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In the present study, the compound morpholinium perchlorate (MP) was explored using spectroscopic methods
and quantum chemical computations. A TD-DFT method was employed to study the charge transfer ionic
interaction strategy to identify the electronic transition exhibited in the UV-visible spectrum, and vibrational
analysis of FT-IR and FT-Raman was also measured experimentally. Natural population analysis and molecular
electrostatic potential (MEP) surface analysis of the molecule were performed to predict the molecule’s reactive
site. Natural bond orbital analysis (NBO) and natural charge analysis were used to study the charge transfer
interaction. The nature of inter and intramolecular hydrogen bonds are analyzed by using reduced density
gradient (RDG), density overlap region indicator (DORI) analysis, and Hirshfeld surface analysis. Electron
localization function (ELF) and analysis provide new insight into the chemical bonding of MP. The NLO activity
of the studied compound was highlighted by computing the first and second order hyperpolarizability. In the
current investigation, the effects of MP and a few morpholinium derivatives were contrasted in terms of mo-
lecular geometry, vibrational assessment, HOMO-LUMO energy gap, and NLO effects. According to the results,
the MP can be effectively used as an optical limiter in optoelectronics.

1. Introduction

A colorless, oily, volatile organic chemical molecule called mor-
pholin is a good nucleophile because its six-membered ring exposes the
single electron pair on nitrogen [1]. Morpholinium-based compounds
offer intriguing physiochemical characteristics, significant electro-
chemical features, high ionic conductivity, low cost, and low toxicity,
making them particularly advantageous for use as an electrolyte in
batteries and capacitors [2,3]. However, because of their low toxicity,
morpholinium cations are recommended and employed as green sol-
vents, particularly in the industrial sector [4]. Due to single crystals’
significance for both fundamental and practical research, the develop-
ment of single crystals and their characterization for device manufacture
have gained significant momentum. Metal-organic compounds stand out
among nonlinear optical (NLO) crystals. In the realm of solid-state
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electronics, these crystals are becoming more and more significant
[1]. The prevalence of the optical sector prompted to study of the optical
activity of the compound which is reported in the present study. Mo-
lecular properties, DFT calculations of morpholinium tetra chlor-
opalladate (II) (MTCP) has reported by Umadevi et al. [5].
Bhuvaneswari et al. have reported the molecular structure, vibrational
spectroscopic (FT-IR, FT-Raman), NBO, HOMO and LUMO analyses of
morpholinium oxalate (MO) by DFT method [6]. Crystal structure and
database study of quaternary phosphoniumcation and perchlorate an-
ions coordination reported by Salmasi et al. [7]. Arunkumar et al. re-
ported the structure and few experimental details of the Morpholinium
Perchlorate (MP) compound [8].

A comprehensive assessment of the literature has revealed that
there’s been no substantial theoretical quantum chemical research on
the specified compound Morpholinium Perchlorate molecule to date.
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Today, experimental techniques are no longer enough to completely
characterize a complex molecular structure and the best way is to
combine the experimental with theoretical methods. Computational
methods can be an important tool to increase the accuracy of the char-
acterization process and report some key physicochemical properties.
The NLO property and other molecular characteristics of the MP mole-
cule were examined and compared to those of related substances such
as, morpholinium tetra chloropalladate (II) (MTCP) [5], morpholinium
oxalate (MO) [6], 4-Methylmorpholine (4 MM) [9], Morpholin-4-ium
hydrogen tartrate (MHT)[10], 4-Morpholinium bis(hydrogen squarate)
(4MBHS) [11] and Morpholinium 2-chloro-4-nitrobenzoate (M2C4N)
[12] utilizing experimental spectroscopic methods, DFT simulations,
and NLO effects. The structural geometry and vibrational spectra of a
compound were analyzed and reported in both theoretical and experi-
mental techniques. The natural bond orbital (NBO) analysis was used to
investigate interactions between molecules, including intermolecular
charge transfer and hydrogen bonding interaction. The global reactivity
parameters have been calculated by Frontier molecular orbital (FMO)
analysis. A molecular electrostatic potential (MEP) map was used to
assess the chemical reactivity of the molecule. UV-visible spectral
analysis has been carried out to identify the various possible electronic
transitions. Utilizing the Electron Localization Function (ELF), Localized
Orbital Locator (LOL), and Reduced Density Gradient Analysis (RDG),
which provides details on both inter and intra non-covalent interactions,
the chemical significance of the molecule was described. Density
Overlap Region Indicator Analysis (DORI) and Hirshfeld analysis were
used to study the charge transfer interaction. The dipole moment (),
linear polarizability (a) first and second order hyperpolarizability (f)
values have been computed.

