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First-principles DFT study of the molecular
structure, spectroscopic analysis, electronic
structures, and thermodynamic properties of
ascorbic acid
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Pima Gharti Magar, Roshika Uprety, Krishna Bahadur Rai*

Department of Physics, Patan Multiple Campus, Lalitpur, Tribhuvan University, Nepal

Abstract: We comprehensively analyzed ascorbic acid using density functional theory at B3LYP/6-311G(d,p)
level of theory. Vibrational analysis revealed various modes, including C-C and C-H stretching and
in-plane C-H bending vibrations within the 3000-3100 cm ™' range. Examining HOMO-LUMO en-
ergy provided insights into chemical stability with an energy gap of 5.65 eV. The compound with
such a higher HOMO-LUMO gap is comparatively harder. The density of states spectrum with an
energy gap of 5.63 eV supplemented our HOMO-LUMO analysis by elucidating orbital energy levels.
The calculated hardness, at 2.82 eV, reflects the molecule’s stability and resistance to electron density
changes. With a chemical potential of -3.98 eV, indicating the potential energy of the substance, a
more negative value suggests a higher propensity for the molecule to undergo reactions or release
energy. The electronegativity value of 3.98 eV signifies the molecule’s or atom’s ability to attract
electrons in a chemical bond. A softness value of 0.34 eV~' denotes the molecule’s polarizability and
ease of electron transfer. Furthermore, the electrophilicity index of 2.81 eV suggests its electrophilic
character, indicating its capability to accept electrons in chemical reactions. Visualizations of ESP,
MEP, and ED enhanced the understanding of molecular interactions and charge distribution. Mul-
liken charges analysis highlighted regions of positive and negative charge localization, with C1 and O8
atoms exhibiting the highest positive and negative charges, respectively. Thermodynamic properties
such as heat capacities, internal energy, enthalpy, and entropy increased with temperature, contrast-
ing with the trend observed for Gibbs free energy, providing insights into the molecule’s behavior
under different temperature conditions.

Keywords: Ascorbic acid e Density functional theory e Vibrational analysis e Electronic structures e Ther-
modynamic parameters

Recieved: 2024-05-01 Revised: 2024-05-17 Published: 2024-05-31

I. Introduction

Ascorbic acid is an organic compound that belongs to a group of organic substances called buteno-

lides. These are dihydrofurans where the carbonyl group is attached to the carbon atom, i.e., at position

* Corresponding Author: krishnarail 35@gmail.com
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L
C2 in Fig. 1(a). Vitamins are essential for the body to various processes. The two types of vitamins
are water-soluble (vitamin C) and fat-soluble (vitamins K, E, D, and K). Ascorbic acid (CgHgOg), or
vitamin C, is an antioxidant that dissolves in water. Hungarian biochemist and Nobel Prize laureate
Szent-Gyor Gyi isolated it for the first time in 1928 [1]. Ascorbic acid can be found in citrus fruits,
strawberries, tomatoes, turnips, watermelon, pineapple, papaya, mango, and other leafy vegetables. A
small amount of vitamin C is also found in fish and milk. It helps to lower blood cholesterol and shields
the body against the damaging effects of pollution and free radicals. Both tissue growth and wound heal-
ing require it. A lack of this vitamin can result in infections, scurvy, anemia, and poor wound healing
[2]. The chemical structure of ascorbic acid includes the arrangement of carbon, hydrogen, and oxygen
atoms and their chemical bonds that hold the atoms together. Bichara studied the Density Functional
Theory (DFT) calculation of the molecular force field of L-ASCORBIC acid, vitamin C, together with IR
spectroscopic techniques for both solid and aqueous solution phases and found that stable conformation
of L-ASCORBIC acid in both solid and gas phases [3]. Nuclear magnetic resonance, Raman spectroscopy
[4], and DFT were employed to analyze the spectra, structure, and antioxidant activity of ascorbic acid,
which offers a view into its spectroscopic, structural, and antioxidant properties, particularly in aqueous
phases, thus contributing significantly to the understanding and potential health benefits of it [5]. Monte
Carlo simulations were performed on pure liquid water and the dilute aqueous solution of Vitamin C
molecules, and they confirmed the different properties, such as the distribution of several water ring
structures and the free energy of the solution [6]. Yamabe conducted a DFT investigation on the transi-
tion state and frontier orbitals in L-ASCORBIC acid oxidation and degradation, revealing insights into
OH addition and identifying proton transfers with minimal energy in transition states of intermediate

carboxylic acids, alongside recognizing participating side-chain reactions [7].

