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      In this study, the molecular structure, vibrational spectra, and linear and nonlinear optical properties of piperazine-1,4-diium bis 2,4,6-
trinitrophenolate were theoretically investigated using density functional theory at several levels. To examine the linear and nonlinear 
optical behavior of the studied compound, dipole moment, polarizability, and first order hyperpolarizability (β) were calculated and 
analysed in detail. The hyper-Rayleigh scattering first hyperpolarizability, electric-field-induced second harmonic generation, and 
depolarization ratios were the targeted quantities. The NO2, NH2, C=C, C-N groups and phenolic O atom were identified using theoretical 
vibrational analysis. The highest occupied molecular orbital, lowest unoccupied molecular orbital, and their energy gap were also 
calculated. Furthermore, global chemical reactivity descriptors and the three-dimensional molecular electrostatic potential were studied and 
discussed. The results of the calculations highlighted the following: 1) Predicted geometrical parameters highly correlated with the 
corresponding experimental ones; 2) A good correlation was observed between the calculated and experimental vibration frequencies; 3) A 
direct relationship was observed between the energy gap and β has been obtained; 4) The calculated variation in β confirmed the nonlinear 
optical activity of the studied piperazine. This study can help deepen our understanding of the nonlinear optical properties of piperazine-
based molecules and provide guidance on the rational design of molecules with excellent optoelectronic properties. 
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INTRODUCTION 
 
      The development of photonic technology during the past 
decade has intensified research on the search for new 
materials that display unusual and interesting nonlinear 
optical (NLO) properties. The search for new materials with 
high optical nonlinearities has been considered an important 
endeavour due to the application of such materials in 
harmonic generation, amplitude and phase modulation, and 
other signal processing tools [1-5]. Second-order NLO 
crystals are widely used to convert the frequency of 
coherent laser sources. Compared to different types of  NLO  
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materials, organic materials are more suitable due to their 
high electronic susceptibility, facile modification through 
standard synthetic methods, and relative ease of processing 
[6]. Organic complexes are used in different pharmaceutical 
applications [7,8], microemulsion systems, and organic 
semiconductors [9,10]. In general, π-electron conjugation 
systems in organic molecules are asymmetrised by the 
electron donor and acceptor groups, which are easily 
polarizable. The strong charge-transfer (CT) between such 
groups operating across the entire extended system can 
markedly increase the optical nonlinearity of their structure. 
Additionally, the formation of hydrogen bonds in molecular 
packing has been recognized as a key factor in                    
self-assembly   or   molecular   recognition  processes  when  
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extensive structures are formed from crystal building blocks 
or supramolecular synthons [11]. The study of NLO 
properties of organic compounds such as piperazine has 
been viewed as the most important building block of recent 
drug discoveries [12,13]. Piperazine is an organic amine 
compound that consists of a six-membered ring containing 
two nitrogen atoms at opposite positions. The non-aromatic 
six-membered heterocycle adopts a chair conformation. 
Piperazines and substituted piperazines are important 
pharmacophores that can be found in many biologically 
active compounds across a number of different therapeutic 
areas, such as antifungal [14], antibacterial, antimalarial, 
and antipsychotic agents [15]. A valuable insight into recent 
advances in antimicrobial activity of piperazine derivatives 
has been reported [16]. Also, a picric acid can be used to 
form salts with electrostatic forces and multiple hydrogen 
bonds, which are known to improve the quality of 
crystalline materials. Picric acid derivatives are used in 
human therapy, such as the treatment of burns and antiseptic 
and astringent agents [17]. Moreover, several complexes of 
picric acid with organic basic molecules can be used in 
pharmaceutical and nonlinear applications [18]. Donor-
acceptor groups in benzene derivatives produce high 
molecular nonlinearity. The adducts of picric acid and 
piperazine have been reported to possess a supramolecular 
structure [19]. There is an increasing demand for the              
use and application of single crystals       in the development          
of technology and devices due to their NLO property. Some 
related compounds, viz., 1-[4-(4-hydroxyphenyl)piperazin-
1-yl]ethanone [20], 3-(Z)-isobutylidene-1-acetylpiperazine-
2,5-dione [21], piperazine-1,4-diium picrate-piperazine 
[19], cinnarizinium picrate [22], 1-piperonylpiperazinium 
picrate [23], and piperazine-1,4-diium bis 2,4,6-
trinitrophenolate (PDBT) [24], have been reported to have 
crystal structures. In view of the importance of PDBT, this 
paper aimed to conduct a comparative study between the 
experimental and the theoretical properties of this 
compound. PDBT was synthesized and crystallized using 
piperazine and picric acid, as starting materials, by the slow 
evaporation method [24]. The growth of the crystal of 
PDBT was followed by detailed characterization studies             
of single-crystal X-ray diffraction (XRD) and infrared                    
(IR) spectroscopy. The optical properties of the crystal                   
were   studied   by   ultraviolet-visible    (UV-Vis)   near   IR  

