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Abstract

In this research, the molecular, electronic, and spectroscopic properties of cyclohexanone oxime were
investigated using density functional theory (DFT) in both the gas phase and solvents (water, DMSO,
and ethanol) at the B3LYP/6-311++G (d,p) level of theory. HOMO-LUMO energy calculations
showed higher stability of cyclohexanone oxime in solvent phases than in the gas phase due to a
larger energy gap in solvents (6.66 eV) compared to the gas phase (6.45 eV). Thermodynamic
parameters, molecular electrostatic potential (MEP) maps, density of states (DOS) spectra, and
Mulliken atomic charges were investigated to gain a broad understanding of the physicochemical
behavior of the cyclohexanone oxime molecule. Further analysis included non-covalent interaction
(NCI) and reduced density gradient (RDG) plots to understand weak interactions, and Fukui function
calculations to identify different reactive sites in the cyclohexanone oxime molecule. Spectroscopic
properties were studied by simulating FT-IR, FT-Raman, and UV-Vis spectra. All these parameters were
then compared with all the available experimental results on the cyclohexanone oxime compound.
These comprehensive theoretical investigations provided valuable information on the structural,
electronic, and spectroscopic features of the cyclohexanone oxime molecule, highlighting the influence
of different solvent environments on its behavior.
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Introduction

N-cyclohexylidenehydroxylamine, commonly called as Cyclohexanone Oxime (CHO), is a
white crystalline solid with molecular formula CsH1:NO, molecular weight 113.16 a.u., and a
melting point of 90°C. CHO is mainly used as a significant intermediate compound in the production
of caprolactam, a key monomer of Nylon-6. CHO is soluble in water and ethanol (Lide, 1992; Sharp
et al., 2024). CHO is produced by condensation of cyclohexanone with hydroxylamine sulphate or
hydroxylamine phosphate (Fisher and Cresentini, 1985; Sumathi et al., 2025). It has been extensively
used for various industrial applications, particularly in the Beckmann rearrangement (Zhang et al.,
2014). CHO is also considered to be an intermediate compound in the oxidative metabolism of
sodium cyclamate, which is an artificial sweetener (Unger and McMahon, 1981). Because of the
presence of the oxime (=NOH) functional group (Sumathi et al., 2024), the cyclohexanone oxime
molecule shows interesting structural, electronic, and reactive properties that make it a valuable

subject for various computational and spectroscopic investigations. The chemical structure of
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cyclohexanone oxime is depicted in Figure 1.

Figure 1: Chemical Structure of Cyclohexanone Oxime (PubChem Compound Database, CID:7517)

Recently, various computational studies on compounds with synthetic, medicinal, life science-
based, agro-based, or industrial significance have caught the eye of many researchers in the field of
physics and chemistry. Similarly, CHO as well as its polysubstituted compounds have gone through
many computational studies, like in the research article on Gaussian hybrid computational analysis of
CHO in the gas phase, where the DFT method was used to understand its physicochemical properties
(Ramalingam etal., 2012; Murugavel etal., 2023). Thermodynamic properties of CHO in the gas phase
via DFT (B3LYP/6-311++G (d,p)) calculations show that the calculated values and the experimental
value of entropy agreed with 1% difference (Kozyro et al., 1992). To date, no comprehensive
theoretical investigation of cyclohexanone oxime insolvent media such as water, ethanol, and DMSO
has been reported. Most existing studies have concentrated on its gas phase characteristics, while
solvent effects, non-covalent interactions, and molecular reactivity aspects remain insufficiently
explored. To bridge these gaps, the present work employs density functional theory to examine the
physicochemical and electronic properties of CHO in both gas and solvent phases. The analysis focuses
on molecular optimization, HOMO-LUMO energy gap, density of states, molecular electrostatic
potential, vibrational (IR and Raman) and UV-Vis spectra, Mulliken charge distribution, as well as
non-covalent interaction (NCI-RDG) and Fukui function analyses.