The equilibrium configuration, vibrational analysis, electronic structures, and thermodynamic prop-
erties of ascorbic acid have never been studied before using the DFT first-principles analysis with the
basis set 6-311G (d, p). Hence, research on this topic is vital. So, we study to find the optimized struc-
ture, optimization steps and its energy, vibrational analysis, highest occupied molecular orbitals (HOMO)
and lowest unoccupied molecular orbital (LUMO) analysis, global reactivity parameters, electrostatic po-
tential (ESP) surfaces, molecular electrostatic potential (MEP), electron density (ED), density of states
(DOS), Mulliken atomic charges and thermodynamic properties of the ascorbic acid molecule using DFT

with BSLYP/6-311G(d, p) level of theory.

II. Computational Methodology

All the quantum mechanical calculations on ascorbic acid were carried out via the Gaussian 09W

[8] using the DFT/B3LYP method and 6-311G(d, p) basis set. The molecular structures were visualized
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using GaussView software [9]. The optimized structural parameters were used in the vibrational frequency
calculations to characterize the mode of vibrations together with HOMO-LUMO, MEP, ESP, and ED. The
GaussSum 3.0 program was used to observe the DOS spectrum [10]. The optimization output frequency
file obtained from the Gaussian calculation was used to calculate the thermodynamic parameters by
employing the Moltran program [11].

For the determination of global reactivity parameters such as chemical hardness (1), electronic chem-
ical potential (u), electronegativity (x), softness (S), and electrophilicity index (w), we use Koopman’s

theorem. The ionization potential (I) and electron affinity (A), respectively, have a direct relationship

with the energies of HOMO and LUMO [12],

I =—-FEgomo (1)

A=—-Frymo (2)

In Koopman’s theorem for closed-shell molecules [13], let N and E stand for electron count and
total energy, respectively. The ratio of the second-order derivative of the total energy (JF) system to
the change in the number of electrons (§N) indicates the chemical hardness (1) of the system [14].

Mathematically, it is written as

146%E
1= 55N (3)
On solving, we get,
1
n= §(I —4) (4)

Potential energy generated or absorbed during a chemical reaction can be determined using quan-
tum chemical characteristics like electronic chemical potential (u) and electronegativity (x). Here, the
equation for the chemical potential (u) is obtained by the ratio of the first derivative of energy (JF) to
the number of electrons (0N) [15], and it is

0F
w= SN (5)
Then, it can be simplified as,
1
p=—5(+A) (

The chemical potential () obtained from the above expression is equal to the negative of the

electronegativity () such that g = —y. Therefore,

x=5(T+4) 7)

Similarly, the softness (S) [16] is given by,
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1
S=-
n
And electropositivity or electrophilicity index (w) [17] is given by,

III. Results and Discussion
Optimized molecular structure and optimization steps

Fig. 1(a) displays the optimized molecular structure of the ascorbic acid with atomic numbering and
its symbol using DFT at B3LYP/6-311G(d, p) basis set. Fig. 1(b) shows the total number of optimization
steps vs the total energy, and this molecule obtains the optimized molecular structure at 11 different steps.
The total energy of the initial structure is -18632.21 eV (-684.72 Hartree). After 11 optimization steps,
the ground state energy of the optimized ascorbic acid attains -18632.22 eV (-684.72 Hartree) value.

(a) -684.72110] (b)

-684.721154
-684,72]20:
-684.721254
-684.721304

-684.721353 S~

-684.72140

Total energy (Hartree)

0 2 4 6 8 10 12
Optimization step number

Figure 1. (a) Optimized molecular structure of ascorbic acid with the numbering and symbol of atoms, (b) Plot
for optimization step number vs total energy.

Vibrational analysis of ascorbic acid molecule

Infrared (IR) spectra of a neutral ascorbic acid molecule are shown in Fig. 2. In the IR graph,
the horizontal line illustrates the wavenumber, and the vertical line represents the percentage of light
transmitted. This depicts the correlation between the frequency (or wavenumber) and wavelength of
infrared light, showcasing either transmittance or absorption characteristics [18-20]. When energy is
low, absorption is high. By observing IR spectra, the modes of vibrations can be studied. The vibration
modifies the polarizability or dipole moment of the molecule based on whether the molecule is Raman
or IR active, respectively [21]. In ascorbic acid, major modes of vibrations like stretching, rocking, and

scissoring, as well as symmetric and asymmetric mode for C-H bonds, have been seen.
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C- H vibrations

Aromatic compounds have multiple weak bands in the 3100-3000 cm ™! region due to aromatic C-H
stretching vibrations [22, 23]. Here in our molecule, the C-H stretching vibrations are detected at 3016.07
em~! and 3040.68 cm™!.

