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Abstract: The stoichiometric ratio 2:1 mix of 1-phenylpiperazine and oxalic acid dihydrate fol-
lowed by slow evaporation results ina new material, bis(4-phenylpiperazin-1-ium) oxalate dihydrate,
with the general chemical formula (CioHisN2)2(C204).2H20, indicated by PPOXH. The title com-
pound’s asymmetric unit and three-dimensional network have been determined by single crystal
X-ray diffraction. Intermolecular O-H...O, N-H...O and C-H...O hydrogen bonding assist in main-
taining and stabilization of the crystal structure of this new compound. Hirshfeld surface analysis
and two-dimensional fingerprints have been performed to quantify the non-covalent interactions in
the PPOXH structure. The vibrational modes of the different characteristic groups of the title chemi-
cal were identified using infrared spectrum analysis. The thermal characterization of this product
was studied by a coupled TG/DTA analysis. The ultraviolet-visible absorption spectrum has been
used to study the optical properties and the energy gap of this compound. DFT calculations were
employed to evaluate the composition and properties of PPOXH. The analysis of HOMO-LUMO
frontier orbitals analysis allows us to understand the chemical reactivity of this supramolecular
compound and to determine the electrophilic and nucleophilic sites responsible for electron transfer.
Topological analysis (AIM), reduced density gradient (RDG), molecular electrostatic potential sur-
face (MEPS) and Mulliken population were analyzed to evaluate the types of non-covalent interac-
tions, localization of electrons in space, atomic charges and molecular polarity in depth.

Keywords: single-crystal X-ray diffraction; 1-phenylpiperazine; oxalate; infrared spectrum;
ultraviolet-visible spectrometry; quantum chemical calculations

1. Introduction

Organic crystal engineering has become an area of intense research activity in re-
cent years, with the objective that these designs lead to materials with interesting struc-
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tures and properties. The complexation of organic molecules allows the development of
supramolecular compounds with a more stable structure and more properties compared
to the initial products. Supramolecular chemistry is the chemistry of non-covalent interac-
tions. This branch has been developed by crystal engineering and is a very powerful tool
to describe exactly how these interactions are established, which is the focus of recent pa-
pers [1-3]. It is an essential tool in the chemical and biological processes that control the
elements of living systems. [4]. Recently, the determination of crystal structures has influ-
enced the evaluation in the biological field that allows a thorough understanding of the
geometric study of intra- and intermolecular interactions in these molecules, which is di-
rectly related to the activity and reactivity of these systems [5]. The determination of the
structures of biomolecules is highlighted by the leading role it has played in the awarding
of numerous Nobel prizes in the disciplines of chemistry, physics and medicine [5].

The use of organic molecules for the synthesis of new materials is explained by the
interest of the applications of these molecules in various fields such as pharmaceutical
medicine [6], biology [7,8] and cosmetics [9]. The handling and processing of these ma-
terials greatly influence how drugs are developed [10].

Carboxylic acids constitute one of the most used organic molecules for the produc-
tion of materials. The use of these organic acids for crystalline synthesis has a high
probability of crystallization, which can be confirmed by the high interaction energy AE
between the organic matrices to be complexed. This increases the possibility of crystal
formation [11]. Recently, oxalic acid is among the carboxylic acids widely used for the
complexation of new materials with interesting properties [12-21]. Specifically, oxalic
acid is a dicarboxylic acid with the chemical formula C2H20s.It has two hydroxyl groups
on both molecular sides, and is a good reducing agent with an oxalate conjugate base.

Oxalic acid is an interesting organic matrix; it has great importance because of its
interaction with the human body, animals and microorganisms [22]. It is an acid that is
naturally produced in the human body when glycine and ascorbic acid are metabolized
[22,23]. This acid is also present in many plants; it is produced by the metabolic conver-
sion of ascorbic acid into oxalic acid [24]. The high content of oxalic acid in the human
body may have a number of functions in the infection process, including chelation of
calcium from cells and making pectic fractions more available to fungus. It is important
to know that only plants are able to metabolize oxalic acid and oxalates [25,26]. The im-
portant roles and properties of oxalic acid provide the background for this work to pair
it with 1-phenylpiperazine to create an anti-oxalate compound and for study of the in-
teraction between these components.