2. Experimental details

Single crystals of MP were grown by the slow evaporation solution
growth technique. Morpholine with Perchloric acid was taken in the
stoichiometric ratio of 1:1 by dissolving in a mixture of ethanol and
deionized water which is stirred well to make a homogeneous solution
after two hours the white precipitate was obtained. The precipitate is
allowed to dry and used for the further growth of MP. The synthesized
material was purified by the repeated recrystallization process, the
single crystals of MP were harvested from mother solution after a growth
period of 45days [8]. FT-IR spectrum be recorded using a SHIMAZDU
infrared spectrometer employing KBr pellet technique in the frequency
region 4000 to 400 cm'. The electronic absorption spectrum was
measured using Perkin-Elmer Lambda 35 spectrometer in the range of
200-1100 nm. Detailed experimental studies were reported in the pre-
vious work [8]. FT-Raman spectrum in the wavenumber range
3500-50 cm ™! was recorded by the BRUKER RFS 27: FT-Raman spec-
trophotometer using Nd: YAG laser at 1064 nm as the excitation source

with resolution of 2 cm ™.

3. Computational details

The quantum chemical computations of MP have been accomplished
using a level of theory augmented with the standard B3PW91/6-31 G (d,
p) [13] basis set, using the Gaussian’09 software package [14]. Natural
bonding orbital (NBO) analysis has been performed using NBO 3.1
program [15] at the same level to interpret the electronic structure and
the formation of intramolecular and intermolecular hydrogen bonds.
Normal coordinate analysis (NCA) has been performed and the assign-
ment of the vibrational modes has been carried out on the basics of
Potential Energy Distribution (PED) using the MOLVIB7.0 program as
described by Sundius [16,17]. Hirshfeld surfaces were examined using
the Crystal Explorer program [18]. All density overlap regions indicator
analysis and density of states analysis were performed using Multiwfn,
which is a multifunctional wave function analysis program [19], and all
isosurface maps were rendered by the Visual Molecular Dynamics
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(VMD) program [20]. Calculations for hyperpolarizability utilized the
same basis set.

4. Results and discussion
4.1. Molecular optimization

To get essential structural characteristics, MP has been optimized
using B3PW91/6-31 G (d,p) level theory. The experimental data for MP
is correlated with XRD data (CCDC No: 910,879) [8] and also compared
with the experimental value of morpholinium tetra chloropalladate (II)
(MTCP) [5] and morpholinium oxalate (MO) [6]. Table S1shows the
bond lengths of MP, MO and MTCP, while Table S2 provides information
on the bond angle and dihedral angle of MP.The optimized structure in
Fig. 1 uses the MP atomic numbering system and is held together by
doubly hydrogen-bonded interactions that were calculated using DFT.

Bond length of N2-H3 (0.9 A) and N2-H4 (0.9 A) in MP is deviates
from the standard value 1.08 A [21] and also the effect of ionic in-
teractions from the NH3jcation to the ClOzanion as evidenced from
Table S1. The internal angles of the morpholinium ring in MP the
calculated values of C8-01-C14 (110.14°), C5-N2-C11 (110.30°),
N2-C5-C14(108.37°), 01-C8-C11(110.02°), N2-C11-C8 (108.37°) and
01-C14-C5 (110.51°) significantly deviated from the expected trigonal
angle (120°) because of the effect of hyperconjugative interactions the
C—H bond length of methylene groups. The N2...018 distance indicates
strong N—H...O hydrogen bonding, and this length is shorter than the
van der Waals separation between the O atom and the H atom [22]. The
calculated bond length of C117-018 (1.524 A) and C117-020 (1.506 A) is
greater than the experimental bond length of 1.373 A and 1.438 A due to
the intermolecular hydrogen bonding interaction. The charge on the
morpholinium cation gets balanced by the perchlorate anion outside the
coordination sphere. The perchlorate anion is highly distorted from its
tetrahedral arrangement as evidenced by its bond angles of
018-Cl17-021 (109.516°), 019-Cl17-020 (109.05°), 019-Cl17-021
(112.61°) and 020-Cl117-021 (110.68°) respectively. The geometry of
the N—H...O hydrogen bond in MP may be characterized by the torsion
angles H4-N2-H3-020, H3-N2-C11-C8 and C5-N2-H3-020,which are
equal to 15.078°, 133.69° and —98.418° respectively. Most of them are
in agreement with the experimental values, but the bond length C11-N2
in MP (1.465 A) is less than that of MO (1.489 A) and MTCP (1.488 A)
due to the typical double bond character [23]. Bond length of N2-H3
(0.900 A) and N2-H4 (0.900 A) in MP is marginally improved from
MO (0.8900 A) and MTCP (0.8200 A) is due intermolecular hydrogen
bonding interactions. C—C bond lengths in MP (1.496 A and 1.522 A),
MO (1.5069 A and 1.5091 A), and in MTCP (1.492 A and 1.497 A) are
shortened from the normal bond length 1.57 A owing to the steric effect
of the lone-pair electron predicted by valence-shell electron-pair
repulsion theory (VSEPR) [24].

4.2. Natural bond orbital analysis

An NBO analysis of MP has been done to understand the charge-
transfer interactions. Table 1 shows the stabilization energies (donor-
acceptor interactions) of the MP using second order perturbation of the
Fock matrix method. When stabilization energy E(2) is high, the donor
and acceptor interactions will be very intense.