 
 
spectroscopy to explore its optical transmission. The 
second-harmonic generation (SHG) of the crystal was tested 
to confirm the NLO properties [24]. The theoretical 
properties were calculated using density functional theory 
(DFT). The optimized geometry of PDBT was evaluated by 
applying DFT. Molecular structural parameters, vibrational 
spectra, and vibrational assignments were determined based 
on the potential energy distribution (PED). The UV-Vis 
spectroscopic studies, together with the highest occupied 
molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO), were used to obtain information 
regarding the CT within the molecule. In addition, detailed 
linear and NLO properties were calculated by computing 
and analysing dipole moment (µ), polarizability (α), and 
first-order hyperpolarizability (β). The three-dimensional 
molecular electrostatic potential (MESP) and global 
chemical reactivity descriptors (GCRD) were also 
calculated to investigate the reactive nature of PDBT. 
 
COMPUTATIONAL DETAILS 
 
      The geometric structure of the studied piperazine was 
fully optimized using DFT with the B3LYP functional and 
without any constraint in the gas phase [25]. Figure 1 and 
Table S1 (see the Supporting Information (SI)) show the 
optimized molecular geometry and its coordinates, 
respectively. Pople basis set 6-311+G(d,p) was employed 
for all atoms [26-28]. The calculation was converged to an 
optimized geometry corresponding to the lowest energy. 
Positive vibrational frequencies confirmed the stability of 
the optimized geometry. The final geometry was used to 
predict the geometric parameters and compared with those 
of the XRD data [24]. The theoretical vibrational spectra of 
the title compound and their detailed assignments were 
calculated at the same level of theory of the respective 
optimization process and interpreted based on PED analysis 
using the VEDA 4 program [29]. The µ, α, and β were 
calculated using the MP2 [30], B3LYP, PBE0 [31], CAM-
B3LYP [32], ωB97X-D [33], and M06-2X [34] DFT 
functionals. The total µare was defined as follows: 
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The  two   following   properties  were  calculated  for α: the 
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mean polarizability (Δα) and the polarizability anisotropy 
<α>. α was calculated from α components as follows: 
 
      




zyxi

ii
,,3

1                                                                 (2) 

 
      )(

3
1

zzyyxx                                                (3) 

 
and the Δα was calculated as shown below: 
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To obtain β, the total first hyperpolarizability βtot, the hyper-
Rayleigh scattering (HRS) first hyperpolarizability           
βHRS (-2ω; ω, ω), the electric field-induced second-harmonic 
generation (EFISHG) β// (-2ω; ω, ω), and depolarization 
ratios (DR) were calculated. All calculations were 
performed using Gaussian 09 [35]. The visualization of the 
structure and density plots of HOMO and LUMO was 
carried out using GaussView 5.01 [36]. The scattering 
intensity corresponding to the polarization angle (Ψ) was 
obtained by the Multiwfn 3.7(dev) code [37,38]. The central 
quantity in EFISHG was  β//, and the vector component of β 
was projected along the µ axis (multiplied by 3/5). 
, 
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where  is the norm of the dipole moment, μi is the 
components of the µ vectors, and βi is the ith components of 
the β vectors. The βHRS property is related to the HRS 
intensity for non-polarized incident light and the 
observation of plane-polarized scattered light made 
perpendicularly to the propagation plane. The full βHRS 
reads as follows: 
, 
        22),;2( ZXXZZZHRS                       (6) 

 
and the DR is presented below: 
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These HRS invariants < 2

ZZz > and < 2
ZXx > are orientational 

averages of the β tensor and were calculated without 
assuming Kleinman’s conditions. < 2

ZZz > and < 2
ZXx > were 

defined as follows: 
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The full formula and more calculation details are provided 
in SI and can be found in Ref. [39]. 
      The GCRD, such as electronegativity (χ), chemical 
hardness (η), chemical softness (S), and electrophilicity 
index (ω), were deduced from HOMO-LUMO analysis 
employing B3LYP, PBE0, CAM-B3LYP, ωB97X-D, and 
M06-2X functionals with 6-311+G(d,p) basis set. The 
MESP at the B3LYP/6-311+G(d,p) level was calculated to 
predict reactive sites of electrophilic or nucleophilic attacks 
on the investigated molecule. 
 