Piperazines are well-studied heterocycles used in design for drug production and to
improve the aqueous solubility of molecules. Currently, there are approximately 100 ap-
proved drugs that incorporate a piperazine cycle [27]. The piperazine families are used
for the synthesis of crystalline compounds because of their interesting biological and
pharmacological properties [28]. Recent research has shown the efficacy and interaction
of one of the piperazine families against the COVID-19 virus [29], which confirms the
usefulness of this amine against the most dangerous viruses.

In this work, we report on compounds resulting from the interaction of oxalic acid
and 1-phenylpiperazine to create a new material that combines the characteristics of
these two distinct entities. A new phase was prepared and characterized in experimental
and quantum chemical studies.

2. Results and Discussion
2.1. Structure Description and Geometrical Parameters

The constituents of the structure of the title crystal are presented in Figure la.
PPOXH is formed from two monoprotonated organic cations (CioHisN2)*, two water
molecules and an oxalate anion (C204)>~. A Gaussian program was used to develop the
optimized PPOXH structure shown in Figure 1b using the B3LYP/6-31G(d) level in
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comparison with the experimental data. The structure of PPOXH can be described by
anion layers formed by oxalate anions and water molecules connected via OW-H...O
hydrogen bonds that expand in the (100) plane (Figure 2). These layers are attached to-
gether by organic cations through N-H...O and C-H...O hydrogen bonds, thus forming a
three-dimensional network.

022

Figure 1. Molecular structure of PPOXH with atom-labeling scheme, displacement ellipsoids are
drawn at the 30% probability level (a), Optimized structure calculated by using B3LYP/6-31G(d)
level (b). (i) -x;—y;~z. Intermolecular H-bonds are denoted by dotted lines.

The crystallographic data, structure refinement and measurement conditions for the
collection are presented in Table 1. All bond angles and interatomic distances of different
groups in PPOXH are recorded in Table 2.

Table 1. Crystal data and experimental parameters used for the intensity data collection strategy
and final results of the structure determination of PPOXH.

CCDC Number 2,246,634
Temperature 150 K
Empirical formula (C10H15N2)2(C204).2H20
Formula weight (g mol™) 450.52
Crystal size (mm) 0.58 x 0.40 x 0.08
Crystal system monoclinic
Space group P2i/c

a(A) 12.189 (4)
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b(A) 7.866 (3)
c(A) 12.642 (4)
B(°) 110.184 (14)
Z 2

V(A3) 1137.7 (6)

F (000) 484
Mo Ka (mm-™) p=0.10
Reflections collected 6397
Independent reflections 2596
Reflections with I > 20(1) 1895
Rint 0.040
Absorption correction: multi-scan
’ Tmin= 0.908,Tmax =0.993
Refined parameters 157
R[F2>20(F?)] 0.040
wR(F?) 0.109
Goodness-of-fit on F? 1.063
b
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Figure 2. Projection of the PPOXH structure along the (@, ¢) plane (a) and the attachment of oxalate
anions and water molecules by hydrogen bonds O-H...O in the (b, ©) plane (b).

Table 2. Principal distances (A) and bond angles (°) in PPOXH.

(CioH15N2)* Bond Length (A) Bond Angle (°)
Cl1—C2 1.398 (2) C2—C1—-Cé6 120.77 (14)
C1-C6 1.4076 (19) C3—C2—-C1 121.29 (14)
C2—-C3 1.384 (2) C2—C3—-C4 118.64 (14)
C3—C4 1.385 (2) C3—-C4—-C5 120.71 (14)
C4—-C5 1.395 (2) C4—-C5—C6 121.56 (14)
C5—Co 1.403 (2) C5—-C6—C1 117.00 (13)
C6—N7 1.4176 (18) C5—C6—N7 121.75 (12)
N7—C8 1.4641 (18) Cl1—C6—N7 121.20 (13)
N7—-C12 1.4692 (18) C6—N7—C8 117.11 (12)
c8—C9 1.517 (2) C6—N7—C12 117.27 (11)
C9—N10 1.4916 (19) C8—N7—-C12 111.76 (11)
N10—C11 1.4823 (18) N7—-C8—C9 112.19 (12)
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C11—C12 1.513 (2) N10—C9—C8 111.56 (11)

C11—N10—C9 110.14 (11)

N10—C11—C12 111.14 (12)

N7—C12—C11 111.39 (12)
(C2049)* Bond Length (A) Bond Angle ()
021—-C22 1.2621 (17) 022—C22—021 127.12 (13)
C22—022 1.2488 (17) 022—C22—C22 116.76 (15)
C22—C22i 1.565 (3) 021—-C22—C22 116.12 (15)
H0 Bond Length (A) Bond Angle ()
OW1—HWIA 0.909 (17) HW1A—OW1—HWI1B 107.8 (15)
OW1—HWI1B 0.882 (19)

Symmetry code: ! —x, —y, —z+1.