The magnitudes of charge transferred from lone pairs of the
hydrogen bonded oxygen atoms into the 6*(N—H) being the H-donors,
these lone pair electrons which are transferred from n;0;3— 6*(Ny—Hy)
and n1020— o*(Ny—Hs) respectively, are evident for the non-covalent
hydrogen bonding (Ny—Hj...018 and Ny—Hs...050) which is significant
in the improvement of the optical activity of this compound. The sta-
bilization energy E(2) is associated with hyperconjugative interactions
0018 — 6*(N2—Hy), n1018 — 6*(Na—Hy), n1020 — 6*(N2—Hz3), n1029 —
6*(No—H3) and n;0,8— 6*(C;1—Hjo) are obtained as 9.82, 32.66,4.84,
11.01 and 0.28 kcal/mol respectively which quantify the extend of non-
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Fig. 1. Optimized structure of MP.

Table 1
Second order perturbation theory analysis of Fock matrix in NBO basis.
Donor(i) Occupancy Acceptor(j) Occupancy E(2)" Kcal/mol E(i)-E(i)h (a.w) F(i,j)" (a.w)
ED ED
o(No—H,) 1.98070 6*(Cly;7—018) 0.28998 0.20 0.80 0.012
6(No—Hy) 1.98070 6*(Cl7—021) 0.22454 0.08 0.87 0.008
6(Cl;7—013) 1.97988 0*(Ny—Hy) 0.09809 0.26 1.26 0.016
6(Cly17—020) 1.98048 6*(No—Ha) 0.09809 0.15 1.29 0.012
6(Cly7—027) 1.98242 6*(Np—Hy) 0.09809 0.08 1.34 0.010
o(Cs—Hy) 1.97974 6%(01—C14) 0.01793 3.86 0.84 0.051
o(Cs—Hy7) 1.97974 6*(N2—Cy1) 0.02461 3.53 0.81 0.048
6(C14—Hie) 1.97882 6*(Np—Cs) 0.02631 4.23 0.80 0.052
6(0,—Cg) 1.98985 6*(C14—Hig) 0.01286 1.53 1.28 0.039
o(N,—Hjz) 1.98332 6*(Cg—Cq1) 0.02568 2.16 1.03 0.042
n;018 1.96859 6*(No—Ha) 0.09809 9.82 1.15 0.097
n1020 1.97664 0*(Ny—Hjz) 0.04903 4.84 1.22 0.069
n201 1.91755 06*(C5—C14) 0.02709 6.97 0.65 0.061
n204 1.91755 6*(C14—Hjs) 0.02839 5.81 0.73 0.059
n30:g 1.81817 6*(Np—Hy) 0.09809 32.66 0.68 0.135
n3020 1.83303 0*(Ny—Hgz) 0.04903 11.01 0.68 0.080
1,019 1.98471 6*(C11—Hi2) 0.01422 0.28 1.29 0.017
;04 1.96635 6*(Cs5—Ci4) 0.02709 1.23 0.93 0.030
n;0; 1.96635 6*(Cg—Cq1) 0.02568 1.16 0.94 0.030

2 E(2) means energy of hyper conjugative interactions.
b E(j)-E(i) Energy difference between donor and acceptor i and j NBO orbitals.
¢ F(i,j) is the Fock matrix element between i and j NBO orbitals.

covalent hydrogen bonding. The differences in E(2) energies are prob- from the CH; group, NH; group to the morpholinium ring is revealed by
ably due to the fact that the accumulation of electron density in the the interaction of the methyl orbitals o(Cs—H;)—»6%(01—Ci4),
N—H bond is not only drawn from the n(O) of the hydrogen acceptor but 6(C14—H16)—06*(N2—Cs), 6(No—H3)—0*(Cg—Cq1) with the stabilization
also from the entire molecule. The covalent molecular charge transfer energy 3.86,4.23 and 2.16 kcal/mol respectively.

17

Natural Charge

Fig. 2. Natural population analysis of MP.
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4.3. Natural population analysis

The plot of the natural charges of the MP molecule is presented in
Fig. 2 and the natural charges are listed in Table S3. The hydrogen atoms
of the amino group are found to have a high positive charge (H3:
0.49875e and H4: 0.48917e) when compared with other hydrogen
atoms. This is due to a cooperative effect between the donor and
acceptor associated with a conspicuous contraction in H...O that pro-
vides stability to the system. A nitrogen atom N2 becomes negative
charge because of the interaction of N—H...O and carbon atoms, an
oxygen atom of morpholinium ring has a negative charge.

The tetrahedral ClO4 bonds such that the chlorine atom Cl17 has a
high positive charge (2.5098e) due to that more protons are occupied
the perchlorate anion moiety [25]. Hence, theoxygen atoms 018, 019,
020, and 021 bonded with chlorine becomes more electronegative.