RESULTS AND DISCUSSION 
 
Ground State Geometry 
      The optimized structure of PDBT at the B3LYP/6-
311+G(d,p) level of theory with atomic labelling is shown 
in Fig. 1. The agreement between the experimental crystal 
structure [24] and the optimized geometry was excellent, 
showing that the B3LYP/6-311+G(d,p) level reproduced the 
experimental structure of the studied piperazine. Several 
studies [40-41] have shown the ability of the B3LYP level 
to describe the geometry of conjugated systems. 
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Fig. 1. PDBT optimized geometry at the B3LYP/6- 
                   311+G(d,p) level. 
 
 
      The selected geometrical parameters (i.e., bond lengths, 
bond angles, and torsion angles) are summarized in Table 1. 
The calculated parameters using the B3LYP functional were 
in agreement with the XRD data [24]. 
 
 
Table 1. Bond Lengths, Bond Angles, and  Torsion  Angles  
                Calculated Using the B3LYP/6-311+G(d,p) Level 

 

Bond length XRDa B3LYP/6-
311+G(d,p) 

 
C1–C2 1.3692 1.398 
C1–C8 1.439 1.435 
C1–N9 1.4576 1.394 
C2–C4 1.382 1.389 
C2–H3 0.93 1.079 
C4–C5 1.377 1.387 
C4–N11 1.4457 1.471 
C5–C7 1.367 1.390 
C7–C8 1.4369 1.405 
C7–N10 1.4555 1.474 
C8–O18 1.2580 1.324 
C19–N25 1.483 1.460 
C19–C31 1.509 1.530 
C19–H21 0.97 1.098 
C19–H20 0.97 1.092 
C19–N25 1.4808 1.460 
N9–O13 1.2148 1.302 
N9–O12 1.2198 1.311 
N10–O14 1.2191 1.220 

 
 
 
N10–O15 

 
 
 
1.2193 

 
 
 
1.227 

N11–O17 1.2158 1.227 
N11–O16 1.2273 1.226 
N34–H35 0.892 1.089 
N34–H36 0.865 1.021 
Bond angle 
C7–C5–C4 118.8 118.2 
C7–C5–H6 120.6 120.5 
C5–C7–C8 124.6 122.9 
C5–C7–N10 116.4 116.9 
C8–C7–N10 119.0 120.3 
O18–C8–C7 123.6 121.0 
O18–C8–C1 124.4 122.1 
C7–C8–C1 112.0 116.9 
N25–C19–C31 110.8 113.5 
N25–C19–H21 109.5 108.0 
C2–C1–N9 116.3 119.2 
C8–C1–N9 119.5 120.2 
C1–C2–C4 119.0 119.3 
C1–C2–H3 120.5 119.6 
C5–C4–C2 121.3 121.9 
C5–C4–N11 119.4 122.1 
H32–C31–H33 108.1 108.3 
O13–N9–O12 122.8 119.1 
O13–N9–C1 118.0 119.5 
O12–N9–C1 119.2 121.4 
O14–N10–C7 119.4 118.1 
O15–N10–C7 117.2 116.7 
O17–N11–O16 123.2 124.6 
O17–N11–C4 118.8 117.7 
O16–N11–C4 118.1 117.7 
C31–N19–C25 112.2 113.9 
C31–N34–H36 110.0 109.8 
C19–N25–H27 108.7 111.1 
Dihedral angle 
C8–C1–C2–C4 
C1–C2–C4–N11 176.1 179.8 
C5–C7–C8–O18 177.8 177.3 
N10–C7–C8–O18 0.4 –2.6 
C28–C22–N25–C19 55.9 52.3 
N9–C1–C8–C7 178.5 179.3 
C8–C7–N10–O15 156.7 143.1 
C2–C1–N9–O12 155.0 179.5 
C5–C7–N10–O14 147.9 141.6 
C8–C7–N10–O15 146.8 143.1 
C2–C4–N11–O17 3.1 –0.5 
C5–C4–N11–O16 1.5 –0.6 
Note: Comparisons were made with the experimental data 
digitized from Ref. [24]; a = XR measurement [24]. 
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      The theoretical and experimental data [24] showed that 
the C–C bond lengths were in the range of 1.367 to 1.522 Å. 
It was also observed that in the benzene ring, the C–C bond 
lengths had an average value of 1.38 and 1.53 Å obtained by 
XRD measurements [24] and the B3LYP/6–311+G(d,p) 
level, respectively. The calculated C6–O7 bond length at the 
B3LYP/6-311+G(d,p) level (1.324 Å) was notably shorter 
than the normal C–O single bond (1.427 Å) [42] due to the 
conjugation. The shortened C1–C2 (1.398 Å) and C4–C5 
bonds (1.387 Å) can be justified by the repulsive 
interactions between the deprotonated O7 and the 
withdrawing NO2 groups attached to the ortho positions by 
O7. In the picric group, the calculated C–N bond lengths 
varied in the range of 1.394 to 1.471 Å. However, the value 
of the C–N bond lengths in the piperazine ring was 
approximately 1.46 Å. In the NO2, the experimental N–O 
bond length value was 1.219 Å, which was slightly lower 
than the corresponding calculated value (1.23 Å) due to the 
presence of intermolecular interactions involving oxygen 
atoms. It must be noted that the position of hydrogens 
cannot generally be determined accurately via XRD and this 
is why the experimental bond lengths and dihedrals 
involving hydrogen atoms differed significantly from the 
calculated ones. Concerning N–H bond lengths in the 
piperazine ring, the experimental bond lengths were shorter 
than the calculated ones. Figure 2 shows the shortening of 
the N–H bond and the closeness of oxygen to hydrogen, 
thus forming the N34–H35…O13 hydrogen bond. The 
hydrogen bonding interactions are given in Table 2. The N–
H…O hydrogen bonding interaction enhanced the 
molecular stability of the compound. Good agreement was 
obtained between the experiment and the calculated bond 
angles.  The C5–C7–N10   and   C8–C7–N10   experimental  
 