Methodology

In this study, we conducted different quantum chemical calculations by using the Gaussian16W
program (Frisch et al., 2016). The DFT investigations with B3LYP functional (Becke, 1993; Lee et
al., 1988a) and 6-311++G (d,p) basis set were used to optimize the geometry and calculate vibrational
parameters of the CHO compound. GaussView6.0 (Dennington et al., 2016) was used to visualize the
molecule and analyse the findings. The CHO was first optimized for minimum energy at B3LYP/6-
311++G (d,p), and it was re-optimized multiple times for accuracy for further calculations. In this

study, the B3LYP hybrid functional was employed due to its proven accuracy in predicting the
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structural, electronic, and vibrational properties of organic molecules, including oximes. After that,
vibrational frequencies were calculated using the earlier optimized structure. The same functional and
basis set were used for computing HOMO-LUMO energies, electronic properties, MEP, and DOS
spectrum. DOS spectrum of the title compound in the gas phase and in solvents was computed using
the GaussSum program (O’Boyle et al., 2008), and vibrational analysis was conducted from the
VEDA4 program (Jam-r6z, 2013). NCI-RDG analysis was conducted using Multiwfn (Lu and Chen,
2012) and VMD software (Humphrey et al., 1996). Fukui functions were calculated using Gaussian
data in the UCA-FUKUI v2.1 software package (Sanchez-Marquez et al., 2014). We applied
Koopmans theorem (Koopmans, 1934) for the energy gap which is defined as the difference of the
energies of the LUMO and HOMO which eventually leads to other parameters such as lonization
Potential (IP), Electron Affinity (EA), Electronegativity, Chemical potential, Chemical hardness,
Chemical softness and Electrophilicity Index (Pearson, 1989; Geerlings etal., 2003; Padmanabhan et
al., 2007).

Results and Discussions

Optimized Molecular Geometry: —

@® Oxygen (O)
@ Nitrogen (N)
@® Carbon (C)

Cyclohexanone oxime

Figure 2: Optimized Structure of CHO with Numbering of Atoms

The optimized geometry of the CHO compound with the minimum energy configuration is
computed using Gaussian16W software. Cyclohexanone oxime consists of a six-membered
cyclohexane ring, where five of the carbon atoms are each bonded to a pair of hydrogen atoms, while
one carbon is substituted with a NOH (oxime) functional group. This substitution alters the electronic
and structural properties of the molecule, influencing its vibrational characteristics, which are crucial
for spectroscopic analysis. After the optimization process, the molecular structure of cyclohexanone
oxime is obtained in its neutral state, providing a reliable foundation for further spectroscopic and
computational investigations. The structure of CHO with symbols and labels of atom numbers after
optimization in the neutral state is displayed in Figure 2, and different optimized parameters are given
in Table 1.
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Table 1
Optimized Geometry Parameters and their Calculated Values Using the DFT (B3LYP)/6- 311++G
(D,P).
Bond length Value (A) Bond angle Value Dihedral angle Value
Cl1-C2 1.509 C2-C1-C3 111.078 C3-C1-C2-C6 -50.856
C1-C3 1541 Cl1-C3-C4 111.397 C3-C1-C2-N7 127.939
C3-C4 1535 C3-C4-C5 111.365 H9-C1-C2-C6 -174.573
C4-C5 1535 C4-C5-C6 112.092 H9-C1-C2-N7 4.222
C5-C6 1544 C5-C6-C2 110.709 H10-C1-C2-C6 68.591
C2-C6 1.508 C6-C2-C1 116.47 H10-C1-C2-N7 -112.613
C1-H10 1.099 H9-C1-H10 107.438 C2-C1-C3-C4 52.131
C1-H9 1.092 H11-C3-H12 106.736 C2-C1-C3-H11 174.767
C3-H11 1.094 H13-C4-H14 106.511 C2-C1-C3-H12 -63.730
C3-H12 1.097 H15-C5-H16 106.630 H9-C1-C3-C4 174.582
C4-H13 1.095 H17-C6-H18 107.360 H9-C1-C3-H11 -62.782
C4-H14 1.098 H10-C1-C3 108.820 H9-C1-C3-H12 53.721
C5-H15 1.094 H9-C1-C3 111.638 H10-C1-C3-C4 -67.005
C5-H16 1.096 H10-C1-C2 108.300 H10-C1-C3-H11 55.630
C6-H17 1.089 H11-C3-C1 109.590 H10-C1-C3-H12 172.133
C6-H18 1.098 H11-C3-C4 110.531 C1-C2-C6-C5 50.102
C2-N7 1.277 H12-C3-C4 109.413 C1-C2-C6-H17 173.874
N7-08 1.418 H12-C3-C1 109.047 C1-C2-C6-H18 -69.061
08-H19 0.962 H9-C1-C2 109.437 N7-C2-C6-C5 -128.554
H13-C4-C3 110.138 N7-C2-C6-H17 -4.783
H13-C4-C5 110.003 N7-C2-C6-H18 112.282
H14-C4-C3 109.321 C1-C2-N7-08 179.887
H14-C4-C5 109.374 C6-C2-N7-08 -1.458
H15-C5-C4 110.490 C1-C3-C4-C5 -55.649
H15-C5-C6 109.298 C1-C3-C4-H13 -177.973
H16-C5-C4 109.310 C1-C3-C4-H14 65.324
H16-C5-C6 108.855 H11-C3-C4-C5 -177.743
H17-C6-C5 111.268 H11-C3-C4-H13 59.933
H17-C6-C2 110.549 H11-C3-C4-H14 -56.769
H18-C6-C5 109.021 H12-C3-C4-C5 64.996
H18-C6-C2 107.96 H12-C3-C4-H13 -57.327
C6-C2-N7 126.788 H12-C3-C4-H14 -174.029
C1-C2-N7 116.720 C3-C4-C5-C6 55.435
C2-N7-08 112.789 C3-C4-C5-H15 177.606
N7-08-H19 102.083 C3-C4-C5-H16 -65.349
H13-C4-C5-C6 177.836
H13-C4-C5-H15 -59.992
H13-C4-C5-H16 57.052
H14-C4-C5-C6 -65.507
H14-C4-C5-H15 56.663
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Bond length Value (A) Bond angle Value Dihedral angle Value
H14-C4-C5-H16 173.707
C4-C5-C6-C2 -51.193
C4-C5-C6-H17 -174.551
C4-C5-C6-H18 67.228
H15-C5-C6-C2 -174.042
H15-C5-C6-H17 62.6003
H15-C5-C6-H18 -55.621
H16-C5-C6-C2 69.853
H16-C5-C6-H17 -53.504

