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Abstract. Organic single crystals of piperazinium bis (trifluoroacetic acid) (PTFA) was synthesized by
the slow evaporation method. The centrosymmetric nature of the PTFA crystal was confirmed through
single crystal XRD analysis with the P-1 space group. The molecular structure of PTFA was optimized by
Density functional theory (DFT) with the BSLYP 6-311 + + G (d, p) basis set to calculated the structural
parameters of the compound were compared with the experimental XRD data. The presence of various
functional groups and their frequencies were confirmed through FT-IR spectral analysis, based on the
potential energy distribution (PED) used for assignments and correlations of the compound’s fundamental
modes. The electronic transition spectrum of the PTFA molecule was obtained via UV—-Vis spectroscopy
in various solvents. The analysis of HOMO & LUMO molecular orbitals indicates a significant charge
transfer, while Natural Bond Orbital (NBO) analysis revealed donor—acceptor interactions. The molecular
electrostatic potential (MEP) and Fukui functions, derived from Mulliken charges, identified a reactive
region of the molecule. The chemical bonding was explored through Electron Localization Function (ELF)
& Localized Orbital Locator (LOL) analyses and the weak interactions was identified in RDG analysis with
inter & intra-fragment interactions illustrated by scatter plots. The first-order hyperpolarization calculation
confirms the nonlinear optical activity of the PTFA crystal. Besides, the Hirshfeld surface analysis and 2D

fingerprint maps were used for quantitative mapping of intermolecular interactions.

1 Introduction

Piperazine (C4H;9N3) is a well-known organic com-
pound consisting of a six-membered ring with two nitro-
gen atoms positioned diagonally opposite each other
[1-3]. Piperazine is a secondary amine were originally
named due to their chemical similarity with piperi-
dine, which is found in the black pepper plant [4]. The
chair conformation of N-H bond occupies the crystallo-
graphic inversion centre in the equatorial position. The
piperazine core has primarily two nitrogen atoms to
enhance the stability for hydrogen bonding, and the
combination of carboxylic acid plays an important role
in the formation of complex molecules [5, 6]. How-
ever, in piperazine structure the presence of C—H bond
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enhances CH---mt (or) CH:--O interactions, which con-
tribute to molecular packing and stabilize the crystal
lattice in supramolecular structures. Thus, the ring for-
mation of piperazine found a number of biologically
active compounds [7-9]. In recent research highlights
the selective RNA binding of polycationic ligands, par-
ticularly those containing piperazine [10]. Being a ver-
satile substance, piperazine holds potential applications
in both crystallographic [11] and vibrational investiga-
tions [12].

In this context, Yokozeki et al. reported the molec-
ular structure of piperazine [13] and Jenneskens et al.
described the study of various synthesis techniques for
the piperazine group [14]. The normal coordinate analy-
sis of piperazine was observed by Gunasekaran et al. [4].
Continuing the study of piperazine compounds as they
are widely used in various fields due to their high non-
linear optical (NLO) efficiency. In this list of piperazine
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compounds, several researchers have shown their inter-
est in exploring the characteristics of nonlinear optical
(NLO) properties and its applications. Based on, sev-
eral piperazine-based single crystals with NLO prop-
erties have been reported, such as, piperazine oxalic
acid [15], 1-Acetyl-4-(4-hydroxyphenyl) piperazine [16],
piperazinium isophthalate [17], and piperazinium bis(5-
chlorosalicylate) [18], highlighting their potential in
advanced optical technologies.

Trifluoroacetic acid (TFA) forms interesting crys-
talline complexes with amines and amino acids. The
protonated amino acid salts have garnered interest due
to their promising nonlinear optical (NLO) properties.
L-arginine trifluoroacetate (LATF) and L-lysinium tri-
fluoroacetate (LLTFA) are examples of crystals with
excellent NLO properties [19, 20]. The presence of
a carboxylic acid (COOH) group along with a tri-
fluoromethyl group (-CF3) enhances volatility, mak-
ing these compounds useful in chromatography and as
solvents in chemical reactions. Based on this, piper-
azine and trifluoroacetate are good companion mate-
rials. The present work focuses on piperazine with
bis (trifluoroacetic acid). Piperazine undergoes proton
transfer with trifluoroacetic acid, forming piperazinium
cations. This process leads to ionic and hydrogen bond-
ing with trifluoroacetate anions. Among the detailed
literature on piperazine bis (trifluoroacetic acid), the
structure and experimental studies with NLO appli-
cations were reported by Sahaya et al. [21]. However,
the theoretical study of these materials has not been
studied. In this paper, we discuss XRD, FT-IR, and
UV studies, as well as molecular electronic properties,
such as HOMO-LUMO, NBO, and MEP calculations.
The chemical behavior was studied through ELF &
LOL, RDG-NCI, and Fukui analysis have been deter-
mined. Furthermore, the three-dimensional intermolec-
ular interactions and 2D fingerprint plot studied by Hir-
shfeld surface analysis.

2 Synthesis

Piperazinium bis(trifluoroacetate) (PTFA) was synthe-
sized by reacting piperazine and trifluoroacetic acid in a
1:2 molar ratio, using methanol solvent. Trifluoroacetic
acid was gradually added to the stirred solution, and
after 5 h, water was added to slightly undersaturate the
solution and prevent unwanted nucleation. The solu-
tion was filtered to remove dust, then placed in a clean
room to allow slow evaporation, yielding transparent
single crystals. The PTFA crystal pictograph as shown
in Fig. 1.

3 Computational details

PTFA is an ionic molecular crystal consisting of piper-
azinium cations and trifluoroacetate anions forming
a 3D hydrogen-bonded crystal network. However, for
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Fig. 1 Photograph of PTFA Crystal

DFT calculations, a single ion pair was used as a molec-
ular model to study electronic and optical properties.
The “infinite 3D structure” refers to crystal packing,
not an isolated molecule. The theoretical calculations
of the PTFA compound were carried out using the
Gaussian 16 software package [22]. The initial molec-
ular geometry was taken from the experimental crystal
structure (CIF file), which was used as the input struc-
ture for the DFT calculations.. Full geometry optimiza-
tion was then performed using density functional the-
ory (DFT) with the B3LYP functional and the 6-311
+ + G (d, p) basis set without applying any symme-
try constraints. The optimization could proceed until
the convergence criteria were satisfied, and the conver-
gence was confirmed after several optimization cycles.
Frequency calculations were subsequently performed at
the same level of theory to confirm that the optimized
structures correspond to stable minima on the poten-
tial energy surface, as indicated by the absence of imagi-
nary (negative) frequencies. This confirms that the opti-
mized structures are true minimum energy structures.
The optimized structure was further used to obtain
the bond lengths, bond angles, and vibrational frequen-
cies. The vibrational assignments were analysed using
the VEDA program [23] and visualized using Chem-
craft software [24]. The molecular orbitals and electron
density distributions were visualized using GaussView
5 [25]. In addition, the optimized structure was used
for the calculation of electronic properties, such as
NBO analysis, HOMO-LUMO energy levels, and the
TD-DFT electronic absorption spectrum. Furthermore,
ELF, LOL, and RDG-NCI analyses were performed
using the Multiwfn program [26], and Hirshfeld surface
analysis was carried out using Crystal Explorer 17 [27]
to investigate intermolecular interactions and crystal
packing in the PTFA compound.