 
 
 
 
 
 
 
 
 
 

 
 
bond angles were found to be 116.4° and 119.0°, 
respectively, and their calculated angles were found to be 
115.7° and 121.2°, respectively. The difference between the 
experimental and calculated values of bond lengths did not 
exceed 2.5°. According to the above results, the dihedral 
angles differed by not more than 3.5°, except for the N9–
C1–C8–C7 and C8–C7–N10–O15 angles, for which the 
dihedral angles differed by 3.91° and 26.85°, respectively. 
The experimental O14–N10–C7–C8 and O12–N9–C1–C8 
torsion angles were found to be 34.5° and 25.1º, 
respectively [24]. These angles were calculated at -28.17° 
and -6.16°, respectively. Based on the data related to these 
torsion angles, it was found that NO2 groups in the ortho 
position were generally involved in hydrogen bond 
interactions. 
 

 
Fig. 2. Hydrogen bonds for the optimized geometry of      

  PDBT at the B3LYP/6–311+G(d,p) level. 
 
IR Spectroscopic Characterization 
      IR spectroscopy has been widely used as a reliable tool 
for identifying vibrational modes and functional groups       
in organic  compounds.  The  vibrational  frequencies  were 
 
 
 
 
 
 
 
 
 
 
 

Table 2. A Comparison of the Theoretical and Experimental Hydrogen Bonds (Å, °) of PDBT 
 

 D–H H…A D...A D–H…A 

RXa 0.892 1.987 2.7872 148.5 
N34-H(35)...O(13) 

B3LYP 1.089 1.534 2.6225 178.9 

RXa 0.892 2.419 3.0823 131.3 
N34-H(35)...O(12) 

B3LYP 1.089 2.437 3.0529 114.5 

 Note: a = XR measurements [24]. 
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calculated using the B3LYP/6-311+G(d,p) level. PDBT 
consists of 36 atoms; these atoms have 102 (3N–6) normal 
modes of vibrations, from 4000 to 0 cm-1, of which the 
strongest and weakest absorption modes are observed at 
2332.76 cm-1 and 525.23 cm-1, respectively. The PED was 
calculated for each normal mode. Contributions lower than 
10% were not considered. The observed IR modes with 
their relative intensities and computed vibrational 
frequencies and the assignments of PDBT are presented in 
Table S2. Due to the overestimation of the experimental 
values obtained through the DFT calculations, the 
calculated wavenumbers were scaled using the 
recommended set of transferable scale factors [43]. 
Therefore, the main modes of vibration were estimated by 
scale factors as follows: ~0.953 for ν(C–HPh), 0.943 for 
ν(N–HPi), 0.98 for ν(C–H2asPi), 0.95 for ν(C–H2sPi), 0.925 
for ν(NO2as), 0.975 for ν(NO2s), and ~0.98 for ν(O–H) [43-
46]. The experimental IR spectrum of PDBT, recorded in 
the spectral range of 4000-400 cm-1, and the calculated IR 
spectrum obtained using the B3LYP/6-311+G(d,p) level are 
shown in Fig. 3. As can be seen in Fig. 3 and Table S2, the 
vibration mode 89 was related to the N–H stretching 
vibration of piperazine. This vibration was observed at 3318 
cm-1. The ν(NH) vibration wavenumbers were calculated 
using the B3LYP/6-311+G(d,p) level, and its corresponding 
value was 3471.15 cm-1. NO2 stretching vibrations were the 
most characteristic bands in the IR spectra of aromatic 
compounds with NO2 moiety in their structures. These 
vibrations varied between symmetric νs(NO2) and 
asymmetric νas(NO2) stretching vibrations with strong 
absorption intensities. In addition, νas(NO2) and νs(NO2) 
stretching vibrations appeared in the range of 1570-1485 
and 1370-1320 cm-1, respectively [47]. In our study, 
νas(NO2) and νs(NO2) stretching vibrations were found to be 
at 1467 cm-1 (PED 61%) and 1322 cm-1 (PED 73%), 
respectively. The corresponding experimental stretching 
vibration values appeared at 1436 cm-1 for νas(NO2) and 
1321 cm-1 for νs(NO2). The C–H stretching vibrations in 
aromatic compounds varied between 3100 and 3000 cm-1 