6 H16-C5-C6-H18 -171.725
C2-N7-08-H19 179.278

Global Reactivity Descriptors
Table 2
Global Reactivity Descriptors of the Cyclohexanone Oxime Molecule in the Gas Phase and Different

Solvents

Parameters gas phase solvent water solvent DMSO solvent ethanol
Total Energy (eV) -9934.50 -9934.51 -9934.52 -9934.51
Dipole (Debye) 1.28 1.95 1.95 1.93
HOMO (Enomo) (V) -6.91 712 711 711
LUMO (ELumo) (V) -0.46 -0.45 -0.45 -0.45
Energy gap (eV) 6.45 6.67 6.66 6.66
lonization Potential (IP) (eV) 6.91 712 711 711
Electron Affinity (EA) (eV) 0.46 0.45 0.45 0.45
Electronegativity (x)(eV) 3.68 3.79 3.78 3.78
Chemical potential (1)(eV) -3.68 -3.78 -3.78 -3.78
Chemical hardness (n)(eV) 3.22 3.34 3.33 3.33
Chemical softness (S)(eV) ™ 0.16 0.15 0.15 0.15
Electrophilicity index (o)(eV) 211 213 214 2.14

All the calculated values of different global reactivity descriptors are listed in Table 2. These
calculations show that HOMO energy values change from -6.91 eV in the gas phase to around -7.11
eV in different solvents, whereas LUMO energies remain unchanged at around -0.45 eV. The energy
gap increases in solvents, meaning that CHO is more stable in solvents than in the gas phase.
lonization Potential increases in solvents, indicating more energy is required to remove an electron,
implying greater stability in solvents, whereas Electron affinity remains nearly constant, suggesting
minimal effects of solvent on electron accepting ability. Electronegativity increases in solvents ( gas
phase:3.68 eV to solvents:3.78 eV), indicating a stronger tendency to attract electrons in solution.
Chemical potential is lower in solvents, reflecting greater stability. Hardness increases slightly in

solvents, indicating higher resistance to electronic deformation. Chemical softness decreases slightly
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in solvents, meaning reduced reactivity. According to the global electrophilicity index (Domingo et
al., 2016), carbon-based compounds can be classified into three different categories as weak
electrophiles (o <0.8 eV), moderate electrophiles (0.8 eV < < 1.5 eV), and powerful electrophiles
(o >1.5eV). From this research, we understand that CHO has strong electrophilicity in the gas phase
as well as in solvents. Additionally, electrophilicity is slightly higher in solvents, indicating a higher
tendency to accept electrons in solution.
Frontier Molecular Orbitals (FMO) Study:

The Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular
Orbital (LUMO) are the Frontier Molecular Orbitals (FMOSs) as they are present at the outermost
boundaries and are very important parameters to conduct various quantum chemical calculations.
HOMO acts as the capacity to donate an electron, i.e., a nucleophile, whereas LUMO acts as the
capacity to gain an electron, i.e., an electrophile (Janani et al., 2021; Mamand, 2019). The energy gap,
which is given by the difference in LUMO and HOMO energy, has been considered to be an indicator
of chemical reactivity, kinetic stability, and polarizability of the compound (Rijal et al., 2022; Dege et
al., 2022; Khanal et al., 2025). The FMOs of the CHO molecule are computed in gas phase as well as in
solvents water, DMSO, and ethanol, by using the B3LYP functional along with the 6-311++G (d,p)
basis set, as shown in Figure 3.

The red and green colors in the FMOs symbolize the negative and positive regions accurately.
The more the value of the energy gap, more the kinetic stability and the less the chemical reactivity of
the compound (Hussain et al., 2020). The HOMO and LUMO energies of CHO in the gas phase and
solvent media are as mentioned in Table 2. The cyclohexanone oxime compound shows a higher
energy gap in solvent phases ( 6.66eV) than in the gas phase (6.45 eV), symbolizing the lowest
chemical reactivity and highest kinetic stability in solvent phases. From Figure 2, the HOMO is more
localized towards the oxime group and carbons near it, while the LUMO is completely localized in the

cyclohexane ring and very little towards the oxime group.

Lumo Lumo LUMO
N N T

AE = 6.45 eV AE = 6.67 eV AE = 6.66 eV AE.= 6.66 eV
. 1 -

A o

HOMO HOMO HOMO HOMO

a) Gas phase b) Water c) Ethanol d) DMSO

Figure 3: Frontier Molecular Orbitals of Cyclohexanone Oxime in Neutral State
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Thermochemistry:

Various parameters obtained from Gaussian calculations relating different thermodynamic
functions like thermal energy, heat capacity, and entropy are presented in Table 3. These calculations
show that total thermal energy, heat capacity, and entropy are predominantly influenced by vibrational
contributions. Translational and rotational motions provide equal thermal energies and heat capacities,
but their entropy contributions are significant at 40.085 and 28.262 cal/mol-K, respectively. The
electronic contribution is zero, which is as expected because we calculated these parameters in the
ground state.

Table 3

Thermochemistry of Cyclohexanone Oxime in Neutral State

Thermal Energy Heat Capacity Entropy

(kcal/mol) (cal/mol-Kelvin) (cal/mol-Kelvin)
Total 109.649 29.941 85.107
Electronic 0.000 0.000 0.000
Translational 0.889 2.981 40.085
Rotational 0.889 2.981 28.262
Vibrational 107.871 23.980 16.760

Density Of States (DOS) Spectra:

a) Gas Phase

b) Water
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Figure 4: DOS Spectra of Cyclohexanone Oxime in Gas Phase and Different Solvent Media

The density of states (DOS) spectrum explains the energy level per unit energy increase. Hence,
higher Density Of States (DOS) means more accessibility for the states to be occupied at a given
energy level (Ben Mahmoud et al., 2020; Pandey et al., 2011). The red lines in the DOS spectrum
symbolize the LUMO, whereas green lines symbolize the HOMO energy levels. The DOS spectra of
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the cyclohexanone oxime compound, including several states with different energy levels in the
neutral state in the gas phase and different solvents within the energy range of -15 eV to +5 eV, are
illustrated in Figure 4. From these spectra, the energy difference in LUMO and HOMO, i.e., the
energy gap in the gas phase, is found to be 6.45eV, whereas in solvents it is calculated to be about
6.66eV. This also shows a higher energy gap in solvents than in the gas phase. These values from DOS
spectrum are in strong agreement with the values from FMOs above.