4.4. Vibrational analysis

FT-IR and FT-Raman spectral wavenumbers have been assigned
based on the normal coordinate analysis following the scaled quantum
mechanical force field methodology. The title molecule consists of 21
atoms, which gives rise to 57 normal modes of vibrations. The observed
IR band with its relative intensities and calculated scaled wavenumbers
and assignments are given in Table S4 and the FT-IR and FT-Raman
spectrum of MP is shown in Figs. 3 and 4.

4.4.1. NHj vibrations

The hetero aromatics holding a NH; group stretching vibrations in
the region 3500-3220 cm ™! and the position of absorption in this gen-
eral region are connected with hydrogen bonding [26,27]. In MP, the
symmetric stretching vibration of NH; cation is observed as medium and
weak band in FT-IR and in Raman at 3415 cm ™! with the scaled value at
3417 cm ™! whereas the asymmetric stretching vibrations of NH, cation
appears as a very strong band in FT-IR at 3059 cm ™! and FT-Raman at
3057 cm™! with the scaled value at 3061 cm ™. This band show the level
of intermolecular hydrogen bonding N—H...O with the formation of
NH;, cation by accepting an oxygen atom from the perchlorate moiety. In
FT-Raman spectra, NHj in-plane bending vibrations are seen as a weak
band at 1655 ecm ™, and out-of-plane bending vibrations are seen as a
medium band at 1453 cm™!. Scaled frequencies for the in-plane and the
out-of-plane bending vibrations occur at 1662 and 1474 cm ™' respec-
tively and are related to the experimental values.

4.4.2. CH, vibrations

The CHp asymmetric and symmetric stretching vibrations come
around in the range of 3100 and 3000 em! [26,27]. In MP, asymmetric
CHj, stretching vibrations are observed as a medium band at 3282 cm™*
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in FT-IR and weak band at 3095 cm ™! in FT-Raman which concurs with
the scaled value. This increase of frequency is because of the CH; located
on the morpholinium ring this makes the oxygen atom in ether func-
tional group has lone pair of electrons and the substituent nitrogen atom
in NH; group in shifting the CH; bands [28]. These shift also due to the
weak van der Waals interaction which enables the C—H bond to
retrench, as evidenced by DORI analysis. In MP, symmetric CHpy
stretching vibrations are observed as a very strong band at 3002 cm ™! in
FT-Raman and weak band at 3211 cm ! and 3148 cm ™! in FT-IR which
concurs with the scaled value. In MTCP, the asymmetric stretching vi-
bration is observed as a weak band at 2961 cm™! and this less intense is
due to the presence of hydrogen bonding [5]. Normal value of CHy
in-plane bending vibration of morpholinium ring 1482-1446 cm™! [29]
which is observed in FT-Raman at 1423 cm ™. In the title compound,
CH; rocking and CH; twisting vibrationsare observed in FT-Raman at
1332 ¢cm ! and IR at 1143 cm™! which are compared with 4 MM [9]
molecule are 1329 cm ™! in FT-Raman and 1154 cm ™! in IR respectively
which infers that the band has affected by the methyl group attached to
the morpholinium ring in 4 MM.

4.4.3. C-C, C-N and C-O vibration

Morpholinium ring has two C—C, C—N and C—O stretching vibra-
tions which are more substituent dependant. C—C stretching vibration
in MP as very strong band at 907 cm ™! in FT-IR relates to the scaled at
919 cm ! and C—O stretching vibrations are observed as 1455 and 1105
em ! in FT-IR and 1082 cm ™! in FT-Raman agrees with the scaled at
1413 and 1092 cm ! which is down shifted depending on neighbouring
group, conjugation effects, H-bonding and molecular tautomerism [30].
C—C stretching modes in MO [6] at 1394 cm~! in FT-Raman and C—O
stretching vibrations observed at 1100 cm ™! in FT-IR and 1110 cm™!
FT-Raman. The morpholinium ring C—N stretch is usually coupled with
the C—C and C—O stretch. In MP, the C—N stretching observed at 1315
cm ! in FT-IR and 1119 and 1082 cm ™! in FT-Raman which is agree well
with the scaled values at 1318 cm_l, 1130 ecm ™! and 1092 em™! this
indicates strong N—H...O hydrogen bonding. The C—N stretching vi-
brations in MO [6] at 1041 cm ™! in FT-IR and 1015 cm ™! in FT-Raman it
evidenced the morpholinium ring is attached to the oxalate anion moi-
ety in MO. The C—N stretching vibrations in 4 MM [9] at 1257 emlin
FT-Raman and 1141 em ™! in FT-IR it implies that the methyl group
connected to the morpholinium ring in 4 MM. The hyperconjugative
covalent molecular charge transfer from the amino group, NH; group to
the morpholinium ring 6*(01—Cj4), 6*(N2—Cs) and 6*(Cg—Cj1) which
isrevealed by NBO analysis is clearly reflected in FT-IR and FT-Raman
spectra showing a downshift of C—C, C—N, C—O stretching mode.