4 Results and discussion

4.1 Structural analysis

The structural analysis of PTFA compound has been
carried out on both experimental and theoretical
approaches. Single crystal XRD study confirms the



Eur. Phys. J. B (2026)99:99

Fig. 3. 3D structure of PTFA Crystal

structure belongs to the triclinic system with P-1 space
group. The calculated lattice parameters are: a =
6.1688(4) A, b = 7.3406(5) A, ¢ = 7.5413(6) A, a =
62.174(6) °, B = 88.835(4) *, and y = 77.640(5) °, with
volume of V = 293.75(4) A3. These results are perfectly
matched with previously reported crystal structure of
PTFA compound data [21].

The atomic numbering scheme of PTFA molecule as
shown in Fig. 2, where the asymmetric unit consists
of two independent pairs, comprising a diprotonated
piperazine cation and a trifluoroacetate anion. The
piperazine ring adopts a chair conformation, reinforced
by crystallographic inversion symmetry. The hydrogen
atoms of each amino group in cation of PTFA are

Fig. 4 Optimized structure
of PTFA compound

Page 3 of 20 99

hydrogen-bonded to the oxygen atoms of the carboxy-
late groups in the anions. For each amino group, one
hydrogen atom forms a bifurcated hydrogen bond with
both oxygen atoms of the carboxylate group of one
anion.

This interaction, in which both oxygen atoms of each
carboxylate group serve as acceptors for two hydro-
gen bonds, forms an intermolecular N-H'-- O hydrogen
bond network that links the cations and anions, result-
ing in an infinite three-dimensional structure (Fig. 3).
In parallel, the molecular geometry of PTFA was opti-
mized using DFT calculations. The optimized struc-
ture, as well as the bond angles and bond distances
of the piperazine derivative molecule, were computed
using the B3LYP/6-311 + + G (d, p) method, as illus-
trated in Fig. 4.

The Quantum chemical calculations yielded the min-
imum optimized energy of the studied compound in the
gas phase, calculated to be — 1321.990431 Hartree, with
the symmetry classified as the C1 point group. Table
1 shows that the observed C-N bond length matches
the theoretical range of 1.491- 1.481 A. In the piper-
azine ring, the bond lengths of nitrogen atoms in amino
groups are notably short. The N1A-H12A bond mea-
sures 0.885 A experimentally and 1.018 A theoretically,
with N1B-H12B exhibiting similar values.

The N1B-H11B and N1A-H11A bond distances
are 0.889 A from XRD measurements and 1.593 A
from DFT calculations, with the significant discrepancy
attributed to protonation. Moreover, all C—H bonds are
observed at 0.99 A and calculated values at 1.09 A. The
C3A-C4A and C4B-C3B bonds near the amino group
around 1.500 A, are notably longer due to the pres-
ence of similar charges. The bond lengths between the
C-F are around 1.3 A, reflecting polar covalent inter-
actions due to high electronegativity of fluorine atoms.
The calculated O-H bond length is 1.043 A, whereas the
observed value is significantly longer at 2.919 A, likely
due to intermolecular interactions between the cation
and anion. This suggests a correlation between the
bond angles, where the N1IA-H11A-O2 angle exhibits a
considerable discrepancy between the experimental at
168.71° and theoretical at 178.16° values clearly reflects
the influence of crystal packing. In the solid-state struc-
ture, the N—H group is involved in strong intermolec-
ular N-H---O hydrogen bonding with the trifluoroac-
etate anion, which slightly distorts the bond angle from
the nearly linear value obtained in the gas-phase opti-
mized structure. Whereas the C-H-C and C-C—F bond
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Table 1 DFT optimized

parameters for PTFA Atom Bond distance (A) Atom Bond distance (A)
compound
Exp Calculated Exp Calculated
N1A-C4B 1.491 1.481 C4B-C3B 1.515 1.529
N1A-C3A 1.491 1.481 C3B-N1B 1.491 1.481
N1A-H11A 0.889 1.593 N1B-H12B 0.885 1.018
N1A-H12A 0.885 1.018 N1B-H11B 0.889 1.593
C4B-H41B 0.99 1.094 N1B-C4A 1.491 1.481
C4B-H42B 0.99 1.092 C3A-C4A 1.515 1.529
C3B-H31B 0.99 1.092 C3A-H32A 0.99 1.094
C3B-H32B 0.99 1.094 C3A-H31A 0.99 1.092
C4A-H42A 0.99 1.092 H11A-O1 2.919 1.043
C4A-H41A 0.99 1.094 C1-F1 1.336 1.347
C2-02 1.245 1.207 C1-F2 1.343 1.335
C1-C2 1.554 1.554 C1-F3 1.333 1.347
Atom Bond Angle (°) Atom Bond Angle (°)
Exp Calculated Exp Calculated

H11A-N1A-H12A 109.50 110.06 H41A-C4A-H42A 108.11 107.57
H12A-N1A-C3A 111.58 109.30 H41A-C4A-N1B 109.56 106.94
N1A-C3A-H31A 109.64 108.51 H42A-C4A-N1B 109.58 108.51
N1A-C3A-H32A 109.64 106.94 H11B-N1B-H12B 109.50 110.04
C3A-H32-C4A 109.64 110.56 H11B-N1B-C3B 109.70 108.31
C3A-C4A-H41A 109.58 110.57 H12B-N1B-C3B 111.58 109.29
C3A-C4A-H42A 109.55 110.42 N1B-C2B-H32B 109.64 106.94
H42B-C4B-H41B 108.11 107.57 H31B-C3B-N1B 109.64 108.51
N1A-C4B-H42B 109.58 108.51 H32B-C3B-C4B 109.64 110.56
N1A-H11A-0O2 168.71 178.16 C3B-C4B-H41B 109.58 110.57
C4A-N1B-C4B 111.21 111.52 C3A-N1A-C4B 111.21 111.52
02-C2-01 129.73 127.65 C2-C1-F1 110.16 110.70
02-C2-C1 113.23 110.96 C2-C1-F2 110.09 110.72
01-C2-C2 117.00 121.38 C2-C1-F3 110.30 110.12

angles closely match the observed and calculated val-
ues. The C-H-C bond angle is 109°, closely aligning
with the calculated 110°, with a slight deviation from
the ideal tetrahedral angle, and the C-C-F angle is
approximately 110° for both XRD and DFT values.
However, the values of the bond distances and angles
show a good agreement with minor deviations between
the XRD data and DFT calculations. The slight varia-
tions observed in certain bond lengths and bond angles
can be attributed to crystal packing effects. In the
crystalline state, the diprotonated piperazinium cation
and the trifluoroacetate anion are strongly connected
through intermolecular N-H---O hydrogen bonds, form-
ing an extended three-dimensional hydrogen-bonded
network. These intermolecular interactions influence
the molecular geometry, whereas the optimized struc-
ture corresponds to an isolated molecule in the gas
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phase and the experimental structural parameters were
obtained from the solid-state crystal structure.