Mulliken Atomic Charge Distribution:

Mulliken Charge Distribution in Gas Phase and Solvents

0.6 BEE Gas Phase
Water

s DMSO

B Ethanol

0.4 4

0.2 I
—0.2 4 || II‘IlI‘III
T T T T

R N - T
Atoms

Figure 5: Mulliken Atomic Charge Distribution plot of CHO
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In various quantum chemical calculations, Mulliken atomic charges have a very strong impact
on the electronic structures, molecular properties, polarizability, dipole moment, and many other
properties (Mulliken, 1955; Kamal et al., 2025; Gyawali et al., 2025). The Mulliken atomic charges of
the cyclohexanone oxime compound in the gas phase and different solvents are listed in Table 4, and a
plot of atoms with their Mulliken atomic charges is illustrated in Figure 5. From the calculations, we
get to know that every other carbon atoms have negative Mulliken charge, but C2 has a positive
Mulliken charge. This might be because it likely experiences electron withdrawal from nearby
electronegative atoms like N or O, as this carbon atom is connected to the oxime group. Due to
bonding, resonance, and hybridization effects. This makes C2 electron-deficient, while other carbons
retain more electron density, leading to negative charges.
Table 4

Mulliken Charge Distribution in Gas Phase and Different Solvents

Atom Gas Phase Water DMSO Ethanol
C1 -0.485239 -0.535109 -0.534614 -0.533530
Cc2 0.117910 0.187967 0.187277 0.185768
C3 -0.222946 -0.236403 -0.236290 -0.236039
C4 -0.315853 -0.315008 -0.315008 -0.315009
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Atom Gas Phase Water DMSO Ethanol
C5 -0.251623 -0.256584 -0.256557 -0.256497
C6 -0.335314 -0.323866 -0.323991 -0.324265
N -0.229013 -0.297391 -0.296676 -0.295115
0 -0.119502 -0.158697 -0.158326 -0.157514
H9 0.188990 0.184514 0.184588 0.184746
H10 0.145430 0.164045 0.163837 0.163383
H11 0.166391 0.175561 0.175455 0.175226
H12 0.132818 0.136413 0.136396 0.136355
H13 0.159197 0.166000 0.165928 0.165770
H14 0.135923 0.143213 0.143120 0.142918
H15 0.165358 0.175079 0.174970 0.174731
H16 0.143881 0.146901 0.146890 0.146863
H17 0.189770 0.182721 0.182813 0.183012
H18 0.145975 0.166752 0.166524 0.166027
H19 0.267846 0.293894 0.293667 0.293168

Molecular Electrostatic Potential (MEP) Analysis:

MEP is a very important tool for studying and examining molecular structure and different
physicochemical parameters along with their relationship with several drugs and biological
compounds (Khadka et al., 2025; Murray and Sen, 1996; Alkorta and Perez, 1991). MEP is employed
in order to map the distribution of electrons in molecules and for distinguishing electrophilic and
nucleophilic sites (Khanal et al., 2025). From Figure 6, the plot of MEP of CHO compound in neutral
state illustrates the classified order of surface region is blue > green > yellow > orange > red where
blue region represents the region with most positive electrostatic potential while the red region
represents the region with most negative electrostatic potential and green regions represents the
regions with zero electrostatic potential (Dhurjad et al., 2025). In the cyclohexanone oxime molecule,
electrostatic potential lies in between -4.564e-2 a.u to +4.564e-2 a.u ( gas phase), -4.636e-2 a.u to
+4.636¢€-2 a.u (ethanol), -4.634e-2 a.u to +4.634e-2 a.u (water), and -4.635e-2 a.u to +4.635e-2 a.u
(DMSO). The region around the NOH (oxime) group is covered by orange to red regions, which
symbolize that this region is prone to electrophilic attack. The red regions are darker in solvent
phases than in the gas phase, indicating that their effect is more pronounced in solvents compared to in
the gas phase. The regions around the cyclohexane ring, except C2, appear green, indicating zero
electrostatic potential in that region. The region above the hydrogen atom attached to the oxygen
atom appears to be blue, which indicates it might be prone to nucleophilic attack. The regions around

the cyclohexane ring, except C2, appear green, indicating zero electrostatic potential in that region.

60



AOJ Volume: 8 Issue: 1 2025 ISSN: 2382-509X

-4.564e-2 4.564e-2 -4.634e-2 4.634e-2

| ]
-4.636e-2 4.636e-2

c) Ethanol d) DMSO

Figure 6: MEP of CHO in neutral state in gas phase and different solvents
NCI-RDG Analysis

The NCI-RDG (Non-Covalent Interaction - Reduced Density Gradient) method allows
researchers to study various intermolecular interactions deeply by distinguishing between van der
Waals forces and steric repulsion, and hydrogen bonds in molecules. RDG is a fundamental
dimensionless quantity that characterizes weak interactions based on the quantum-mechanical electron
density and its first derivatives in real space (Johnson et al., 2010).