4.4.4. ClOy vibrations
The asymmetric and symmetric stretching vibrations for the ClO4 ion
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normally observed at the range 1100 cm ™! and 936 cm ™! respectively
[31]. For MP, symmetric stretching vibrations for the ClO4 ion observed
as medium to very strong peak in FT-Raman at 1119 cm ™' and 919 cm ™!
which is well correlated with scaled wavenumbers at 1138 cm’l, 1130
em™! and 939 cm™! whereas weak asymmetric stretching vibration
observed at 1247 cm ™! in FT-Raman related with scaled value 1235
em™L. Variations in ClOj stretching frequencies are attributed to the
position of perchlorate bands strongly supports the coordination of
azomethine -C=NH; nitrogen to the morpholinium ring that exhibits
broad spectrum optical activities [32]. Also, the shift has been validated
by the second order perturbation energy that takes place between
LP1013— 6*(No—Hy) and LP1050—06*(No—H3) with the stabilization
energy of 9.82 and 4.84 kcal/mol and the occupancy of the interacting
NBOs. Presumably, the symmetry change from ClO4 to ClO3 allows the
symmetric bending vibration to become FT-IR active. The symmetric
deformation mode of coordinate ClOs group is observed as medium
band at 551 cm™! and 533 cm ™! in FT-IR and very weak band at 550
cm ™! and 533 cm ™! in FT-Raman [31]. In MP, the symmetric bending
mode of coordinate group ClO3 is observed as very strong band at 626
cm ™! in FT-IR and weak to medium band at 672 cm ™! and 478 cm™! in
FT-Raman. The scaled wavenumber assigned at 701 cm ™, 628 cm ™! and
478 cm™! which is corresponds to umbrella and scissoring mode
respectively.

4.5. Frontier molecular orbital analysis

Frontier molecular orbital analysis is used to investigate the inter and
intra-molecular charge transfer between electron donor and electron
acceptor groups through a conjugated route [32]. Fig. 5 shows the
HOMO-LUMO plot of MP computed at different levels of theory, where
the positive phase is exhibited in red and negative phase is depicted in
green. The frontier molecular orbital gap exposes information about the
molecule’s chemical reactivity and kinetic stability [33].

The HOMO-LUMO plot shows that the HOMO is localized only on the
electron withdrawing ClOzanion while the LUMO is localized on the
electron accepting NHy, C—C, C—N and C—O bonds in the morpholi-
nium ring. The HOMO and LUMO energy gap found to be 6.38 eV which
is correlated the experimental energy gap found to be 6.2 eV indicates
high kinetic stability and low chemical reactivity. It explains the ulti-
mate ionic charge transfer interaction taking place from ClO4 anion to
the morpholine cation to form morpholinium perchlorate required for
optical activity [34]. To evaluate the energy gaps that the range sepa-
rated and global hybrid MP functions predicted. The energy gap can be
roughly calculated using the difference between the lowest unoccupied
and highest occupied molecular orbital energies based on the
Kohn-Sham theory [35]. ELumo, EHomo, and the ionization energies (IE)
for the MP estimated at the B3PW91/6-31 g(d,p), B3LYP/6-31 g(d,p),
CAM-B3LYP/6-31 g(d,p), and B3LYP/CC-PVDZ levels of theory are
compared in Table 2. It is well known from Kohn-Sham theory that a
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Table 2
Calculated energy values of MP for different basis sets.
Parameters B3PW91/ B3LYP/ CAM- B3LYP/
6-31 G (d,p) 6-31 g(d, B3LYP/6-31 CC-PVDZ
p) g(d,p)

E nomo(eV) —5.385 8.112 6.502 7.151

E Lumo (eV) 0.946 0.848 1.207 0.370

Energy gap (eV) 6.387 7.269 5.294 6.78

Ionization Energy I 5.385 —8.112 —6.502 —7.151
(eV)

Electron Affinity A —0.946 —0.848 -1.207 —0.370
(eV)

Electronegativity(y) 3.193 —4.48 —3.854 —-3.760
(eV)

Chemical potential —4.139 —3.634 —2.647 -3.39
W (eV)

Chemical hardness 4.139 3.634 2.647 3.39
m) (eV)

Chemical softness (S) 0.120 0.137 0188 0.147
(en!

Electrophilicity 2.069 1.816 1.323 1.694

index (w) (eV)

"perfect functional" (assuming one had access to one) would produce an
ionization energy precisely equal to Egomo. These results show that a
full 100% asymptotic contribution of HF exchange is required to provide
a consistent explanation of the electrical characteristics in these systems,
complementing excitation energies. Additionally, these results show
that the range-separated formalism with full asymptotic HF exchange is
remarkably self-consistent because it accurately predicts both of the
excitation energies in these systems while also satisfying the necessary
energy restrictions [36,37].