4.2 Hirshfeld analysis

The crystalline surface packing was used to identify the
stability and overall arrangement of the crystal struc-
ture. The technique of Hirshfeld surface (HS) analysis
was carried out to obtain a relationship between the
intermolecular interaction of the molecule [28]. This
method provides detailed information about the non-
covalent interactions (hydrogen bonds, van der Waals
forces, and m—m stacking). In the Hirshfeld surface
analysis, the regions of PTFA molecular surface are
mapped, based on dyorm, Which is determined by de (the
distance to the nearest external nucleus) and d; (the
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Fig. 5 Overall Mapped
surface area of PTFA
crystal

Fig. 6 Shape index and curvedness image of PTFA

distance to the nearest internal nucleus). The ranges of
dporm (— 0.7002 to 1.116 A), d. (0.6763 to 2.2680 A)
and d; (0.6758 to 2.2064 A). These contour surfaces are
visualized in various colour codes to show their inter-
actions with neighboring molecules.

To red (close contact), blue (longer than typical dis-
tances) and white (van der Waals distance) are used
to identify the strength and nature of the crystal. The
circular depressions (deep red) on the PTFA surfaces
indicate close hydrogen bonding interactions as shown
in Fig. 5. The HS-mapped surface with a shape index
(Fig. 6) shows complementary pairs of hollows (in red)
and bumps (in blue), indicating the presence of m—7
stacking. The root mean square curvature determines
a surface’s curvature (Fig. 6), which can be observed
when comparing a large green area (flat) to a dark-blue
edge (with noticeable curvature).

In addition, the total HS surface area was also gener-
ated 2D-fingerprint regions to determine the percentage
contributions of intermolecular interactions occurring
in the molecule [29]. By utilizing the crystal explorer
software to view the intermolecular interactions of
PTFA compounds.
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Thus, the two-dimensional plots of PTFA compound
indicate F---H interactions (Fig. 7) have the highest
contribution to the crystal packing (42.9%). The next
major contribution occurred between O--H interac-
tions (33.6%). The proportions of other intermolecular
interactions are as follows: H--- H (8.2%), F--- O (6.7%),
F-F (5.1%), and F--- C (1.5%) as mentioned in Fig. 6.
In this Hirshfeld analysis the strength of crystal packing
influences the mechanical stability of the PTFA com-
pound. To assess the mechanical stability of the com-
pound, a void analysis was conducted to calculate voids
in the crystal packing. This void calculation involved
summing the electron densities of all atoms in the asym-
metric unit, assuming spherical symmetry. The void
surface, an isosurface of procrystal electron density, was
calculated for the unit cell, intersecting the boundary
and enclosed by capping faces to define the void vol-
ume. The calculated volume of crystal voids is 207.06
A3, with 10.94% free space in the unit cell. Hence, the
results for this compound indicates the crystal packing
appears compact, and the mechanical stability should
be substantial.

4.3 Vibrations spectroscopic analysis

The vibrational frequencies of piperazine trifluoroacetic
acid (PTFA) were calculated using the BSLYP method
with the basis set of 6-311 + + G (d, p). The experi-
mental FT-IR vibrational spectrum of PTFA as shown
in Fig. 8. The experimental and calculated vibra-
tional spectroscopic frequencies were compared are
listed in Table 2. There are some variations between
experimental and calculated values can be attributed
to factors such as anharmonicity and environmental
effects. The vibrational bands observed in the range
of 4000-500 cm~! arise from the vibrations of pro-
tons in hydrogen bonds, as well as the internal vibra-
tions of piperazine cations and trifluoracetic anions.
The interpretation of the vibrational spectrum is chal-
lenging below 800 cm ™! due to fundamental, overtone,
and combination bands.

@ Springer
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Fig. 8 FT-IR spectrum of PTFA

4.3.1 Vibrations of piperazine cation

Amino groups are generally electron-donating in
nature, and their stretching vibrations usually appear
in the region 3500-3100 cm~! [30]. In the present
compound, the N-H stretching vibration is observed
at 2854 cm™! in the experimental spectrum, while
the calculated value appears at 3009 cm™!. The shift
toward lower wavenumber in the experimental spec-

@ Springer

trum indicates that the N-H bond is involved in
strong intermolecular hydrogen bonding, which weak-
ens the bond strength and reduces the vibrational fre-
quency. The O-H stretching vibration is identified at
2788 cm™! experimentally and at 2719 cm™! in the
theoretical spectrum, showing good agreement between
the experimental and computed results. The reduced
frequency further confirms the presence of strong
hydrogen-bonding interactions in the crystal struc-
ture. The C-H stretching vibrations normally occur
in the region 3100-3000 cm~! [31, 32]. In this com-
pound, the important experimental bands are observed
at 3254 and 3025 cm™!, while the corresponding cal-
culated values appear at 3257 and 3037 cm™!, show-
ing very close agreement. The higher-frequency band
around 3254-3257 cm~! shows a slight shift toward
higher wavenumber, which may be attributed to the
combined contribution of C-H and N-H vibrations
in the piperazinium ring along with the intermolec-
ular interactions present in the crystal lattice. The
CH; bending vibrations are generally observed in the
region 1500-800 cm~![33]. In the present study, the
major calculated bands appear at 1490 and 1466 cm ™,
while the experimental bands are observed at 1481 and
1464 cm ™!, showing good agreement. These small devi-
ations arise mainly from hydrogen bonding and elec-
trostatic interactions between the piperazinium cation
and the trifluoroacetate anion.
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Table 2 The B3LYP/6-311 + + G (d, p) calculated frequencies (vcalc), scaled frequencies (vs:), mode assignments PED,
experimental frequencies for IR spectrum (vexp.IR) and assignments of PTFA compound