In the NCI-RDG evaluation of cyclohexanone oxime, both the steric hindrance and the Van der
Waals attractive forces are observed. From the RDG analysis, it is shown in Figure 7 (aand b), the blue
regions in the RDG vs. sign (A2)p scatter plot (between 0.03 and 0.05 a.u.) correspond to strong
attractive interactions, such as hydrogen bonding. This is also visualized in the isosurface plot near the
oxime functional group, particularly between the oxime OH hydrogen and the nitrogen. The green
regions (sign (A2)p between 0.02 and 0.01 a.u.) signify weak van der Waals interactions, commonly
seen between non-bonded atoms in close convergence, especially around the cyclohexane ring and
adjacent atoms. The red spikes in the plot (sign (A2)p >0.01 a.u.) indicate steric repulsion, visualized in
the isosurface diagram near the ring hydrogens and oxygen atom. This suggests electron cloud overlap
and steric hindrance in these regions. This information is also supported by the RDG isosurface
mapping, which reveals that steric hindrance exists as red regions inside the ring, while weak Van der

Waals interactions appear as green regions.
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Figure 7: Reduced density gradient (RDG) analysis and NCI (a) 2D and (b) 3D
UV-Vis Absorption Spectra:
It is known that the availability of electrons greatly affects the maximum UV wavelength

absorption (Saji et al., 2021). The UV-Vis absorption spectra of the cyclohexanone oxime molecule
were obtained after the calculation with TD-DFT with B3LYP functional using 6- 311++G (d,p) basis

set in neutral state in gas phase as well as in different solvents like water, DMSO, and ethanol.

Different parameters like oscillatory strength, excitation energies, and maximum wavelength, along

with major contributions of the cyclohexanone oxime compound, are given in Table 5. The UV-Vis

absorption spectra are displayed in Figure 8. From the spectra, we observe that the absorption of UV

wavelengths in the spectrum is hugely affected by the polarity of different solvents like water,

ethanol, and DMSO used compared to the gas phase.

Table 5

UV-Vis Absorption Excitation Energy and Oscillator Strength with Maximum Wave-length and Major

Contributions

State Maximum Excitation Oscillator Major Contributions

Wavelength (nm)  Energy (eV) strength (f)

213 5.82 0.0210 (H — L (45%), (H— L+1 (36%), (H-1 — L (11%)
Gas Phase 211 5.88 0.0055 (H-1 —> L (62%), (H-1 — L+4 (11%)

205 6.04 0.0699 (H— L (44%), (H — L+1 (42%)

208 5.97 0.0219 (H-1— L (49%), (H — L (19%), (H — L+1 (19%)
Water 206 6.02 0.0210 (H-1— L (32%), (H — L (23%), (H — L+1 (34%)

198 6.25 0.1792 (H— L (52%), (H — L+1 (35%)

208 5.96 0.0138 (H-1— L (48%), (H — L (20%), (H — L+1 (20%)
Ethanol 206 6.02 0.0219 (H—> L (24%), (H-1— L (32%), (H — L+1 (33%)

199 6.24 0.1785 (H—L(51%), (H — L+1 (36%)

208 5.96 0.0144 (H-1— L (48%), (H — L (20%), (H — L+1 (20%)
DMSO 206 6.02 0.0230 (H-1— L (32%), (H — L (24%), (H — L+1 (33%)
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State Maximum Excitation Oscillator Major Contributions

Wavelength (nm)  Energy (eV) strength (f)
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Figure 8: UV-Vis Spectra of Cyclohexanone Oxime in Gas Phase And Different Solvents

Vibrational Analysis:

Cyclohexanone oxime has 19 atoms with 51 theoretical modes of vibrations. We performed
frequency calculation analysis after complete optimization of the molecule to a minimum energy
multiple times in the gas phase, which is confirmed by the absence of negative frequencies. Table 6
shows the calculated values of vibrational frequencies, their IR intensities, Raman activities, and
vibrational assignments along with their potential energy distribution (PED%) contributions in the gas
phase. The wavenumber linear scaling method was used for uniform scaling of calculated vibrational
frequencies for the DFT with B3LYP functional and 6-311++G (d,p) basis set whose formula is
given as: vobserved =vcalculated % (1.0087 — 0.0000163 vcalculated) (Yoshida et al., 2000). FT-
Raman spectrum and FT-IR spectrum are illustrated in Figure 9 (a) and 9 (b), respectively.