C- C vibrations

The region where the ring carbon-carbon stretching vibrations are investigated is 1625-1430 cm™*

[24, 25]. In this instance, the ring’s C-C stretching vibration bands are visible at 1435.26 cm ™!, 1444.13
em™!, and 1450.38 cm ™! in the FT-IR spectrum.
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Figure 2. FT-IR-spectra of ascorbic acid using the DFT method.

HOMO -LUMO analysis

Fig. 3 shows the HOMO-LUMO diagram. The HOMO orbitals are the electrophilic portion that has
the propensity to give electrons away. In contrast, the LUMO orbitals are the nucleophilic portion that
inclines to either gain or receive electrons. After optimizing the molecular structure, the HOMO-LUMO
gap is calculated. The highest occupied and lowest unoccupied orbitals are vital in finding chemical
stability [26]. The HOMO and LUMO energies are utilized to calculate the energy gap (AFE), which
provides details about the structure’s chemical stability and reactivity [27-29]. Fig. 3 shows the HOMO
=-6.81 ¢V and LUMO = - 1.16 eV. Both the HOMO and LUMO energies are negative, signifying their
stable nature. The ascorbic acid’s energy gap (AFE) is 5.65 eV, highlighting its stability.
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LUMO Plot

Eiomo = - 116 eV

Energy gap = 5.65 eV

HOMO Plot

. Ejiomo = - 6.81 eV

Figure 3.  HOMO and LUMO orbitals of ascorbic acid.

Global reactivity parameters

In any molecule, their HOMO and LUMO correspond to the ionization potential (I) and electron
affinity (A) respectively. The global reactivity indices include hardness (), chemical potential (1), soft-
ness (S), electronegativity (x), and electropositivity (w) [30], and these have been defined based on the
energy values of a molecule’s HOMO and LUMO [31]. The smallest amount of energy needed to remove
an electron to infinity from an atom or molecule in its gaseous form is known as the ionization energy
(I). Conversely, electron affinity (A) is the energy released when an electron is added to a neutral atom
or molecule in a gaseous state to generate a negative ion. The values of I and A are found to be 6.81 eV

and 1.16 eV, respectively.

The chemical hardness is related to the stability and reactivity of the chemical system [32]. The
HOMO-LUMO gap is larger in hard molecules and smaller in soft molecules. Using the equations from
(1) to (7), we calculate the global reactivity parameters and found the values for chemical hardness (1) =
2.82 eV, chemical potential (u) = -3.98 eV, electronegativity (x) = 3.98 eV, chemical softness (S) = 0.34
eV~! and electrophilicity index (w) = 2.81 eV. The calculated hardness of 2.82 eV shows the molecule’s
stability and resistance to the change in electron density. A chemical potential value of -3.98 eV measures
the potential energy of the substance, and a more negative value suggests that the molecule is more prone
to react or release energy. An electronegativity value of 3.98 eV indicates the ability of a molecule/atom
to attract electrons in a chemical bond. Chemical softness is the inverse of global hardness and represents
the ease with which a molecule can accept or donate electrons. The softness value of 0.34 eV~! means its

polarizability and ease of electron transfer. The electrophilicity index of 2.81 eV suggests its electrophilic
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character, which means it can accept electrons in chemical reactions.

Electrostatic potential (ESP) surfaces, Molecular electrostatic potential
(MEP), and Electron density (ED)

Fig. 4(a) shows the ESP surface with values ranging from -1.441e-2 a.u. (red) to +1.441e-2 a.u.
(blue). The energy of a positive charge interacting with the electrons and nuclei of a molecule is termed
the electrostatic potential. The red color suggests a higher negative charge, while the blue color indicates
a higher positive charge. For ESP, as shown in Fig. 4(a), the negative potential is hanging out around
the oxygen because it is more prone to electrophilic attacks, showing up as a yellowish region, and the
rest of the surface is localized with positive potential, signaling its inclination for nucleophilic attacks.