Table 2 depicts the information about global reactivity of MP such as
chemical hardness, softness, electronegativity, chemical potential, and
electrophilicity index calculated by HOMO-LUMO energies. Chemical
hardness calculated to be 4.139 eV upholds the stability of compound
whereas electronegativity describes the ability to induce the shared
electrons, is found to be 3.193 eV. Electrophilicity index calculated to be

Table 3
HOMO-LUMO energy gap values of Morpholinium
derivatives.

Compounds Energy gap (eV)

Theoretical

MP 6.38

MO [6] 5.15

4 MM [9] 5.93

MHT [10] 5.64

4MBHS [11] 4.41

M2C4N [12] 9.38

B3PW91/6-31g(dp) B3LYP/6-31g(dp) CAM-B3LYP/6-31g(dp) B3LYP/CC-PVDZ

Fig. 5. Frontier Molecular Orbitals of MP.
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2.069 eV emphasizes optical activity [38,39]. The energy gap values of
MP in comparison with morpholinium derivatives are tabulated in
Table 3. The theoretical energy gap values are in the order M2C4N > MP
>4 MM > MHT > MO > 4MBHS.

4.6. UV-vis analysis

The propensity of compounds to absorb UV and visible light radia-
tion is investigated employing UV-visible analysis. UV-visible spectrum
investigation has been performed experimentally with DMSO as a sol-
vent is provided in Fig. 6a.

UV-vis excitation energy and oscillator strength for MP portrayed in
Table 4. The absorbance of light in the UV region contains the movement
of electrons from the ground to higher states in ¢ and = orbitals. The
experimental spectrum reveals two absorbance bands around 200 nm
and 332 nm were attributed to n—n* and n—x* transitions. But the
theoretical band at 156 nm (with oscillator strength f = 0.0297) with
major contributions from H-2—LUMO (68%), H-2—L + 1 (20%). The
shift between calculated and experimental energies ismainly attributed
to the hydrogen bonding interactions between MP and solvent molecules
including explicit and implicit solvent model [40]. Tauc’s plot is the
traditional method Eg for estimation from UV-vis data [41]. The direct
and indirect band gap of the MP was analysed by plotting as shown in
Fig. 6b and 6¢ and it was found to be 3.5 eV and 3.8 eV. The Tauc’s plot
is unarguably appropriate and yields reasonable values of Eg when
correctly applied. The direct and indirect optical band gap of MP is
traditionally measured by extrapolating the linear region, developed by
Tauc, has also been widely used [42].

200
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600 800 1000

wavelength (nm)
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4.7. Molecular electrostatic potential (MEP) analysis

MERP is a very significant characteristic because it offers a depth of
knowledge regarding the chemical reactivity of the investigated sub-
stance, particularly when describing intermolecular interactions. To
evaluate the reactive areas for electrophilic and nucleophilic assaults,
MEP investigations were conducted. Fig. 7 shows that the negative (red
and yellow) and positive (blue) sections of the MEP are related to
electrophilic and nucleophilic reactivity, respectively.

Negative electrostatic potential is localized over oxygen atoms in
ClOs group perchlorate anion is most reactive site for electrophilic
attack whereas positive electrostatic potential is localized over electro-
positive hydrogen atoms of morpholinium ring making them reactive
sites for nucleophilic attack. The site around these shows the formation
of inter-molecular interactions as evinced by optimized and NBO anal-
ysis. Natural population analysis also validates that oxygen atoms have
high negative charge favourable for electrophilic attack and that the
high positive charge of hydrogen atoms makes them favourable for
nucleophilic attack. Electron rich morpholinium ring cation makes it as
a hydrogen bond donor and perchlorate anion acts as a hydrogen bond
acceptor.

4.8. Hirshfeld analysis

Hirshfeld surface analysis describes the hydrogen bonding existence
and closer contacts in the solid state structure of the molecules and
intermolecular interactions based on the value of dyom (normalized
contact distance) and corresponding finger print plots, which are recent

3
Photon energy (eV)

Fu

100

cm”

(ahv)"“ZeV
g
1

T T T T

T

2 3
Photon energy (eV)

Fig. 6. (a) Experimental UV absorbance spectra of MP. (b) Direct Tauc plot of MP (c) Indirect Tauc plot of MP.
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Table 4
UV-vis excitation energy and oscillator strength for MP.
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States Experimental TD-DFT/ B3PW91/6-31G(d,p) Major contributions
Amax (nm) Band gap (eV) Amax Band gap (eV) Energy (cm™!) f(0.9)
(nm)
S1 174 7.12 62,117 0.0007 HOMO—LUMO(66%), HOMO—L + 1 (17%)
S2 173 7.16 62,252 0.0019 H-1-LUMO(62%), H-1-L + 1 (24%)
S3 200 6.2 156 7.94 63,917 0.0297 H-2—-LUMO(68%), H-2—L + 1 (20%)

Fig. 7. Molecular electrostatic potential map of MP.

approaches in molecular crystals. The dporm is found by seeing the global
relation among the distances of some surface points to the nearest
interior (d;) and exterior (d.) atoms and the van der Waals radii of the
atoms [43]. The Hirshfeld surface of the molecule mapped over dyorm, is
shown in Fig. 8. The closer contacts with longer and shorter distances of
van der Waals radii are represented in blue and red respectively. The
bright red region on the Hirshfeld surface is due to N—H...O
non-covalent interaction and pale red region is owing to the presence of
weak C—H...O non-covalent interaction.