Unscaled  Scaled  Vib., Mode No. (PED) Exp.FT-IR  Assignment
(cm™) descriptions
3257 3143 CH, s7(28); CH, s8(72) 3254 v(C-H)
3188 3076 CH, s11(63); CH, s12(37) v(C-H)
3141 3031 CH, s5(39); CH, s6(59) 3025 v(C-H)
3124 3014  CH, s7(71); CH, s8(28) v(C-H)
3095 2086 CH, s9(28); CH, s10(57); CH, s5(12) v(C-H)
3086 2078 CH, s11(36); CH, s12(62) v(C-H)
3082 2074 CH, s6(38); CH, s10(11); CH, s5(47) 2954 v(C-H)
3037 2030  CH, s9(69); CH, s10(30) v(C-H)
3009 2904 NH, s3(94) 2854 v(N-H)
2832 2733 FH, s1(88) 2788 v(H-F)
2719 2624  OH, s2(85) v(O-H)
1951 1883 OH, s4(51); OC, s18(22) 1918 v(O-H)
1847 1782 OC, s17(85) v (C=0)
1758 1696  NC, s20(64); HNC, s40(15) v(C-N)
1732 1671 NC, s19(82); HCH, s48(11) 1663 v(C-N)
1667 1609 OH, s4(19); OC, s18(48) v (O-H);
v(C=0)
1574 1519 NC, s20(11); HNC, s40(45); HCH, s45(24) 1481 v(C-N); §
(C-H)
1518 1465  OC, s21(28); CC, s33(10); FHO, s37(20); HOC, s41(22) 1464 v(C-C)
1501 1449  HCH, s48(71) 5 (C-H)
1490 1438 HCH, s42(66); HCNC, s74(10) 1434 5 (C-H)
C-N
1475 1423 NC, s20(15); HCH, s45(63) 5 (C-H)
1466 1415 HCH, s46(91) 5 (C-H)
1410 1361  OC, s21(17); FHO, s37(14) 1377 8(C—H);
3(C-0)
1406 1357 HCN, s43(11); HCN, s47(28) 5(C-N)
1393 1344 OC, s22(19); CC, 32(10); OHF, s39(16); COH, s58(21) v (C=0)
1383 1334 HCH, s42(13); HCNC, s74(27); HCNC, s75(25) 1326 5 (C-H)
1329 1283 HCN, s43(14); HCN, s44(13) v(C-C)
1318 1272 0C, s22(13); CC, s32(10); OHF, $39(19); HCN, s43(10); COH, v(COO)

s58(18)

4.3.2 Vibrations of trifluoroacetate anion

The C=0 stretching vibration of the trifluoroacetate
group is generally observed near 1700 cm™!, reflect-
ing the strong electron-withdrawing effect of the fluo-
rine atoms attached to the carboxylate group. In the
present compound, the important infrared band corre-
sponding to the carbonyl group appears at 1918 cm™!
experimentally, while the calculated value is obtained
at 1883 cm™!, showing good agreement between the
experimental and theoretical results. The COO™ asym-
metric stretching vibration usually occurs in the region
1550-1610 cm™!, whereas the symmetric stretching

vibration is found in the range 1300-1420 cm™! [34,
35].

In this PTFA compound, the asymmetric stretch-
ing band is observed at 1663 cm~! in the exper-
imental spectrum and the calculated spectrum at
1609 cm~!. Similarly, the symmetric stretching vibra-
tion is clearly identified at 1326 cm™! experimentally
and at 1283 cm ™! theoretically, confirming the presence
of the trifluoroacetate anion in the crystal structure.

The strong electron-withdrawing nature of the flu-
orine atoms also gives rise to intense C—F stretch-
ing vibrations. For the selected PFTA compound, the
most important bands are observed at 1228 cm™! &

@ Springer
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Table 2 (continued)

Unscaled  Scaled  Vib., Mode No. (PED) Exp.FT-IR  Assignment
(cm™) descriptions
1283 1238 HCHF, s78(55) 1228 8 (C-H)
1263 1219 HCN, s49(52) 5 (C-H)
1249 1205  FHOC, s82(76)
1213 1171 FC, s23(57) 1186 5 (C-F)
1205 1162 FC, s25(48) 3 (C-F)
1201 1159  HCN, s44(30); HCN, s49(11) 5 (C-H)
1193 1151 FC, s24(46); FCF, s63(14) 1147 5 (C-F)
1169 1128 OHN, s52(13); HNCH, s72(60) 5 (C—H)
1162 1122 OC, s22(21); FC, 526(36); FCF, 562(10) 5(C-0)
1141 1101 FC, s27(57) 5 (C-F)
1130 1091  HCNC, s76(55); HCHF, s77(18) 5(C-N)
1125 1085 FHN, s36(31); FHNC, s70(11) 1087 5(C-N)
1121 1082 FC, s26(10); FC, s28(41) 5 (C-F)
1106 1067  HCHF, s80(12); HCNC, s81(52) 8(C-N)
1076 1039 FHN, s36(14); HCN, s47(10) 5 (C-H)
1053 1016 FHN, s36(20); FHNC, s70(14) 1016 5(C-N);
3(C-H)
1036 1000  OHFF, s71(21); COHF, s89(31); CCOH, s94(18) 5 (C-F)
1032 995 NC, 529(25); CC, s31(26) 5(C-N);
v(C-C)
1019 984 NG, s30(16); CC, s31(24) 987 5 (C-N):
v(C-C)
903.7 872 FF, s34(97) 880 v (F-F)
890.5 859 NG, 529(24); NC, s28(31) 839 5 (C-N)
837.4 808 NG, s29(14); NC, s30(24); CC, s31(16) v (C-Q);
v(C-N)
826 797 FC, s24(11); FC, s25(12); FC, s27(13); CC, s33(19); OCO, s57(26) 797 5 (C-F)
810.3 782 FC, s23(10); FC, s26(12); FC, s28(15); CC, s32(17); OCO, s53(29) 5 (C-F)
794.7 767 FCFC, 599(15); COOC, s102(65) 5 (CO0)
770.6 744 0OCOC, s97(64); FCFC, s101(17) 742 8 (COO)
716.8 692 0CO, s57(25); FCF, s60(13); FCF, s61(10); FCF, s63(13) 5 (C-F)
707.2 682 0CO, s53(33); FCF, s59(12); FCF, s62(11); FCF, s64(13) 5 (COO)
693.1 669 HCHF ,s77(13);HCNH,s79(11); HCHF,s80(11) 668 3 (C-F)

1186 cm ™!, which are in good agreement with the calcu-
lated values near 1238 cm~! & 1171 cm~!. These strong
peaks clearly indicate the presence of the trifluoroac-
etate group. In addition, the deformation vibrations
of the trifluoroacetate anion are observed in the lower
wavenumber region. The important bands appearing at
797 cm ™! & 517 ecm ™! correspond to the bending vibra-
tions of the COO™ group, while the peak observed near
880 cm~! in the experimental spectrum, with a calcu-
lated value close to 872 cm ™!, further confirms the pres-
ence of the fluorine-containing trifluoroacetate anion.
These small deviations between experimental and the-
oretical values mainly arise due to strong intermolecular

@ Springer

hydrogen bonding and electrostatic interactions present
in the PTFA crystal lattice.