Considering the oxalate anion, the lengths of the C-O bonds are found in the range
1.232-1.33 A, theoretically, which is in agreement with that determined experimentally
dco =1.2621 (17) A. The C-C bonds have the corresponding bond lengths: dexp=1.565 (3)
A and delcaed = 1.888 A. The C-C-O interatomic bond angles determined by X-ray dif-
fraction are in the following range [116.12(15)-116.76(15)°], while the O-C-O angle is
127.12 (13)°. The geometric data of the organic cation are given as follows; the length of
the C-C and N-C bonds in the piperazine ring ranges from 1.513 (2) to 1.517 (2) A and
1.4641 (18) to 1.4916 (19) A, respectively. These values are calculated by the DFT method,
with dcc = 1.35A and dwc = [1.474-1.508A]. The N-C bond length between the pipera-
zine ring and the CsHsgroup is 1.4176 (18) A experimentally and 1.429 A theoretically,
which indicates a good agreement between the two results. The optimized length of the
aromatic C-C bond of the phenyl ring group varies from 1.403 to 1.419 A; these values
are proportional to the empirically determined ones [1.384 (2)-1.4076 (19) A]. The pro-
jection of the PPOXH structure along the (b, ¢) plane (Figure 2a) shows that the struc-
tural cohesion of this compound is ensured by H-bonds of type N-H...O, O-H...O and
C-H...O with donor-acceptor distances varying from 2.6781 (18) to 3.447 (2) A.

The contributions of hydrogen bonds to the construction of three-dimensional net-
works are classified as follows: N-H...O bonds with distance donor...acceptr ranging from
2.6781 (18) to 2.9386 (17) A, O-H...O bonds with ddonor...acceptor varying from 2.6989 (17) to
2.7040 (16) A and C-H...O bond ddonor...acceptor = 3.447 (2) A. According to Brown’s criterion,
O-H...O bonds between oxalate anions and water molecules are considered as strong
H-bonds (ddonor(0)...acceptor(0) < 2.73A) [30]. The geometry of the different existing H-bonds
for the synthesized compound is given in Table 3. Oxalate anions and water molecules
are attached by O-H...O hydrogen bonds (Figure 2b); this phenomenon will be repeated
until a new supramolecular unit of type R§(26) is formed [31], which plays an important
role in maintaining the crystal structure. With a distance value of 3.56 A, Figure 3 al-
lowed us to show the existence of C-H-m interactions between the organic groups,
which contribute to the stability of the crystal structure; thus, the conditions for the ex-
istence of this type of interaction are verified [32].

Table 3. Geometry of hydrogen bonds (A, °) in PPOXH.

D—H...A D—H(A) H..AA) D...AA) D—H...A (9
N10—H10A--OW1 0.999 (16)  1.686(17)  2.6781(18)  171.8 (14)
N10—H10B--O21i 0919 (17)  2.007(17) 27886 (19)  142.0 (12)
N10—H10B--022i 0919 (17)  2.222(16) 29386 (17)  134.4 (13)
C11—H11B--OWTi 0.99 247 3.447 (2) 170
OW1—HW1A---Q21ii 0.909 (17)  1.796 (18)  2.7040 (16)  176.3 (15)
OW1—HW1B--022 0.882(19)  1.857(19)  2.6989 (17)  159.0 (15)

Symmetry codes: 'x, y +1, z; i —x, —y + 1, —z+1; i —x, y + 1/2, —z + 1/2.
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Figure 3. Representation of C-H...mt interactions in PPOXH.