The 2D fingerprint plots are used to understand the atom pair
intermolecular interactions in a crystal structure [44]. The relative
contributions of different individual contacts to the overall Hirshfeld
surface are given in Fig. 9. The color of each point: blue, green, and red
correspond to small, moderate, and high contributions whereas an un-
colored region indicates no contributions to the Hirshfeld surface. The
O...H contacts with a contribution of (74.2%) appear as two sharp spikes
on the fingerprint plots, which is indicative of strong hydrogen bond
interactions. The H...H contacts contribute (20.2%) to the total Hirsh-
feld surface area in the middle region. The obtained plots are used to
describe various interactions, including O—O (5.5%) and other contacts
present in the crystal structure.

4.9. ELF and LOL analysis

Electron localization function (ELF) and localized orbital locator
(LOL) are the useful tools which help to identify the regions of lone pairs,
bond pairs and size of the bonding the title molecule [45]. Color map of

Fig. 8. dnorm mapped on Hirshfeld surfaces for visualizing the intermolecular
interactions.

ELF and LOL gives information about electron density charge distribu-
tion whereas the two dimensional color shade maps are given in Fig. 10.

In Fig. 10a, the high ELF regions were seen around the hydrogen
atom indicated the high localization of boding and non-bonding elec-
trons. The blue region was present around carbon and oxygen atom
which show the presence of delocalized electrons cloud. From the
Fig. 10b, covalent regions were seen between carbon and carbon atoms
of the morpholine ring which were indicated by red color with high LOL
value.

4.10. Reduced Density Gradient (RDG) analysis

The molecular stability was ensured by non-covalent interactions
with inter and intramolecular interactions were predicted using the RDG
analysis based on the non covalent interaction (NCI) method [46]. The
Ao sign was exploited to differentiate between the bonded (Ay<0) and
non—bonded (A2>0) interactions. In MP molecule, the A, sign p function
ranges from —0.05 to 0.05 a.u. in the RDG scatter graph depicted in
Fig. 11.

The function of Ay (r) chooses between —0.035 and 0.020 a.u in the
RDG scatter plot, which are allocated to red, green and blue. In the RDG
isosurfaces, the red spike shows the steric repulsion perceived in the
centres of the morpholinium ring. The RDG scatter graph manifests the
red contour between 0.02 a.u and 0.015 a.u, indicating the higher
repulsive exchange contribution. This plot illustrates the steric repulsive
force between the ionic chlorine and nitrogen. Hydrogen bonding
interaction N—H...O illustrates the attractive force between and is
exposed by the bluish spikes. The presence of strong hydrogen bonding
interaction is established in the scatter graph for NCI between —0.025 a.
u and —0.035 a.u in the bluish domain. C—H...O hydrogen bonding
formation due to the interaction between oxygen atoms and the anionic
perchlorate group is deep-rooted between 0 a.u and 0.010 a.u domains.
Interacting regions in the MP molecule make the isosurface plot clearer
through the NCI scatter plot. RDG analysis does not show the RDG do-
mains between the covalently bonded atoms in the molecule.

4.11. Density Overlap Regions Indicator (DORI) analysis

DORI analysis offers difference between covalent and non-covalent
contacts in molecular structure. DORI scheme the colourful spheres
visualize the areas of a different types of interactions dependent on their
strength. Various molecular phenomena concerning visualization of
covalent bonding patterns, steric clashes as well as of typical non-
covalent interactions occurring between and within molecules charac-
terizethe utility of DORI analysis [47]. The isosurface density plot of
DORI analysis is as shown in Fig. 12.

The interacting sites may be identified using a DORI enclosing their
real space, with blue, green, and red areas representing the H-bond in-
teractions, van der Waals interactions, and steric impact, respectively.
Red color indicates the steric effect is localized in center of morpholi-
nium ring whereas green color indicates the presence of weak non-
covalent C—H...O interaction. Blue color indicates stronger attractive
interaction corresponding to strong non-covalent hydrogen bonds
(N—H...0). The covalent bond regions are revealed by blue surfaces,
which validate the vast electron density and the strong bonding effect in
these regions. The carbon-carbon, carbon-nitrogen, carbon-oxygen and
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Fig. 9. 2D fingerprint plots of different atom...atom contacts and their relative contributions.

chlorine-oxygen covalent contacts in morpholinium perchlorate mole-
cule are established.

4.12. NLO effects

Researchers have been interested in the photophysical characteris-
tics, NLO characteristics, and dyeing applications of various dyes [48].
The NLO parameters are represented in Table 5 and include the total
dipole moment, dynamic average linear polarizability, average first and
second order hyperpolarizability.

