44 (O-H) o
1,338.24 1,363.2 1,120.32 1,120.32 (C-0)0
1,183.68 1,302.72 1,058.88 948.48 (C-H) y
1,140.48 1,165.44 952.32 922.56 (C-H) y
1,096.32 1,119.36 846.72 846.72 (C-H) y
950.4 998.4 751.68 769.92 (O-H--0) 7
846.72 921.6 618.24 633.6 (C-N)o
643.2 846.72 480.96 465.6 (C-C)o
475.2 618.24 420.48 405.12 (C-C)o
397.44 405.12 299.52 2832 C-NH,
319.68 283.2 177.6 177.6 NH,
190.08 101.76 101.76 101.76 C-N-Ct

v, stretching; o, in plane bending; 7, out plane bending; 7, twisting
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The frequency data are shown in Table 4, and the vibrational frequency graph of the M062X and B3LYP methods
based on M062X/6-311G(d,p), B3LYP/6-311++G(d), and B3LYP/6-311++G(d,p) is shown in Figure 6. Due to its
imprecision, the harmonic approximation’s vibrational frequencies are adjusted for scaling.”

(d) M062X/6-31+G(d,p)
AN A

(c) B3LYP/6-311G(d,p)
=
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©
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Figure 6. IR spectrum theoretical calculation using B3LYP base

4.3.1 C-H and amino group vibrations

Diisopropylammonium hydrogenomtaleate absorbs in the 3,350-3,270 cm™' region due to stretching vibrations
of the N-H ring.”* The N-H stretching mode generally moves into the 1,690-1,500 cm™ region due to involvement
in a hydrogen bonding interaction.”” Two prominent bands are present in the C-H plane’s bending vibration, and the
vibrations emanating from the C-H plane fall within the anticipated range of 2,200-3,010 cm™ and 1,300-840 cm™,
respectively. Twisting vibration of NH, was observed between 320 and 170 cm™, and these assignments are consistent
with those reported by Seye et al.”

4.3.2 C=C, C-C-C and C-N vibrations

The typical range for annular C-C stretching vibrations is 1,590-1,430 cm™.*® C-C stretching vibrations are detected
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in the current instance at 1,520 and 1,300 cm™. Frequencies are significantly lower than in the literature range
mentioned above, which could be because hydrogen bonds play a part in the formation of diisopropylammonium
hydrogenomtaleate. The 1,680-1,620 cm™ area is often where ring C=C stretching vibrations occur. Bands in this similar
interval are seen in the frequencies computed for diisopropylammonium hydrogenomtaleate, except for B3LYP/6-
311++G(d) and B3LYP/6-311++G(d,p). Based on M062X/6-31++G(d) and B3LYP/6-311G(d,p), these results are
more in line with previous research. According to the literature, the C-N vibration deformation for tertiary aliphatic
amines is between 980 and 820 cm. Only the C-N band values determined using the M062X/6-31++G(d) and B3LYP/6-
311G(d,p) approaches, which appear at around 846.72 and 921.6 cm', respectively, are consistent with the literature’' in
the context of the current investigation. These findings verify that the data acquired using the B3LYP/6-311G(d,p) and
M062X/6-31++G(d) approaches are more consistent with the literature.

4.3.3 CO and OH vibrations

Carbonyl group is present in the molecule diisopropylammonium hydrogenomtaleate, and C-O stretching usually
results in very strong absorption.”’ A weak band is also observed between 1,615-1,666 cm™ for the C=0O torsional
vibration. From observation with the literature, it is clear that the band assigned is in the expected region’' and in
good agreement with calculated values (M062X/6-31+G(d,p) and B3LYP/6-311G(d,p)). Hydrogen bonding affects
O-H and stretching vibrations and CH; groups at about 3,300 and 2,990.4 cm’, respectively.”’ Consequently, in
diisopropylammonium hydrogenomtaleate, the O-H stretching is found at 3,039 and 3,004.8 cm™ for the calculated
values due to the hydrogen bond’s involvement in the molecule. In this molecule, in-plane O-H and out-of-plane H-O-
-H bending vibrations are generally observed in the regions 1,180-1,490 cm™ and 750-1,000 cm™, respectively. These
attributions are in line with the literature.”

4.4 Molecular orbital energies and dipole moments

The energy values of the highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO), as well
as the energy gap between these two orbitals (£,,,) and the dipole moments of the compound diisopropylammonium
hydrogen maleate, are presented in Table 5 for the aforementioned basis sets. The chemical stability and reactivity of
the molecule are strongly influenced by the energy gap (Egap).5 ¥ Indeed, the larger this gap, the more stable and less
reactive the molecule is.*"” The highest E,,, value is obtained with the M062X/6-31+G(d,p) basis set, indicating that
with this basis set, the compound has the lowest chemical reactivity and highest stability. The molecule is less stable and
more reactive with the B3LYP/6-311G++(d) basis set, as indicated by the smallest E,,, value obtained with this basis.
The calculated parameters (bond lengths and angles), which are closer to the experimental values for the M062X/6-
31+G(d,p) basis set, confirm that the molecule is more stable with this basis, according to these theoretical results. As
shown in Figure 7, the energy gap (£,,,) of 4.905 eV results from the HOMO and LUMO energies of the compound,
which were calculated with the M062X/6-31+G(d,p) basis set and are -6.610 eV and -1.705 eV, respectively. The
E,,, values, listed in Table 5, are 4.905, 2.217, 2.258, and 2.291 eV for the basis sets M062X/6-31+G(d,p), B3LYP/6-
311G(d,p), B3LYP/6-311G++(d,p), and B3LYP/6-311G++(d), respectively, confirming the compound’s stability. Dipole
moment prediction is also essential, as it is closely related to structural stability. In general, greater structural stability
corresponds to a lower dipole moment.” The highest structural stabilities and, consequently, the lowest dipole moments
for our compound are provided by the M062X/6-31+G(d,p) and B3LYP/6-311G(d,p) basis sets.

Table 5. HOMO and LUMO energies, HOMO-LUMO gap, and dipole moment values of diisopropylammonium hydrogen maleate

Paramters MO062X/6-31+G(d,p) B3LYP/6-311G(d,p) B3LYP/6-311G++(d,p) B3LYP/6-311G++(d)
Eiomo (V) -6.610 -4.713 -4.986 -5.011
Eyvo (€V) -1.705 -2.496 -2.728 -2.720
Energy gap (E,,,) (eV) 4.905 2.217 2.258 2.291
Dipole moment (debye) 16.8292 16.3159 19.3303 19.2328
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5. Conclusion

In this article, we first studied the experimental structural parameters (bond lengths and angles) of diisopropylammonium
hydrogen maleate. Using the M06-2X and B3LYP methods, with the 6-31+G(d,p), 6-311G(d,p), 6-311G++(d,p),
and 6-311G++(d) basis sets, we calculated the geometric parameters as well as the molecular orbital energies of this
molecule subsequently. Compared to the basis sets used with B3LYP in this study, the 6-31+G(d,p) basis set combined
with the M06-2X method proves to be the most suitable for describing the geometric parameters and the HOMO-
LUMO gap, although the dipole moments obtained using the 6-31+G(d,p) and 6-311G(d,p) basis sets suggest greater
structural stability. The 6-311G++(d,p) basis set shows better agreement with the IR data found in the literature, and
the vibrational frequencies were finally determined from the theoretical IR spectra, which confirm the formation of the
diisopropylammonium hydrogen maleate compound.
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