2.2. Hirshfeld Surface Analysis

Non-covalent interactions in molecular crystals can be visualized by Hirshfeld sur-
face analysis using the Crystal Explorer program [33], in which, the surface is deter-
mined by both the enclosed molecule and its nearest neighbors. The surface property
can be determined by the dnom types (Figure 4a), which is mapped according to a set of
colors, red-white-blue, which represent interatomic contacts shorter than, equal to and
longer than the van der Waals radius (contact due to hydrogen bonds), respectively. The
two-dimensional fingerprints of the Hirshfeld surface show the proportionality, giving
d. as a function of di[34]. The latter provides quantitative information on the individual
contribution of all interactions in the crystal stack. It illustrates the two-dimensional fin-
gerprint of all the contacts contributing to the Hirshfeld surface. The 2D fingerprints
(Figure 4b) show that the repulsive contacts of type H...H possess the most significant
contribution, 44% of the total Hirshfeld surface, and appear as a predominantly blue ar-
ea on the dnorm surface. The H...O/O...H type contacts appear as the second largest region
of the fingerprint, representing 33.5% of the total area. This justifies the existence of
strong hydrogen bonds and their important participation in the construction of the crys-
tal system. H...C/C...H type contacts have a percentage representing 20.6 % of the global
surface which verifies the presence of C-H... © type interactions and their efficiency in
the stability of the PPOXH structure.

The weak interactions of H..N/N...H, N...C/C..N and N...N contribute to the pack-
ing of the title compound, which cover 1.1%, 0.6% and 0.2% of the total surface area, re-
spectively. Crystal Explorer offers details on the percentage of interactions between one
(XX) or two (XY) chemical elements in a crystal stacking, which can be used to compute
enrichment ratios indirectly [35].The enrichment ratio (ERxy)of different inter-contacts
existing in the PPOXH structure are illustrated in Table 4. The list of enrichment ratios
shows that the O..H/H...O contacts (ERo..HmH..0) = 1.40) are the most numerous in the
crystal packing with the formation of hydrogen bonds of type N-H..O, C-H...O and
O-H...O. The C...H/H...C contacts are the second most important contacts for the pack-
aging of the crystal, with an ERc.nm.cvalue of 1.36, which confirms the effective pres-
ence of C-H.. m type interactions in the crystal structure. The pairs H..H and
H...N/N..H have enrichment ratios of 0.86 and 0.73,respectively, which are lower than
unity and, therefore, their participation is lower than the previously noted contacts.

Table 4. Enrichment ratio (ERxxv)) of different inter-contact and percentage of each atom on the
surface Hirshfeld in PPOXH.

ERxy H O C N
H 0.86 1.40 1.36 0.73
C , ; -

e) - -
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Figure 4. The Hirshfeld surface of PPOXH in dnormmode (a) and two-dimensional fingerprint plots
of intermolecular contacts (b).

2.3. Thermal Characterization

Thermal behavior characterization was performed on PPOXH crystals using
TG/DTA analysis, in order to evaluate their decomposition temperature, purity, melting
point and crystallinity. The curve presented in Figure 5 shows that the thermal decom-
position behavior of PPOXH has been examined in an air atmosphere from room tem-
perature to 500 °C.

120
-0
100 A
L—100
80
3
= LY
60 - =200 ?
o =
&~ -
b L —300 é
204
227 y L e
0 Y T v T ¥ T Y T Y T
100 200 00 400 500
Temperature (°C)

Figure 5. DTA and TG curves of PPOXH at rising temperature.
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Notably, the TG curve shows that this compound is stable up to 90 °C and it un-
dergoes two stages of mass loss, one of which is 9% at 130 °C, which corresponds to the
release of two crystallization water molecules (dehydration), and the other loss of mass
is 51% which extends from 220 °C to 250 °C. The DTA curve gives three endothermic
peaks; a first peak located at 130 °C that describes a dehydration accompanied by a loss
of mass as it is presented in the TG curve. The second peak, at around 173 °C, corre-
sponds to a PPOXH melting, justified by the absence of a mass loss on the TG curve. At
the end, the third peak which reflects the decomposition of the rest of the product
around 227 °C, coupled with a loss of mass which is confirmed by TG.

2.4. Vibrational IR Spectral Analysis

Infrared spectroscopy (IR) allows us to identify the functional groups in the struc-
ture of PPOXH. Figure 6 shows the experimental and theoretical FI-IR spectrum of
PPOXH, where the observed bands are recorded between 4000 and 400 cm. In this way,
our synthesized compound is in agreement with other referenced IR studies [36,37]. The
presence of a small disagreement between the two spectra is explained by the fact that
the FTIR spectrum was expressed in the crystalline state while the theoretical spectrum
was analyzed in the gas phase.