4.4 HOMO-LUMO analysis

The frontier molecular orbitals of the compound are
the “frontier” of electron occupation. The highest occu-
pied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) determine the interaction
between the molecules. The energies of HOMO-LUMO
were theoretically evaluated using the B3LYP/6-311 +
+ G (d, p) technique.

The values of energy gap determine the optical &
chemical reactivity of the molecule [36, 37].
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Table 2 (continued)

Unscaled  Scaled  Vib., Mode No. (PED) Exp.FT-IR  Assignment
(cm™) descriptions
668.1 645 HCHF ,s77(13);HCHF,s80(24);HCNC,s81(11) 3 (C-F)
597.7 577 FC,525(12);FCF ,563(13);CCO,s68(22);FCFC,s98(32) 604 5 (COO)
589.2 569 FC,s23(12);FCF,s62(13);CCO,s67(19);FCFC,s100(30) 517 3 (CO0)
519.3 501 CC,s31(10);HNC,s51(14);CCN,s66(10);HCHF,s77(15);HCHF,s80(10) 3 (C-F)
517.9 500 FCF,s60(47);FCF,s61(25); 8 (C-F)
514 496 FCF s59(36);FCF s64(38) 5 (C-F)
479.6 463 FCF,s61(11);FCF,s63(12);FH,s13(15);CNC,s56(18) 5 (C-F)
457.8 442 FH,s13(11);CNC,s56(35); 446 5 (C-N)
432 417 FCF,s59(10);FCF,s62(32);FCF,s64(10);CCO,s67(20) 3 (C-F)
425.4 410 CC,533(22);0C0,s57(10);FCF 563(23) 412 5 (COO)
LUMO (-1.140 eV) Table 3 Calculated energy band gap & global reactivity
parameters of the PTFA compound
2
...4 O‘ ,J,J 3 Parameters Formula Gaseous
) s 9 Phase
@ " (V)
1 HOMO Enomo — 7.732
AE . = 6.591eV LUMO Erumo — 1.140
-T— Energy gap AE Enomo—ELumo 6.591
2 @ Ionization potential — Enomo 7.732
(A)
'S @ mmmm - o
@ Electron affinity (I) — Erumo 1.141
Elect tivit, I+ A)/2 4.4
HOMO (-7.732 &V) ectronegativity (x) I+ A)/ 36
Global hardness (n) (A-T)/2 3.295
Fig. 9 HOMO—LUMO plot of PTFA Global softness (S) 1/2n 1.647
Chemical potential (L) — x — 4.436
Global electrophilicity w?/2n 2.986
The HOMO is logically viewed as nucleophilic or elec- (w). )
tron donating, while the LUMO is electron acceptor. Maximum electronic — (n/m) 1.3462

The simulated HOMO & LUMO plots are depicted in
Fig. 9, where positive (green) and negative (red) phases
represent the charge transfer within the molecule.
Meanwhile the m nature HOMO is delocalized over
the piperazine ring and LUMO is primarily localized
in the trifluoroacetate anion portions. In this case, the
HOMO orbital has a large number of electrons with
the energy — 7.732 eV donating electrons to the LUMO
orbital having few electrons with the energy — 1.140 eV.
The energy gap (AE) is 6.591 eV, the large energy
gap reveals the chemical stabilization of the PTFA
compound. Using HOMO & LUMO values, the global
molecular reactivity descriptors such as electronegativ-
ity, chemical hardness, softness, chemical potential and
electrophilicity index were calculated and are listed in
Table 3.

The energies of the HOMO & LUMO orbitals of the
molecule correspond to its ionization potential (I) and
electron affinity(A) [15]. The value of ionization poten-
tial corresponds to 7.732 €V, it indicates the energy

charge (AN max)

required to remove an electron from the highest occu-
pancy. The lower A of 1.140 eV shows that the com-
pound readily accepts electrons, suggesting higher reac-
tivity with nucleophiles. The higher hardness (3.295 eV)
and lower softness values (1.647 €V) confirms the higher
molecular hardness associated with the PTFA molecule.
However, the electronegativity (x) denotes the abil-
ity of an atom or group of atoms to attract electrons
towards itself. The calculated value of electronegativity
(x) is 4.436 eV. The chemical potential (p) describes
the chemical stability and reactivity of chemical com-
pounds. The chemical potential () is — 4.436 eV, indi-
cating high stability and polarizability of the molecule.
Electrophilicity describes the electrophilic strength of a
molecule and it indicates the propensity or capacity to
accept electrons. The global electrophilicity index (w)

@ Springer
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Table 4 Second-order

E (2) (Kcal/mol) E()-E®) (a.u.) F (ij) (a.u)

perturbation theory Donor (i) Acceptor(j)

analysis of the Fock matrix

in NBO basis calculated at o(05-H25) o*(C6-CT)

B3LYP/6-311 + + G (d,p) o(C12-H13)  o*(C18-H20

level o(C12-H14)  o*(C9-N24)
o(C12-H14)  o*(N15-C18)
o(C21-H22)  o*(N15-H17)
a(C6-CT) o*(05-H25)
LP (2)-F1 o*(F3-C6)
LP (2)-F1 o*(C6-CT)
LP (3)-F1 o*(F2-F6)
LP (3)-F1 o*(F3-C6)
LP (2)-F2 o*(F3-Co6)
LP (2)-F2 o*(C6-CT)
LP (3)-F2 o*(F1-C6)
LP (3)-F2 o*(F3-C6)
LP (2)-F3 o*(C6-CT7)
LP (3)-F3 o*(F1-Co6)
LP (3)-F3 o*(F2-C6)
LP (2)-04 o*(05-C7)
LP (2)-04 o*(06-C7)
LP (1)-05 o*(04-C7)
LP (2)-05 1*(04-C7)
LP (1)-N24  o*(05-H25)
LP (1)-N15  o*(H16-030)
LP (3)-F26 o*(F27-C31
LP (3)-F26  o*(F28-C31
LP (3)-F27  o*(F26-C31
LP (2)-030  7*(029-C32

4 1.01 0.058
2.54 0.91 0.043
3.48 0.83 0.043
3.75 0.83 0.05

3.03 0.89 0.046
2.95 1.01 0.05

6.31 0.68 0.059
6.58 0.71 0.062
12.43 0.66 0.081
7.92 0.68 0.066
6.31 0.68 0.059
6.59 0.71 0.062
12.44 0.66 0.081
7.92 0.68 0.066
7.52 0.71 0.066
11 0.66 0.077
10.99 0.66 0.076
26.51 0.69 0.123
25.87 0.55 0.107
9.94 1.19 0.097
60.65 0.32 0.125
48.5 0.68 0.164
48.88 0.68 0.165
12.43 0.66 0.081
7.92 0.68 0.066
12.43 0.66 0.081
60.7 0.32 0.125

is defined in relation to chemical potential and chem-
ical hardness. Based on these, PTFA compound has
the lower chemical potential and higher electrophilicity
index values identified are comparable with that of the
bioactive molecules.