In FT-IR spectra of cyclohexanone oxime strongest band was observed at wavenumber 2994
(2874-scaled) corresponding to [C1-H10] and [C6-H18] with 81% and 10% as their PED
contributions, respectively. And a medium band was observed at wavenumber 3123 (2991-scaled),
which corresponds to[C6-H17] with 97% PED contribution. Similarly, some weak bands were also
observed at wavenumbers 3842 (3635-scaled) and 1721 (1688-scaled) corresponding to vibrations
[08-H19] (100% PED) and [N7-C2] (78% PED) respectively. And in FT-Raman spectra, strongest
Raman band was observed at wavenumber 3123 (2991-scaled) corresponding to vibration [C6-H17]
(97% PED) and some medium to weak bands were observed at wavenumbers 2994 (2878-scaled),
1402 (1382-scaled), 869 (864-scaled) and 398 (399-scaled) corresponding to C-H stretching vibration,
bending H-C-H vibrations, torsional ring carbon vibrations and bending C-C-C vibrations

respectively.
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Figure 9: Theoretical (a) FT-Raman and (b) FT-IR Spectra of cyclohexanone oxime

C-H vibrations: Typical C-H stretching modes of vibrations are observed in the range just lower
than 3000 cm™* (Eggers and Lingren, 1956; Kemp, 1991). In our study, the FT- IR frequency of
C-H stretching vibration was found at 2991 and 2874 cm™ in the gas phase with PED contributions of
97 and 91, respectively, which is in very close agreement with the above-mentioned literature.

O-H Vibrations: Usually, the stretching frequency for O-H for oximes utilizing non-polar solvents in
a dilute solution are observed in the range of 3570-3650 cm™* while it is observed in the range of
3130-3300 cm™! in the presence of hydrogen bonding (St and Flett, 1957; Karabacak etal., 2010). In
our study, we observed this vibration at 3635 cm~?, which is also in close match to other experimental
studies.

C=N Vibrations: In our research, C=N vibrations are observed at 1721 cm~* which is a little higher
value to the usual C=N stretching vibration, which is commonly observed in the range of 1620-1690
cmtin various oximes (Fabian et al., 1956; Hadi, 1956).

Table 6

Vibrational Analysis of CHO With its Vibrational Frequencies, IR Intensities, Raman Activities, and

Assignments Along with Potential Energy Distribution in The Gas Phase

Calculated Frequency (cm-1) IR Raman Vibrational assignments
Unscaled  Scaled Intensity Activity ~ [PED>10%)]
3842 3635 106,51 13716 {08 -H19](100)
3123 2991 6.32 6250 \[C-HL7](97)
2994 2874 10.64 6227 y[c1 -H10](81), v[C6 ~H18](10)
1721 1688 9.67 26.89 v[N7 =C2](78)
1402 1382 22.49 513 BIH19 -09 -N7](40), B[H17 -C6 -C2](16)
1157 1145 4.35 2.16 B[H15 -C5 -C6](43), 1[H16 —C5 —C6 -C2](13)
1079 1069 0.26 4.05 v[C3 -C4](61)
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B[H13 —C4 —C5](13),1[H13 —~C4 —C5 —C6](28),
1[C1 —C3 —C4 —C5](25)
B[C1 —C3 —C4](16),B[C6 —C2 —N7](14),
1[H18 —C6 —C2 —C1](13),t[C3 —C1 —~C2 —C6](11)
B[C3 —C4 —C5](31),7[H9 —C1 —C2 —C6](18),
1[H15 —C5 —C6 —C2](14)
1[H19 —09 —N7 —C2](50), B[C3 —C4 —C5](12),
B[C1 —C2 —C6](15)
B[C6 —C2 —N7](30),B[C2 —C1 —C3](10),
1[C1 ~C3 —C4 —C5](10),7[C1 —~C2 —N7 —08](17)
B[C2 —~N7 —08](10),7[C3 —~C1 —C2 —C6](10),
7[C2 —C1 -C3 —C4](44)

81 82 0.02 0.94 y[N7 -C1 -C6 -C2](64)

v = stretching vibrations, B = Bending vibrations, T = Torsional vibrations, y = Out vibrations
Fukui function:

The Fukui functions were calculated using Gaussian output data in UCA-FUKUI v2.1 software
and are listed in Table 7. The Fukui function is the most important local reactivity descriptor. This
gives the most favourable sites in a molecule for electron redistribution when the electron count varies.
Fukui functions also indicate the tendency of electron density to shift at specific points upon electron
donation or acceptance (Lee et al., 1988b; Khadka et al., 2025).