—

lI|||II||.
1 |
1‘- .[
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S
" - T v T v T b T . T v T v T
5 2500 2000 2500 2000 1500 1000 500
§
Fom
B~
Experimental spectrum
. ¥ . T . T L T L T v T . T
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Figure 6. The experimental and theoretical infrared spectra of PPOXH.

2.4.1. Vibration Modes of the 4-Phenylpiperazin-1-ium Cation

The 4-phenylpiperazinium cation contains the NHz* group which is characterized
by asymmetric and symmetric stretching modes. The band around 2931 cm™! refers to
this group’s vibrational modes, and, according to the theoretical calculation, is located
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around 2940 cm™. The range extending from 2850 to 2750 cm™ corresponds to the vibra-
tion of the CHz group, which is calculated, theoretically, at around 2755 cm™'. The bands
detected in the vicinity of 1326 to 1252 cm™ are referred to the stretching modes of the
C-N and C-C; these bands are calculated by DFT between 1290 and 1180 cm™.

The bands from 1052 to 1000 cm™ are related to the deformation modes of the C-H
bond of phenyl group, and they are calculated around 1032 cm™. In addition, the frequen-
cy region that extends from 1550 to 1600 cm™ is assigned to the experimental deformation
vibration of the C=C group and the calculated region extends from 1511 to 1542 cm™.

2.4.2. Vibration Modes of Oxalate Anion

The oxalate anion C204*" is characterized by a strong band around 1740 and 1700 cm™,
which is related to the elongation vibration of the C=O group, and another band which
extends from 1028 to 1144 cm™, which corresponds to the elongation vibration of the C-C
group. These vibrations are calculated at 1796 cm™-1769 cm™ and from 1132 to 1124 cm™,
respectively, which presents good agreement between the two respective sets of ranges.

2.4.3. Vibration Modes of the Water Molecule

The O-H groups of the water molecule present a strong stretching band located ex-
perimentally at 3438 cm™, and theoretically this band appears at 3244 cm™. We also notice
the appearance of another band related to the deformation vibration of H-O-H which
stretches from 1670 to 1700 cm™; this band is calculated by the DFT method at 1796 cm™.

2.5. UV-Visible Spectroscopy

In the solid state, the experimental UV-visible spectrum of PPOXH was collected
(Figure 7a).This analysis allowed us to analyze the charge transfer between the atoms
constituting the structure of PPOXH. We observed the appearance of two absorption
bands. At 350 nm, an intense band is observed that is relative to the m-7t* transition, rela-
tive to aromatic conjugation in the organic cation. The second band appears with an ab-
sorption maximum located at 407 nm, attributed to the charge transfer n-rt* between the
oxalate anion and 4-phenylpiperazin-1-ium.

The UV-visible spectroscopy also allows us measure the energy gap of PPOXH.
Tauc proposed an extrapolation method that allows us to determine the Eg from the
variation of (ahv)?as a function of hv [38], as shown in Figure 7b, which indicates that
PPOXH, with its value of Eg=2.34 eV, can act as a semiconductor.

(a) (b)
350 nm
| L]
Ny
h?.l
S
| 407 nm =
H
-
Eg=2.34 eV
300 45[)0 ~'§I>(J 500 15 2I.D 2l5 3?0 3!5 40
Wavelength (nm) ho (eV)

Figure 7. Solid state Ultraviolet absorption spectrum of PPOXH (a) and determination of the en-
ergy gap obtained via the Tauc model (b).
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2.6. HOMO-LUMO Analysis

HOMO represents the highest occupied molecular orbital and LUMO, the lowest
unoccupied molecular orbital. HOMO orbital acts as an electron donor and the LUMO
orbital as an electron acceptor, so that the energy of the HOMO-LUMO orbitals is related
to the nucleophilic and electrophilic character, respectively [39,40]. The energy gap be-
tween the boundary orbitals (Eg = | Enomo— Erumol) is the most important parameter for
the molecular reactivity and kinetic stability [41]. It is directly related to electricity con-
duction and the increase of the current is the result of the low significance of the HO-
MO-LUMO gap and vice-versa [42].