[48]. As detailed in Table S2, these vibrations were 
calculated in the range of 3262.65-3249.65 cm-1 using the 
B3LYP/6-311+G(d,p) level. The bands corresponding            
to CH2 stretching vibrations were observed between 3000           
and  2865 cm-1  [49].   The   experimental   asymmetric  and  

 
 
symmetric stretching vibrations were identified at 3068 and 
2841 cm-1, respectively. The corresponding theoretical 
asymmetric and symmetric stretching vibrations were in the 
range of 3072-3034 cm-1 and 2922-2861 cm-1 using the 
B3LYP/6-311+G(d,p) level. The N–H asymmetric and 
symmetric stretching vibrations of the studied piperazine 
were observed at 3318 cm-1 [24] and 3207 cm-1 [50], 
respectively. In the present study, the corresponding 
theoretical values were calculated at 3322 and 3273 cm-1, 
respectively, with a PED of 100%. Furthermore, the HNH 
deformation band [δ(HNH)], with a PED of 66%, was 
computed using the B3LYP/6-311+G(d,p) level, and its 
value was found to be  1736 cm-1. The stretching vibration 
of C=C was observed at 1624 cm-1, and the computed value 
was 1632 cm-1. The presence of peaks corresponding to 
1273 cm-1 was due to the presence of phenolic O atoms 
(C=O stretching vibrations). The computed value was       
1279 cm-1, with a contribution of 43%. As can be seen in 
Table S2, the vibration mode 96 was related to the O–H 
stretching vibration ν(OH). These vibration wavenumbers 
were calculated using the B3LYP functional, and the 
corresponding scaled values were 3052 cm-1, with a PED of 
98%. The lower peaks at 932 cm-1 were due to the 
scissoring of NO2. The value 108 cm-1 was due to torsion 
vibrations in the τONPh…HN, τH…NCCPh, and τCNHPi…N, 
which confirms the formation of the hydrogen bond. 
 
 

 
Fig. 3. The simulated IR spectrum of PDBT at the  

                    B3LYP/6-311+G(d,p) level. 
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Linear and NLO Properties 
      The accurate calculation of linear and NLO properties 
requires extended basis sets. It is clear that due to 
computational reasons, moderate size basis sets are 
preferable [51-52]. In this study, to find a balance between 
precision and calculation needs, the 6-311+G(d,p) basis set 
was selected. Theoretical studies of linear and NLO 
properties of medium size molecules have shown that the 6-
311+G(d,p) basis set can give almost identical results of β to 
that obtained using the Dunning’s correlation consistent 
basis set [53-55]. In the present study, high <α> values were 
obtained for PDBT, which ranged from 194.65 to             
261.25 a.u. using the M06-2X and PBE0 functionals, 
respectively. The PBE0 resulted in high <α> values (371.65 
a.u.) compared to other DFT functionals. Similar to what 
was reported in Adamo et al.’s [56] DFT study of 
polarizabilities of reference molecules H2O, NH3, HF, H2S, 
and CO and their related theoretical study [57], in this 
study, it was observed that the PBE0 gave good α values 
among all DFT functionals. Also, in their α calculation of 
diphenyl ferrocenyl butentfe derivatives, Hadji et al. [58] 
confirmed α that the PBE0 results were entirely congruent 
with second-order Møller-Plesset perturbation theory (MP2) 
calculations. In this study, the MP2 method, compared to 
B3LYP, PBE0, ωB97X-D, and M06-2X, resulted in an <α> 
value somewhat closer to the PBE0 one <α>. The calculated 
<α> value differed by about 13% from the PBE0. For Δα, 
the difference between the MP2 and the PBE0 values did 
not exceed 20%. According to the published literature, the 
presence of space charge polarization provides more 
flexibility and can enhance the α and β of materials [59-60]. 
In their study of second-order NLO properties of [2.2] 
paracyclophane isomers, Ye et al. [61] showed that the 
space charge provided more flexibility and possibility to 
regulate the NLO properties of the compound. They also 
demonstrated that the additional typical space charge 
skeleton led to intramolecular donor-acceptor interactions 
[61]. In the PDBT studied in the present research, the 
presence of space charge polarization affected both α and β 
values. It was also observed that the PBE0/6-311+G(d,p) 
level, compared to other DFT levels used in this study, 
yielded higher <α> values. The calculated <α> value at the 
PBE0/6-311+G(d,p) level, which was a high <α>  value, 
differed by about 13%, 17%, 26%, 25%, and 26% from the  