The Fukui function analysis for CHO reveals that Oxygen at site 8 (f =0.2603) is the most
nucleophilic site, mainly because of the presence of lone pairs. So, this site is highly reactive towards
electrophilic attacks. Also, Carbon at site 2 (f ~=0.2151) and Nitrogen at site 7 (f =0.1447) also
show notable nucleophilic nature. Hydrogen atoms at sites 14 (f*=0.1369), site 13 (f*=0.1234), and
site 19 (f*=0.1221) are the most electrophilic sites, indicating a preferred site for nucleophilic attacks
or hydrogen bonding interactions. The overall reactivity descriptor ( f°) further confirms that the
Oxygen at site 8 (f°=0.143), Carbon at site 2 (f°=0.1086), and nitrogen at site 7 (f°=0.0874) are the
main reactive centers of the CHO molecule.

Table7
Fukui Function Values for Different Atomic Sites

Atoms Sites - f i
C 1 -0.0299 0.0063 0.0118
C 2 0.2151 0.0021 0.1086
C 3 0.0099 0.0158 0.0129
C 4 -0.0093 0.0310 0.0108
C 5 0.0061 0.0179 0.0120
C 6 -0.0206 0.0075 0.0066
N 7 0.1447 0.0301 0.0874
0 8 0.2603 0.0256 0.1430

65



AOJ Volume: 8 Issue: 1 2025 ISSN: 2382-509X

Atoms Sites f f 0
H 9 0.0290 0.0353 0.0322
H 10 0.0726 0.0670 0.0698
H 11 0.0433 0.1049 0.0741
H 12 0.0232 0.0331 0.0281
H 13 0.0492 0.1234 0.0863
H 14 0.0219 0.1363 0.0791
H 15 0.0399 0.1001 0.0700
H 16 0.0204 0.0365 0.0284
H 17 0.0156 0.0381 0.0268
H 18 0.0637 0.0667 0.0652
H 19 0.0450 0.1221 0.0836
Conclusion

In this study, we explored the structure, properties, and spectroscopic analysis of cyclohexanone
oxime using quantum mechanical calculations. We employed a common method in computational
physics known as Density Functional Theory (DFT), specifically the B3LYP functional, along with the
6-311++G (d,p) basis set, which enables the accurate description of electron behavior in molecules.
First, we optimized the shape (geometry) of the molecule multiple times in the gas phase to find its
most stable form, that is, the form with the lowest energy. After confirming the stability, we
calculated the vibrational frequencies to better understand how the molecule behaves under different
conditions. We then studied the molecules Frontier Molecular Orbitals (HOMO and LUMO) and
found that the energy gap between them is larger in solvents compared to the gas phase. This suggests
that cyclohexanone oxime becomes more stable when surrounded by a solvent, which was further
supported by Density of States (DOS) spectra analysis.

When we looked at the FT-IR (Infrared) spectrum, we identified strong polar vibrations like the
stretching of OH and C=N bonds. In contrast, the FT-Raman spectrum highlighted non-polar vibrations
such as CC bond stretches. These findings help explain how different parts of the molecule move or
vibrate when exposed to light or energy. The UV-Visible (UV-Vis) analysis showed that the molecule
absorbs more ultraviolet light when in a solvent than in the gas phase. This supports the idea that
solvents influence the electronic properties of the molecule. Using Non-Covalent Interaction (NCI)
and Reduced Density Gradient (RDG) analysis, we found that strong hydrogen bonding occurs
between atoms in the oxime group, which is an important feature in its chemical behavior.
Additionally, the Molecular Electrostatic Potential (MEP) map and Fukui function analysis helped us
pinpoint the most reactive parts of the molecule. Oxygen was found to be the most electron-rich
(nucleophilic) site, followed by the carbon and nitrogen atoms in the oxime group. Overall, the

theoretical results we obtained closely matched the past experimental observations and agreed well
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with findings from other scientific studies. This confirms the reliability of our computational approach

in understanding the molecular behavior of cyclohexanone oxime.
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