4.5 NBO analysis

Studies of charge transfer and conjugative interac-
tions in molecular systems are analyzed by the Nat-
ural Bond Orbital (NBO) program. It provides insights
into electron delocalization and bonding characteris-
tics. By the NBO analysis the inter and intramolecular
atoms interaction were studied [38]. The NBO anal-
ysis reveals a molecular stability, reactivity, and elec-
tronic properties to explain the hyperconjugative effects
and donor—acceptor interactions within the molecule.
This method determines the most accurate natural
Lewis structure by maximizing electron density local-
ization. Using the second order Fock matrix to evaluate
the donor acceptor interaction and exchanges between
donor—acceptor orbitals of a molecule. For each donor

@ Springer

(i) and acceptor (j), the stabilization energy E (2)
related to the delocalization terms i and j is given by,

2
E, = AE;; = lFg) (1)
(Ei B Ej)

where, E; and E; are energies of Lewis and non-Lewis
NBO’s F (i, j) is the off-diagonal NBO Fock matrix
component, and q; is the population of donor orbital
occupancy [39].

The intensity of interaction between donors and
accepters increases with increasing E (2) values. The
values of occupancy and stabilization energy were
extracted from the NBO Gaussian output and values
are given in Table 4.

The results from the PTFA compound indicated
interactions between lone pair (LP) donor orbitals and
antibonding orbitals. Specifically, intermolecular inter-
actions occurred between LP (2)-N24 — n*(05-H25)
and between LP (2)-N15 — =*(H16-030), with
respective stabilization energies E (2) of 48.5 and
48.8 kcal/mol. A stronger interaction was observed
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Fig. 10 Absorption spectrum of PTFA compound

between LP (2)-O5 — 7n*(04-C7) and between LP
(2)-030 — 7w*(029-C32), which exhibited the high-
est perturbation energies among all the interactions,
with values of 60.7 and 60.65 kcal/mol, respectively.
The second-order hyperconjugation interactions bond-
ing to antibonding that is 6(C21-H22) — o*(N15-H17)
and o(C12-H14) — ¢*(N15-C18), exhibiting the stabi-
lization energies 3.03 and 3.75 kcal/mol. It transfers
the electron density from C-H bonding to antibonding
(o) orbitals near nitrogen atoms in the piperazine ring.
Thus, the interactions in the Piperazine and its deriva-
tives highlights their crucial role in enhancing molecular
stability, influencing reactivity, and determining overall
properties.

4.6 Ultraviolet—visible analysis

To understand the electronic transitions of the PTFA
compound, TD-DFT/6-311 + + g (d, p) basis set
method was performed [40, 41]. The simulated spec-
tra were compared with gaseous and three polar sol-
vent (water, methanol and ethanol) phases. The cal-
culated UV absorption maxima (Amax) are related to
electron availability. The absorption spectrum of PTFA
compound shows a spectral range that extends the UV
region from 100 to 350 nm (as shown in Fig. 10).

From the calculated results (Table 5), three major
absorption bands were observed in all phases. The tran-
sition was influenced by the presence of conjugated sys-
tems and lone pairs in piperazine derivative, represent-
ing the excitation of electrons to higher energy levels.
The Mmax is a function of substitution, the stronger than
donor character of the substitution the more electrons
pushed into the molecule, the larger A,.x values may be
slightly shifted by solvent effects. In the gas phase, the
first intense transition appears at 361.37 nm with an
oscillator strength of 0.0026, which arises purely from
the HOMO — LUMO (100%) transition.

The second and third transitions at 320.83 &
309.89 nm originate mainly from H-1 — LUMO and
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H-2 — LUMO excitations, indicating that the elec-
tronic transitions are dominated by frontier molecu-
lar orbitals. When solvent effects are included, a slight
shift in the absorption maxima is observed. In water,
methanol, and ethanol, the first transition appears at
378.86, 376.73 and 375.65 nm, respectively, and in
all these phases the transition contribution remains
HOMO — LUMO (99%). Similarly, the second and
third absorption bands in the solvent phases (around
336 nm and 322 nm) are mainly contributed by H-
1 — LUMO and H-2 — LUMO (x99%) transitions.
This clearly indicates that the nature of the electronic
transitions does not change in different solvent environ-
ments, but only a slight bathochromic shift is observed.
The transitions are mainly influenced by the presence of
lone-pair electrons and the conjugated system present
in the piperazinium framework, which promotes elec-
tron excitation from the HOMO to the LUMO level.
The small red shift observed in the solvent phases
compared to the gas phase suggests that polar sol-
vents slightly stabilize the excited state through weak
hydrogen-bonding interactions, resulting in minimal
solvatochromism variation. The slight redshift in the
solvent phase compared to the gas phase indicates the
increased solvent polarity shifts of absorption to higher
wavelengths. This specific wavelength corresponds to n
— 7* transitions, demonstrating a blue shift of PTFA
molecule. Hence, the solvent-induced shift shows the
changes in the electronic environment of PTFA com-
pound and its interactions with solvents, particularly
through the stabilization of excited states.

4.7 Fukui calculations

The local reactivity of all atoms in the studied PTFA
compound was examined using the Fukui function at
the B3LYP/6-311G + + (d, p) level of theory. The cal-
culation of the Fukui function in a molecule is a valuable
method for characterizing the reactive sites of chemical
species [42, 43]. The Fukui function identifies the pre-
ferred regions in a molecule where the electron density
is most likely to change when the number of electrons
is altered. It reflects the molecule’s tendency to deform
its electron density at specific positions when accepting
or donating electrons. By analyzing these mathematical
functions, we can identify the region of nucleophilic &
electrophilic molecules. It possesses the additional prop-
erty, which means the total sum of the Fukui functions
for all atoms in a molecule equals one. The nucleophilic,
electrophilic and radical function of Fukui defined as,

f (k*) = [q (N 4+ 1) — q (N)] for nucleophilic attack
(1)

f (k_) = [q (N) = q (N —1)] for electrophilic attack
(2)

f (ko) =1hlq (N +1) — q (N —1)] for radical attack
(3)

@ Springer



99 Page 12 of 20

Eur. Phys. J. B (2026)99:99

Table 5 Excited energy state from the DOS spectrum

Energy (cm™h)

Wavelength (nm)

Osc. Strength

Major contribs & Minor contribs

Gas

27,672.0759 361.375129 0.0026
31,168.48935 320.8368518 0.0017
32,268.6296 309.8985028 0.0027
Water

26,394.49369 378.8669 0.0021
29,728.7897 336.3742723 0.0032
30,944.26722 323.1616353 0.0037
Methanol

26,543.70626 376.7371407 0.0021
29,698.14063 336.7214172 0.0032
31,018.47023 322.3885616 0.0036
Ethanol