 
 
MP2, B3LYP, CAM-B3LYP, ωB97X-D, and M06-2X 
values, respectively. As regards Δα, the calculated value of 
PDBT at the PBE0/6-311+G(d,p) level, which was a high 
Δα value, differed by about 20%, 30%, 40%, 35%, and 38% 
from the MP2, B3LYP, CAM-B3LYP, ωB97X-D, and 
M06-2X values, respectively. At the same level, the α 
values evolved in the following order: <α> CAM–B3LYP < <α> 
M06–2X < <α> ωB97X–D < <α> B3LYP < <α> MP2 < <α>  PBE0 and 
Δα CAM–B3LYP < Δα M06–2X <  Δα ωB97X–D <  Δα B3LYP <  Δα MP2 <  
Δα PBE0. 
      The donor-acceptor strength plays a major role in 
controlling the NLO of compounds. In our studied 
piperazine, and due to the intermolecular hydrogen bonding 
formed between the hydrogen of the protonated nitrogen 
atom of piperazine and the negatively charged oxygen of the 
picrate anion, the donor-acceptor strength was considerably 
higher in PDBT. The same finding was reported by           
Ambika et al. [62] and Hegde et al. [63] in their              
studies of the NLO properties of piperazine-1,4-diium 
bis(2,4-dichlorobenzoate) and piperazine-1,4-diium 
tetrachloridocuprate(II) dihydrate, respectively. According 
to the results presented in Table 4 and Fig. 4, there was a 
significant difference between the βtot,  β//, and βHRS values 
calculated using the B3LYP, PBE0, CAM-B3LYP, and 
M06-2X functionals. The βHRS value obtained using the 
B3LYP functional (73245.21 a.u.) was substantially higher 
than those obtained using the MP2, PBE0, CAM-B3LYP, 
ωB97X-D, and M06-2X levels (Fig. 4). The average <βHRS> 
on the equiprobable orientations was taken by a molecule, 
and the piperazine was placed in the xy-plane (Fig. 5). The 
calculations also showed that β made the most contribution 
along the x-axis because the x-axis was the major CT axis in 
the studied piperazine. 
      Regarding βtot, the B3LYP level showed a somewhat 
greater propensity to deliver results divergent from the other 
levels. A significant difference was observed between the  
β// values obtained using the M06-2X compared to B3LYP, 
PBE0, CAM-B3LYP, and ωB97X-D functionals. The 
calculated βHRS value of the studied piperazine at the 
B3LYP/6-311+G(d,p) level, which delivered a high βHRS 
value, differed by about 25%, 18%, 26%, 37%, and 36% 
from the values obtained by the MP2, PBE0, CAM-B3LYP, 
ωB97X-D, and M06-2X methods, respectively. The MP2 
method yielded a value that was closer to the CAM-B3LYP 
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Fig. 4. The βHRS (left) and  β// (right) of PDBT determined at  
           different levels of approximation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5. The orientation of the studied PDBT during  

                    calculations. 
 
 
functional than the B3LYP, PBE0, ωB97X-D, and M06-2X. 
The calculated βHRS value differed by about 2% from that 
obtained by the CAM-B3LYP. Concerning βtot, the 
calculated  β// value at the same B3LYP/6-311+G(d,p) level 
differed by about 17%, 38%, 19%, 26%, and 29% from 
those obtained at the MP2, PBE0, CAM-B3LYP, ωB97X-
D, and M06-2X levels, respectively. The high M06-2X β// 
value differed by about 26%, 50%, 46%, 35%, and 6% from 
the MP2, B3LYP, PBE0, CAM-B3LYP, and ωB97X-D 
levels, respectively. The evolution of the scattering intensity 
with respect to the Ψ of incident light was also investigated 
in this study. The scattering intensity corresponding to the Ψ 
varied from -180° to 180° with a step-size of 1°. Figure 6 
shows the calculated scattering intensities at the B3LYP, 
PBE0, CAM-B3LYP, ωB97X-D, and M06-2X functionals, 
presented with lobes in  black,  green, blue, red, and orange,  

    Table 4. Mean Polarizability <α>, Anisotropy Polarizability  Δα, Gas-Phase EFISHG β//, the HRS First Hyperpolarizability 
                    βHRS,  and  Depolarization  Ratios  (DR)  Obtained  at  1064 nm  Using  Five  DFT  Functionals  and  MP2  at  the  
                    6-311+G(d,p) Basis Set    
 

 <α> Δα β//  βHRS (DR) 