Using the B3LYP/6-31G(d) method, analytical calculations were performed. The en-
ergies, electronic affinity(A), global electrophilicity (w), ionization potential (I), electro-
negativity (x), chemical potential (p), hardness (1) and softness (S) are presented in Table
5. These values illustrate some properties related to PPOXH: ionization potential (I) and
electronic affinity (A) are directly related to HOMO and LUMO energy; (I) is the amount
of free energy when the electron is extra to a neutral atom; hardness (1) is the opposite
of softness (S), where softness measures the stability and reactivity of molecules; chemi-
cal potential (u) is the opposite of electronegativity; (x) is the ability of the molecule to
attract electron pairs to it and global electrophilicity (w) measures stabilization after a
molecule accepts an extra-normal number of electrons [43].

The energy level diagram with the HOMO-LUMO boundary of PPOXH is shown in
Figure 8, which illustrates our observation that HOMOs are located on the organic cation
while the LUMO ones are located on the oxalate anion. We can then deduce that the ox-
alate anion acts as an electron acceptor while the 4-phenylpiperazin-1-ium acts as an
electron donor.

Table 5. Parameters of the HOMO-LUMO boundary molecular orbitals of PPOXH.

Parameters Values
Enowmo (eV) -5.9802
ELumo (eV) -3.4114
| Enomo — Erumo| Gap (eV) 2.5688
Ionization potential: I = —Enxomo 5.9802
Electronic affinity: A = -ELumo 3.4115
Electronegativity: y = (I1+A)/2 4.69585
Chemical potential: pu=—(I+ A)/2 -4.69585
Hardness: = (I -A)/2 1.28435
Softness: S =1/2n 0.3893
Global electrophilicity: w = p?/2n 8.5845

The values of the HOMO-LUMO frontier orbitals are —-5.9802 and -3.4114 eV, re-
spectively. The difference between these values gives the energy gap, Eg = 2.5688 eV, and
this value allows this compound to be a semi-conductor. By contrasting the energy gap
calculated for the HOMO-LUMO boundary (Eg = 2.36 eV) and that evaluated by the
Tauc method (Eg = 3.16 eV), there is a good agreement between the two types of calcula-
tions since both procedures produce close energy values.
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Figure 8. The molecular frontier orbitals of PPOXH computed using the B3LYP/6-31G(d) level.

2.7. Non-Covalent Interactions (NCls) Analysis
2.7.1. Topological Analysis (AIM)

The quantum theory of atoms in molecules (AIM) is one of the most efficient tools
in the characterization of atomic and molecular interactions. It allows for the determina-
tion the existence of non-covalent bonds based on the critical bonding points (CBP),
which appear when two neighboring atoms are chemically bonded or when there is a
non-covalent interaction between them [44]. In particular, this analysis allows us to de-
termine the strength of hydrogen bonds: strong, moderate or weak, based on topological
parameters (Table S1), from which we can classify them. This classification is as follows:
V20(r) > 0 and H(r) > 0: Weak H-bonds (i.e., two topological parameters have a positive
sign); V2o(r) > 0 and H(r) < 0: Moderate H-bonds (i.e., two topological parameters have
opposite signs); V20(r) < 0 and H(r) < 0: Strong H-bonds (i.e., two topological parameters
have negative signs) [45].

We notice that the Figure 9 shows that PPOXH is stabilized by four non-covalent
interactions, of which, three H-bonds N11-H36...05, N11-H35...07and O7-HS8...O1 are
considered as moderate hydrogen bonds since they have a Laplacian V20(r) positive and
an Hameltonian kinetic energy H(r) negative. We also notice the appearance of the
non-covalent interaction O1...07, which is worth an interaction energy Eint= 0.1694415
kJ-mol and which also participates in the stability of the crystal system.
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Figure 9. Graphical representation of the AIM analysis of PPOXH (the critical binding points (BCP)
and the connection paths are represented respectively by small balls and orange lines).