26,620.32893 375.6527587 0.0021
29,680.39643 336.9227235 0.0033
31,055.57173 322.0034101 0.0037

HOMO- > LUMO (100%)
H-2- > LUMO (24%), H-1- > LUMO (74%)
H-2- > LUMO (73%), H-1- > LUMO (25%)

HOMO- > LUMO (99%)
H-1- > LUMO (99%)
H-2- > LUMO (99%)

HOMO- > LUMO (99%)
H-1- > LUMO (99%)
H-2- > LUMO (99%)

HOMO- > LUMO (99%)
H-1- > LUMO (99%)
H-2- > LUMO (99%)

whereas, N, N-1, and N + 1 represent the total number
of electrons in the neutral, anionic, and cationic states
of PTFA compound, respectively. These values are
listed in Table 6. The negative values in the Fukui func-
tion indicate regions where nucleophilic attack is less
likely, suggesting these sites are not favorable for elec-
tron donation. Moreover, softness is related to accom-
modate electron density. For the present molecule, the
electrophilicity and global softness is utilized by FMO
theory [36]. From Table 6, the chemical species with the
largest values of Fukui function shows high reactivity
for corresponding attacks. In the title compound, the
order of reactive sites electrophilic attack is 8H > 17H
> 10H > 19H > 23H > 16H > 25H > 15N > 24N >
11H. For the calculated nucleophilic attack, the order is
290 > 40 > 25H > 16H > 23H > 19H > 10H > 14H >
17H > 8H. From the fukui calculations the nucleophilic
attack exhibits the highest reactivity and is making the
most favorable reaction due to a stronger attraction
to electron-rich nucleophiles. This strong nucleophilic-
ity enhances interactions with electron-rich biological
targets, increasing biological activity.

4.8 Topological analysis

To explore the relationships between electrical and
geometric structures and better to understand the
bond dynamics at reactive sites on molecular surfaces,
the electron localization function (ELF) and localized
orbital locator (LOL) are widely used. The both analy-
ses (ELF & LOL) are primarily to explain the covalent
bond surfaces and to determine the concentration of
electron density in compounds [44]. However, the ELF
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originates from electron pair density, while LOL dis-
plays the gradient of localized orbitals and is exploited
when localized orbitals overlap.

Topological studies of the surface were attained using
ELF relief maps and LOL maps. The color-filled con-
tour maps of ELF and LOL were obtained from the
Multiwavefunction program as shown in Fig. 11. From
the simulated graphs, red indicates areas with high ELF
and LOL values, while blue denotes regions with low
ELF and LOL values [45]. On seeing the ELF relief
map is scaled between 0.0 and 1.0, with delocalized
electrons projected in the lower range (< 0.5). When
electron density is dominated by the positions of local-
ized electrons, LOL values are found in the upper range
(> 0.5). In the PTFA molecule, all the hydrogen atoms
are surrounded by red color. The core regions around
the C-H and N-H chemical bonds (0.8-0.9) are charac-
terized by circular localization domains with high val-
ues (a1). Thus, both bonds have a covalent character
with high electron localisation, and this characteristic
of shared electron (covalent) bonding. In the LOL map,
as it is clear from that red color, it intrudes into inter-
stitial space between boundary atoms. The regions on
red to yellow areas (C7 & H25) and (N24 & HS8) can be
observed at nitrogen and carbon atoms represent cova-
lent regions with high LOL values. The ring over yel-
low with the green color denotes that the molecule has
moderate values and has medium localization between
the inner and valence layers. Hence the maps of ELF
and LOL provide a clear view of electron distribution
and bonding in the PTFA molecule. These insights are
crucial for applications in molecular design and drug
development.
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Fig. 11 a ELF b LOL image of PTFA compound

Fig. 12 NCI of PTFA

4.9 RDG-NCI analysis RDG designed the scattered and contour graphs,
with these regions often visualized using isosurface
To forecast real-space weak interactions through elec- plots, colored based on the sign of the second Hessian

tron density, RDG analysis, a dimensionless variable  eigenvalue (A2). Figure 12 shows the results obtained
was widely used [46, 47]. This method provides the  using the VMD program, which was based on outputs
regions of where non-covalent interactions are likely to ~ from the Multiwfn software. The relationship of these
occur. interactions in the molecular structure is determined
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Fig. 13 2D scatter and
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Fig. 14 Three-dimensional molecular electrostatic poten-
tial for PTFA compound

Table 7 Mulliken charge distribution of PTFA compound

Atom Charges Atom Charges
F1 — 0.1107 H17 0.28017
F2 — 0.1107 C18 — 0.301
F3 — 0.1081 H19 0.19737
04 — 0.2081 H20 0.21632
05 —0.31 C21 — 0.302
6C 0.1329 H22 0.21653
7C 0.06492 H23 0.19731
H8 0.28013 N24 — 0.4917
C9 — 0.3018 H25 0.63774
10H 0.19738 F26 — 0.1108
11H 0.21636 F27 — 0.1108
12C — 0.3022 F28 — 0.1082
H13 0.2164 029 — 0.2083
H14 0.19733 030 — 0.3107
N15 — 0.4925 C31 0.13298
H16 0.63889 C32 0.0648

-0.035

-0.02 |
-0.01
0.00 f
0.01
0.02
0.03
0.04
0.05

sign(A,)p (a.u.)

by the intensities of blue, red and green colors, rep-
resenting hydrogen bonds, steric effects, and van der
Waals forces, respectively. On screening the 2D plots
(Fig. 13) of PTFA compound the red indicates strong
repulsion (which is responsible for the steric effect)
that appears in the centre of the piperazine ring sys-
tem. The green colour reflects the contact between van
der Walls interaction region. In the present case, the
emits of green color VDW (van der Walls) was identified
between the piperazine ring and trifluoroacetate atom.
It denotes the non-covalent interaction that might have
been liable for the labelled compound’s stabilization.
Therefore, through the interaction regions associated
with PTFA structure, characterized by steric repulsion
in the piperazine ring and van der Waals interactions
between the piperazine ring and trifluoroacetate atoms,
indicate that these forces are essential for stabilizing the
molecular structure, thereby influencing both its geom-
etry and packing arrangement.

4.10 MEP analysis

To understand the relative polarity of the studied com-
pound, the Molecular Electrostatic Potential (MEP)
is an effective tool to describe the molecular struc-
ture and its physicochemical property relationship [48].
This method provides a three-dimensional energy sur-
face map to measure the charge distribution within
the molecule. In general, the purpose of electrostatic
potential is to identify the reactive sites of a molecule,
which are crucial in drug interactions with biological
molecules. Studies on the MEP surface are related to
electronic density and the determination of sites for
electrophilic attack, as well as nucleophilic reactions
and hydrogen-bonding interactions [49, 50]. The molec-
ular electrostatic potential projection map for PTFA
is calculated using the B3LYP/6-311 + + G (d, p)
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method and the MEP surface map of PTFA is shown
in Fig. 14.