B3LYP 216.32 261.32 20766.21 171093.50 73245.21 (3.02) 
PBE0 261.25 371.65 22562.25 106136.56 59610.65 (2.59) 
CAM–B3LYP 193.26 223.65 27369.30 138535.69 53605.21 (2.65) 
ωB97X–D 197.56 241.32 39640.32 125651.25 45598.56 (2.44) 
M06–2X 
 

194.65 230.69 42211.25 120156.28 46353.26 (2.39) 
 MP2 232.50 294.54 26211.02 141451.56 54715.56 (2.65) 
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Fig. 6. HRS  intensity  as   a  function   of   the   angle  of  
           polarization at 694.56 nm obtained with five DFT  
          levels,  including B3LYP,  PBE0,  CAM-B3LYP,  
          ωB97X-D, and M06-2X, and presented in  black,  
         green, blue, red, and orange,  respectively,  at the  

              same 6-311+G(d,p) basis set. 
 
 
respectively. The results showed that the calculated HRS 
intensities presented by lobes were not exact and strongly 
affected by the calculation level. The results showed 
complete discrimination between the highest values 
obtained using the B3LYP and those values obtained by 
other DFT functionals. Theoretical studies show that an 
increase in the degree of correlation or the basis set size can 
lead to results closer to the experimental data [64]. They 
showed that the differences between the calculated         
shape and measured scattered intensity were also related to        
the  overestimation  of  the  octupolar  contribution  of  β by 

 
 
theoretical calculations. The scattering intensity 
corresponding to the Ψ of the framework of 1,3-thiazolium-
5-thiolates mesoionic compounds was studied by Lu et al. 
[65]. They demonstrated that the scattering intensity 
enhanced significantly and dipolar characteristics slightly 
increased for each molecule at the fundamental wavelength 
of 1180 nm. They confirmed that the HRS intensity 
gradually increased at any Ψ, which is in agreement with 
what was observed in the present study. All the five 
functionals, including DFT B3LYP, PBE0, CAM-B3LYP, 
ωB97X-D, and M06-2X, revealed that βHRS and β// were 
inversely correlated (Table 4 and Fig. 4); that is, high βHRS 
values were obtained for low  β// values. 
 
Frontier Molecular Orbitals (FMOs) 
      In this section, HOMO and LUMO isosurfaces         
(Fig. 8), their energies, and their energy gap (Δε) are 
presented and analysed (Table 5). 
      The results showed that the Δε varied from 1.05 to       
4.47 eV using the B3LYP and ωB97X-D functionals, 
respectively (Table 5 and Fig. 7). The decrease in the Δε 
values explains the eventual CT interaction taking place 
within PDBT [66-67], where the donor-acceptor strength is 
considerably high due to the intermolecular hydrogen 
bonding [24]. Compared to other DFT levels used in this 
study, the B3LYP/6-311+G(d,p) level yielded a low           
Δε value (1.05 eV). The PBE0 functional resulted in a  
value (2.23 eV) close to the experimental one (2.63 eV) [24] 
 
 

 
Fig. 7. βHRS (a.u.) and Δε (eV) of the PDBT determined at  

              the PBE0/6-311+G(d,p) level. 
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Fig. 8. HOMO and LUMO orbitals of PDBT and their Δε 
(eV) computed at the PBE0/6-311+G(d,p) level. 

 
 
Table 5. EHOMO, ELUMO, Δε (eV), and the βHRS (a.u.) of  
                PDBT Obtained Using Five DFT Levels at the 6- 
                311+G(d,p) Basis Set 
 

 EHOMO ELUMO Δε βHRS 

B3LYP -3.23 -2.18 1.05 73245.21 
PBE0 -3.56 -1.33 2.23 59610.65 
CAM-B3LYP -5.31 -2.1 3.21 53605.21 
ωB97X-D -5.46 -0.99 4.47 45598.56 
M06-2X -4.58 -0.26 4.32 46353.26 
Expa  2.63  

 Note: a = experimental Δε [24]. 

 
 
obtained using a Tauc plot [68-69]. A combined theoretical 
and experimental study of 2-thioxo-3-N,(4-methylphenyl) 
thiazolidine-4 one supported the suitability of the PBE0 
level to predict the Δε [70]. 

 
 
      The analysis of the frontier molecular orbital isosurfaces 
showed that whereas the HOMOs were delocalized in the 
picrate anion using the five DFT levels (Fig. 8), the LUMOs 
were centred in piperazine cations. The picrate acted as an 
electron donor while the piperazine acted as an electron 
acceptor. The donor-withdrawing strength was considerably 
high due to the presence of strong hydrogen bonds, which 
was in line with what Ghosh et al. [71] observed in their 
study of a pair of hydrogen bond donor-acceptor of 1,2,4,5-
tetracyanobenzene. Higher values of PDBT were caused by 
the decrease in the Δε (Table 5 and Fig. 7); i.e., high  βHRS  
values were obtained for low Δε values. 
 