2.7.2. Reduced Density Gradient (RDG)

The reduced density gradient (RDG) analysis developed by Johnson et al. [46] was
used to assess the type of non-covalent interactions (NCls) that exist in PPOXH. As it is
presented in Figure 10, we can evaluate the type and the strength of the NCIs by ana-
lyzing the amount of electron density as a function of the (sign (A2)*g) and of the
iso-surface density. The RDG analysis is based on the sign of A2(Figure 10a)and a set of
colors; blue, green and red (Figure 10b), which gives information about the nature and
strength of NClIs as follows: (sign (A2)*g) < 0: H-bonding interactions (blue colors); (sign
(A2)*0)close to zero: van der Waals interactions (green colors); (sign (A2)*o) > 0: steric effect
(red colors) [47].

As shown in Figure 10b, the blue spots located between the hydrogen atoms of
4-phenylpiperazin-1-ium, the oxygen atoms of the oxalate anion and the water molecule
attributed to the hydrogen bonds strongly participate in the crystalline stability of
PPOXH. The green spots located between the amine atoms are attributed to van der
Waals interactions, while the repulsion between the atoms due to the steric effect is rep-
resented by the red color.

(b)
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Figure 10. Graphical display of RDG (a) and iso-surface density (b) of PPOXH to show the
non-covalent interactions.



Crystals 2023, 13, 875

13 of 17

2.8. Molecular Electrostatic Potential Surface (MEPS)

MEPS provides a method for mapping the surface of the molecular electrostatic po-
tential, which allows analysis of the relative polarity to molecules. It is a method to
evaluate the electrophilic and nucleophilic sites that are related to the reactivity and
charge transfer [48]. DFT theory was used to determine the MEPS for the optimized
geometry and identify the reactive sites in the molecule, using a variety of colors. The
different ranges of electrostatic potential on the surface of PPOXH were mapped, and
the potential is presented by this set of colors in an increasing manner, from negative to
positive, as follows: red » orange * yellow * green *» blue [49].

Figure S1 shows that the negative regions (red), rich in electrons, are located near
oxygen atoms corresponding to nucleophilic sites, while the electrophilic sites, repre-
sented by the positive regions (blue), are located on the hydrogen atoms. These results
confirm the charge transfer and the formation of N-H...O and O-H...O H-bonds.

2.9. Mulliken Population Analysis

The Mulliken population is a theoretical analysis method that determines the dis-
tribution of atomic charges, which is related to many properties of molecular structures,
such as vibrational properties, dipole moment and polarizability [50]. It has an im-
portant role in the detection of electrophilic and nucleophilic attacks which allows the
understanding of the reactivity of molecules. Mulliken atomic charges of PPOXH calcu-
lated at the B3LYP/6-311G are shown in Figure S2.

We notice that the carbon atoms C8, C9, C11 and C12 of the piperazine ring have
negative charges because each of them is linked to two positively charged hydrogen
atoms. The carbon atoms of the phenyl group other than C6 are negatively charged be-
cause each of them is linked to a positively charged hydrogen atom. They are more elec-
tronegative than the piperazine ring carbon; this is due to the delocalization of electrons
around the aromatic ring. C6 is positively charged because it is attached to a nitrogen
atom N7 and two carbon atoms C1 and C5 that are negatively charged. The nitrogen
atom N10 is more electronegative than N7; this is due to the protonation of this nitrogen
by another hydrogen atom during its reaction with oxalic acid. The carbon atoms C22
and C22i(i: —x, -y, —z+1) of the oxalate anion are positively charged because each of them
is linked to two negatively charged oxygen atoms.

It can be concluded that the electronegativity of an element increases by agreement
with another positively charged element and, in contrast, this well-defined charge dis-
tribution causes hydrogen bonds of types C-H...O, O-H...O and N-H...O which contrib-
ute to the attachment of the molecules forming the PPOXH.

3. Experimental
3.1. Chemical Preparation

The new bis(4-phenylpiperazin-1-ium) oxalate dihydrate, (CioHi5N2)2(C204).2H20,
was synthesized by the 1:2 reaction between oxalic acid and 1-phenylpiperazine. An
amount of 1 mmol of oxalic acid was dissolved in 8 mL of water and 2 mmol of
1-phenylpiperazine in 8 mL of ethanol; both solutions are subjected to magnetic stirring
for a few minutes. The mixture is then subjected to slow evaporation in petri dishes at
room temperature. Single crystals suitable for structural studies were observed after 7
days (Yield 75%). The chemical reaction can be written as in Scheme 1.