Fig. 10. (a) ELF and (b) LOL color filled map for LF. The calculated total dipole moment value of MP was 3.701 Debye
and a dynamic average linearpolarizability value was 11.8192x10"**e,
s.u. The calculated average linear polarizability value is 1.62 times
larger than the NLO reference material KDP (7.28><10’24 e.s.u), due to
the strong donor and acceptor of MP molecule which increases their
linear polarizability and contingent that strong charge transfer within
the molecule. These charge transfer induced the high nonlinearproperty
of the title molecule. The first order hyperpolarizability measures the
NLO activity of MP. The first and second order hyperpolarizability of MP

b oo is 2.6061x 1073 es.u., 1.16675x 10~ e.s.urespectively. The calcu-
by 0008 lated value of polarizability shows more NLO active nature of MP while
2 oo -0.008 comparing with other related compounds. Table 6 contains the MP and
= e oio1e its associated compound’s computed first and second order hyper-

0.40
0.20
0.00

~0.025

0.030 polarizability. The increase of first order hyperpolarizability value with
o increase in substitution in the order MP > MHT > M2C4N > 4MBHS >

MO > 4 MM may lead to a better polarity with a high energy gap. The
Fig. 11. 2D scatter plot and 3D RDG isosurface densities of MP. increase in dipole moment, linear polarizability, first and second order
polarizability provides better polarity in the MP molecule due to its
donor group and intermolecular interactions.

5. Conclusion

The compound MP has been characterized by FT-IR and FT-Raman
spectroscopic techniques using DFT calculations and the complete
vibrational analysis has been carried out. Optimized geometry and NBO
analysis confirm the formation of two inter-molecular interactions
which is important for the optical activity is evidenced from the transfer
of electrons from the lone pair oxygen in ClOzanion group to the anti-
bonding orbital of NH3 cation group in morpholinium ring. The occur-
rence of N—H...O intermolecular interactions and the conspicuous red
shifting in the wavenumber have been authenticated by the increase in
Fig. 12. Isosurface plot of DORI analysis. N—H bond length and an increase in the electron density in the anti-
bonding orbitals. The morpholinium ring stretching modes downshifted
because of the hyperconjugative intra-molecular interaction. The value
of the HOMO-LUMO energy gap enhances the intermolecular charge
transfer interaction within the molecule, leading to a better nonlinear
optical response similar to other morpholinum derivatives. MEP plot
and natural population analysis confirms that ClO4 groups are site for
electrophilic attack and hydrogen atoms in morpholinium ring is most
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Table 5
Dipole moment, Polarizability, First and Second Polarizabilities of MP.
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Dipole moment p (Debye) Polarizability (a(-0;0))(x10~**e.s.1)

First Polarizability (p(-»;0,0)) (x10*%e.s.u)

Second Polarizability (y(-0;0,0,0)) (x10~*%e.s.u)

™ —3.628963 Ot 93.5796563 Brocx —264.2245 o —8.58226
by —0.451127 Oy 1.7471964 Brxy —9.251052 Yxxyy 6.0674751
1y 0.571081 Oy 77.4190649 Byy ~17.09366 Yyyyy 2.5147849
Oz —2.1667673 Byyy —23.50198 Yyyzz 2.7851817
ay, 0.8693381 Bxz 59.206013 Yazzz —0.233243
Oz 68.2580107 Bryz —4.400596 Yzzxx 0.0889958
Byyz —1.944985
Bzz —9.743335
Byzz —4.475902
Brzz 12.783611
(W 3.701 (o(w;0)) 11.8192 (B(-0;0,0)) 2.6061 (7(-0;0,0,0)) 11.6675
References
Table 6

Calculated value of polarizabilities, first and second order hyperpolarizability
moment in MP and its related compounds, urea, KDP at DFT level.

Compounds u (Debye) Aa x 10724 (esu) B x 10730 (esu) ¥ X 10’39(esu)
MP 3.7012 11.8192 2.6061 1.16675
MO[6] 9.25 —7.427 0.817 -
4 MM [9] 1.44 0.795 0.496 -
MHT[10] 5.44 5.86 2.46 0.02194
4MBHS[11] 10.5507 3.1886 1.1972 -
M2C4N 4.4591 18.0037 2.1523 -

[12]
Urea 5.66 6.304 0.781 7.3
KDP 7.28 7.394 7.90 8.93

prone to nucleophilic attack. Density overlap regions indicator Analysis
and Hirshfeld analysis also supports that inter and intra-molecular in-
teractions occur in morpholinium ring and tetrahedral ClO; group.
Electron distribution and reactivesites on the surface were analyzed
using ELF and LOL. The predicted NLO properties of MP are much
greater than those of urea and comparing some morpholinium deriva-
tive compounds. Consequently, MP crystal might be a good choice for
high-speed optoelectronic applications.
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