Global Chemical Reactivity Descriptors 
      The GCRD were estimated using HOMO and LUMO 
energies to better understand the chemical reactivity of 
PDBT. Koopmans’ theorem [72-73] was used to calculate 
the chemical reactivity of molecular systems. The following 
equations were used to calculate the previously mentioned 
descriptors: 
              
      



2

,
2

,
2

2







 







 


EAIPEAIP                          (10) 

 
where IP = EHOMO and EA = ELUMO represent the ionization 
potential and electron affinity, respectively. B3LYP, PBE0, 
CAM-B3LYP, ωB97X-D, and M06-2X functionals with the 
6-311+G(d,p) basis set were used to evaluate the GCRD       
(χ, η, S, and ω). Table 6 presents the calculated values. The 
calculated  IP  and  EA  of PDBT by B3LYP, PBE0,  CAM- 
 
 
Table 6. Calculated  Values of the GCRD  for PDBT Using  
                the B3LYP, PBE0, CAM-B3LYP, ωB97X-D, and  
                M06-2X  Functional  at  the  Same  6-311+G(d,p)  
                Basis Set 
 
 IP EA χ η S ω 
B3LYP 3.23 2.18 2.70 0.53 0.95 6.97 
PBE0 3.56 1.33 2.44 1.11 0.45 2.68 
CAM–
B3LYP 5.31 2.10 3.71 1.61 0.31 4.28 
ωB97X–D 5.46 0.99 3.23 2.23 0.22 2.33 
M06–2X 4.58 0.26 2.42 2.16 0.23 1.36 
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B3LYP, ωB97X-D, and M06-2X functionals were 3.23, 
3.56, 5.31, 5.46, and 4.58 (eV) and 2.18, 1.33, 2.10, 0.99, 
and 0.26 (eV), respectively. It is worth mentioning that η, 
which is an important factor in measuring molecular 
stability and reactivity, indicates that CT takes place within 
a molecule. The obtained η values at the B3LYP, PBE0, 
CAM-B3LYP, ωB97X-D, and M06-2X functionals were 
0.53, 1.11, 1.61, 2.23, and 2.16 (eV), respectively. 
According to the results of the GCRD, a high η value (2.23; 
eV) was obtained at the ωB97X-D level, suggesting a low 
intramolecular CT. 
 
Molecular Electrostatic Potential Analysis 
      As shown in Fig. 9, the three-dimensional MESP of 
PDBT was calculated from the optimized molecular 
structure using the B3LYP/6-311+G(d,p) level. It is worth 
noting that the PDBT potential increased in the following 
order: red, orange, yellow, green, and blue. The blue colour 
represents the areas with the highest positive electrostatic 
potential, which denotes the strongest attraction. However, 
the red colour represents the areas with the most negative 
electrostatic potential, which reflects the strongest 
repulsion. The negative (red, orange, and yellow) areas of 
the MESP were related to the electrophilic reactivity. 
Furthermore, the red colour of the two-dimensional MESP 
indicates that the region near oxygen was rich in electrons. 
The hydrogen atoms (blue region) in the compound under 
consideration reacted with nucleophilic sites. 
 
CONCLUSIONS 
 
      The current study investigated the structural, vibrational, 
linear, and NLO properties of PDBT using theoretical 
calculations based on the DFT method at several 
functionals. The IR spectral analysis and complete 
vibrational assignments were presented. These assignments 
are important to understand the molecular structure. Key 
results included the following: 1) Predicted geometrical 
parameters showed a very good correlation with their 
corresponding experimental ones; 2) Vibrational frequency 
shifts clearly indicated the presence of non-covalent 
interactions; also, a good correlation was observed between 
the calculated and experimental vibration frequencies; 3) An 
inverse relationship was observed between Δε and β;  4) The 

 
 

 
Fig. 9. The three-dimensional MESP for PDBT obtained at  

             the B3LYP/6-311+G(d,p) level. 
 
 
NLO results predicted at different DFT levels confirmed the 
NLO activity of PDBT; 5) The results obtained from the 
five DFT levels revealed that βHRS and β// were inversely 
correlated; 6) Sometimes, the choice of the DFT functional 
had a noticeable effect on the linear and NLO calculated 
values of the studied piperazine; 7) According to the MESP 
map, the negative potential sites were on the electronegative 
atoms while the positive potential sites were around the 
hydrogen atoms. The high hardness value suggests a low 
intramolecular CT. This study not only helps researchers 
understand the NLO properties of piperazine-based 
molecules but also provides rich insight into designing and 
developing materials with excellent NLO properties. 
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