T=25°C
2 N NH + (C,04H,).2(H,0)———2 N NHS.(C,0,)2. 2(H,0)

Scheme 1. The chemical reaction scheme of PPOXH
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3.2. Characterization Techniques
3.2.1. Single-Crystal X-ray Diffraction

APEXII-Bruker-AXS is the diffractometer used for single crystal X-ray diffraction
connected to a CCD detector whose X-ray source is a molybdenum Ka (Mo Ka) radia-
tion with monochromatic wavelength A = 0.71073 A. The measurements were made be-
tween 3.1 and 27.4 degrees. Absorption corrections were performed by the multi-scan
technique using the SADABS program [51]. A total of 6397 reflections were measured, of
which, 2596 were independent and 1895 had an intensity I > 20(I). The structure was
solved directly using SHELXS-97, which provided the positions of all atoms, save hy-
drogen. Full-matrix least-square methods based on F2 (SHELXL-97) [52] included in the
WINGX program were then used to refine the result [51]. The hydrogen atoms bonded to
N and OW were located from a difference map and were allowed to refine. The rest of the
H atoms were treated as riding, with C—H = 0.95 A (aromatic), C—H = 0.99 A (meth-
ylene) and Uiso(H) = 1.2Ueq(C)

3.2.2. Materials and physical Measurements

Using a Fourier transform infrared spectrometer (Nicolet IR 200, FT-IR), at room
temperature, the IR spectrum of sample in KBr pellets in the frequency range of 4000-400
cm-'wascollected. Solid state ultraviolet spectroscopy in the 200-800 nm range was
measured using a Perkin-Elmer Lambda 35 Spectrophotometer. With 11.5 mg, the
TG-DTA analysis was performed using a Setaram 92 multimodule analyzer. The sample
was heated from room temperature to 500 °C in an exposed platinum crucible; an empty
crucible was used as a reference.

3.2.3. Computational Details

With the GaussView program, the structure of PPOXH was modeled [53] and then
optimized in the gas phase with the Gaussian 09 package [54].The B3LYP/6-31G(d)
method was used for all quantum chemistry computations of the electronic structure
and optimized geometry of PPOXH [55]. We used the molecular electrostatic potential
analysis (MEPS) and the Mulliken population to fully understand the polarity, distribu-
tion and charge transfer of PPOXH [39,56].The intermolecular interactions of the com-
pound were evaluated using various methods, such as topological analysis (AIM, RDG)
[57]. The electrophilic and nucleophilic sites responsible for the chemical reactivity in
PPOXH and the energy gap were quantified by HOMO-LUMO analysis [49].

The ability of theoretical chemists to quantitatively model non-covalent interactions
between organic molecules was exploited to predict their crystal structures and estimate
their physical properties. This explains the growth in the number of recent research pa-
pers that are mainly based on this theoretical method [58-60].

4. Conclusions

The work presented in this manuscript was devoted to the synthesis of a new or-
ganic crystal, bis(4-phenylpiperazin-1-ium) oxalate dehydrate, in order to create an an-
ti-oxalate compound in which the oxalate anion is strongly bound to the organic cation
by different non-covalent interactions. The structural study of PPOXH was carried out
based on single crystal X-ray diffraction; PPOXH crystallizes in a monoclinic system
with the space group P2i/c.

The non-covalent intermolecular interactions were visualized using the dnorm
Hirshfeld surface and two-dimensional fingerprints, which confirmed the predominance
of hydrogen bond and H...C/C...H type interactions. DTA/TG analysis was used to study
the thermal behavior of PPOXH crystals. Spectroscopic and vibrational properties were
determined using IR and UV-visible spectroscopy, which showed characteristic
PPOXH-related peaks and the existence of m-rt* and n-7t* transitions.
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Quantum chemistry studies were performed to investigate and confirm the proper-
ties and reactivity of PPOXH. HOMO-LUMO boundary analysis, non-covalent interac-
tions (AIM and RDG), molecular electrostatic potential surface (MEPS) and Mulliken
population analysis were performed to optimize the geometry of this synthesized su-
pramolecular compound and approximate the molecular conformation in order to ob-
tain comparable predictions between these results and those of the experimental study.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cryst13060875/s1, Figure S1: Molecular Electrostatic Poten-
tial Surface (MEPS) of PPOXH. Figure S2: Mulliken charges populations calculated for the PPOXH.
Table S1: Topological parameters of PPOXH.
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