The reactive sites of the PTFA molecule are obtained
by different colour codes.

The negative regions are coloured in red (strong
repulsion), the positive regions are blue (strong attrac-
tion), and the zero potential regions are green. The
maximum positive region is located at the piperazine
ring, which indicates a possible site for nucleophilic
attack and the negative potential sites are on elec-
tronegative oxygen atoms (029, 030, O4 and O5).
These sites provide information about the regions from
which the present compound can engage in intermolec-
ular interactions, predicting the most reactive sites for
both electrophilic and nucleophilic attacks.

4.11 Mulliken charges distribution

The well-known method for estimating atomic charges
in the molecular orbital framework and for better
understanding the electron distribution among atoms
in a molecule is done by Mulliken population analysis
[51, 52]. It plays a significant role in quantum chemistry
calculations to molecular systems.

The charge displacement of the molecule is directly
related to chemical bonds of the present compound.
Therefore, it affects the dipole moment, polarizability,
electronic structure and more properties of the molecu-
lar system. The net atomic charges of PTFA molecules
obtained from Mulliken population analysis, are tab-
ulated in Table 7. Figure 15 illustrates the atomic
arrangement in PTFA compound demonstrates that
the carbon atom attached with hydrogen atoms (C18,
C12, C21, C9) is negative, whereas the remaining car-
bon atoms are positively charged due to these carbon
atoms (C7, C6, C31, C32) attached with the high elec-
tro negative character of fluorine atom. In the same
way, the positive charges are observed on the hydro-
gen atoms of the piperazine ring. It is worth mention-
ing that the highest values of charge are noticed for
H16 & H25 likely due to hydrogen bonding interaction.
The calculated results which exposed that the nega-
tive charge is delocalized across the nitrogen and oxy-
gen atoms. Being with the intramolecular charge trans-
fers also determined in the Mulliken charge analysis,
the piperazine derivative occurs from the nitrogen and
carbon atoms towards the oxygen atoms, which accept
electron density that affects its electronic properties.

4.12 Nonlinear optical (NLO) study

The NLO properties of PTFA were investigated to
understand its optoelectronic and photonic applica-
tions [53]. Theoretical studies of hyperpolarizabilities
were conducted to evaluate its molecular nonlinear
optical response. The calculations for the electronic
dipole moment(L), linear polarizability (a) and first-
order hyper polarizability (B) of this compound have
been calculated. The first-order hyperpolarizability, a
third-rank tensor, is expressed as a 3 X 3 X 3 matrix.
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Due to Kleinman symmetry [54], the 27 components of
this matrix can be reduced to 10 independent compo-
nents. The complete equation for calculating the mag-
nitude of Bty is given as follows:

Brov = [ (Boox + Braa + Bxan) + (Byyy + Byas + Boxy)’
1/2
+ (Baza + Boxs + Byya)? | (1)

The calculated values of the total molecular dipole
moment (p), linear polarizability (a) and first-order
hyperpolarizability (Bto;) have been obtained and are
summarized in Table 8.

The values show that the dipole moment of the tested
compound is Pt = 6.467 D, with the largest con-
tribution along the y-axis, where it measures 6.006
D, indicating a pronounced charge separation in this
direction. Such a high dipole moment suggests efficient
intramolecular charge transfer within the molecule.
In addition, the computed total polarizability and
first-order hyperpolarizability values are — 145.111 x
10~2%e.s.u. and 170.319 x 10~3'e.s.u., respectively,
indicating significant charge delocalization. Among the
tensor components, the largest hyperpolarizability con-
tributions arise mainly from the x-direction, particu-
larly through Byyy, Buxx, and B, components, which
indicates that the electron cloud is more easily dis-
torted along this axis. This maximum p value could
result from w-electron cloud movement from donor to
acceptor, which enhances molecular polarization and
facilitates intramolecular charge transfer. The calcu-
lated total hyperpolarizability of PTFA (170.319 x
10731 esu) is approximately 45.6 times that of urea,
indicating an enhanced intrinsic molecular electronic
polarization and charge-transfer response. These results
reflect molecular-level optical response and do not
imply macroscopic second-order nonlinear optical activ-
ity in the centrosymmetric crystal. These molecular
properties may be relevant for understanding electronic
and optical response in related systems.

5 Conclusion

In a novel approach, piperazine bis(trifluoroacetate)
(PTFA) were studied using DFT/B3LYP/6-311 + + G
(d, p) basis set method to determine the optimized geo-
metrical parameters, electronic properties and its vibra-
tional frequencies. The bond length and bond angles
between the atoms are compared with the experimen-
tal results. In the crystal structure of PTFA was sta-
bilized by the intermolecular interaction of N-H---O.
The Hirshfeld surface and 2D fingerprint plots show
the intermolecular interactions of PTFA molecule.

In vibration, the N-H peak at 2854 cm ™! and theo-
retical peak at 2904 cm™! are well correlated with the
PED calculations. Using the same basis set, also cal-
culated its electrical and optical properties of PTFA.
The NBO analysis explains the inter and intra molecu-
lar interactions of PTFA molecules. It is possessed that
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Fig. 15 Mulliken atomic charges of PTFA compound

Table 8 First order

hyperpolarsability of PTFA Parameters B3LYP/6-311 + + G Parameters B3LYP/6-311 + + G

compound (d, p) (d, p)
Mx 0.678 Broxx — 17.829
Wy 6.006 By — 25.880
We 2.301 Bxyy 70.173
(D) 6.467 Byyy — 58.369
Olxx — 161.701 Baxx 65.934
Oy 6.700 Bxyz 6.711
Qyy — 137.503 Bryy 24.523
Olxz — 11.714 Bxzz 22.577
s 2.012 Bya 17.167
azz ~ 136.130 Bra 47.003
Qo (€.8.1.) X — 145.111 Biot(€.8.u.) X 170.319

1024 10-31

the strong stabilization, around 60 kcal/mol, arises from
the lone pair electrons provided by the oxygen atoms.
In the HOMO-LUMO analysis the energy gap (AE) is
6.591 eV, providing the minimum chemical reactivity
and photochemical process with electron transfer. In
the UV—Visible spectroscopy analysis the absorption
spectrum for water, ethanol and methanol was iden-
tical, however, the absorption in the gas phase was
higher. In addition, the reactive sites regions of the
piperazine derivatives are found by MEP, ELF & LOL
contour maps. Furthermore, the analysis of fukui and
Mulliken charge atoms describes the differences in elec-
tro negativities and electro positivities of atoms within
the molecule. The first order hyperpolarizability studies
are also discussed to expose that PTFA compounds are
suitable for NLO materials. Based on our findings, the

chosen PTFA compound leads to better understand-
ing and may contribute to favourable in more advanced
applications in the field of photonics and material sci-
ence.
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