Fig. 4(b) shows the MEP surface map in the range of -7.556e-2 a.u. (red) to +7.556e-2 a.u. (blue).
The MEP correlates with dipole moments, electro negativity, partial charges, and chemical reactivity
of the molecule. It indicates the net electrostatic effect produced at a point in the space surrounding a
molecule by its total charge distribution (electron + nuclei) [33]. It provides a visual method to under-
stand the relative polarity of the molecule. Oxygen atoms exhibit slightly negative MEP, especially when
bonded to other carbon atoms or hydrogen, and hydrogen atoms show the negative region of MEP.

The ED map shows the probability of an electron being present at a specific location (Fig. 4(c)).
The size, shape, charge density, and reactive sites of the molecules are shown by an electron density

surface map using an electrostatic potential surface.

(a) (b)

SN ¢

- 1.441c-2 M “— o ].441e-2  -7.556¢-2 NN

Figure 4. (a) Electrostatic potential, (b) Molecular electrostatic potential, and (c¢) Electron density, of ascorbic
acid.

Density of states (DOS)

Just taking into account HOMO and LUMO may not give a meaningful representation of the frontier
orbitals because the boundary areas of nearby orbitals may exhibit quasi-degenerate energy levels [34].
Because of this, we observe the DOS using the GaussSum 3.0 software. The DOS graph clarifies whether
the two orbitals have an anti-bonding or bonding connection. Fig. 5 shows the energy gap from the DOS

spectrum, equal to 5.63 eV. The energy gap shown in this DOS spectrum agrees well with the energy
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gap value reported in the HOMO-LUMO study.
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Figure 5. Density of states (DOS) spectrum of ascorbic acid molecule.

Mulliken atomic charges

Mulliken charge calculations are essential in quantum chemistry since they affect polarizability,
electronic structure, dipole moment, and other molecular properties [35, 36]. The calculated data of
Mulliken atomic charges are shown in histogram of Fig. 6. It can be observed that C1, C2, C3, C4, C11,
H12, H14, H15, H16, H17, H18, and H19 atoms of C4gHgOg¢ perform positive charges and O5, 06, O7,
08, 09, 020 and C10 show the negative charges. Among them, it is clear that the C1 and O8 atoms

have the highest positive and negative charges, respectively.

I Mulliken Charges |

044 &
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W 0.2 H18H19
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Atoms

Figure 6. Mulliken charges distribution chart of the ascorbic acid molecule.
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Thermodynamics analysis

The thermodynamic parameters, including heat capacity at constant volume (Cv), heat capacity at

constant pressure (Cp), total internal energy (U), enthalpy (H), entropy (S), and Gibbs free energy (G),

are observed using the Moltran software. Fig. 7(a) and Fig. 7(b) show the heat capacity as a function

of temperature at constant volume and pressure, respectively. Both graphs show a linear monotonic rise

in the heat capacity with the temperature increase.
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Figure 7. Heat capacity at (a) Constant volume and (b) Constant pressure of ascorbic acid as a function of
temperature.

Fig. 8(a) depicts the behavior of internal energy versus temperature, while Fig. 8(b) shows the

behavior of enthalpy versus temperature. These figures show that as the temperature rises, the internal

energy and enthalpy of the molecule increase in a similar trend.
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Figure 8. Temperature dependence of (a) Internal energy and (b) Enthalpy of ascorbic acid.

Fig. 9(a) presents the graph of entropy with respect to the temperature. It clearly shows that the

entropy increases with the temperature rise. Fig. 9(b) shows the temperature dependence of Gibbs free
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energy of ascorbic acid. It shows that Gibbs’s energy decreases with an increase in temperature.
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Figure 9. Temperature dependence of (a) Entropy and (b) Gibb’s free energy of ascorbic acid.

The system’s overall energy change, or entropy, must be positive. Additionally, the system’s en-
thalpy change must be negative, meaning that the enthalpy term must be less than the entropy term,
causing Gibbs free energy to become negative [37]. The graphs from Fig. 7(a), Fig. 7(b), Fig. 8(a), Fig.
8(b), and Fig. 9(a), illustrate how thermodynamic parameters such as heat capacity at constant volume
(Cv), heat capacity at constant pressure (Cp), total internal energy (U), enthalpy (H) and entropy (S)

increase as the temperature rises due to the increase in molecular vibrational intensities.

IV. Conclusion

The first-principles DFT/B3LYP method with a 6-311G (d, p) basis set was used to determine the
molecular structure, spectroscopic analysis, electronic structures, and thermodynamic properties of the
ascorbic acid molecule. We optimized the molecular structure of ascorbic acid and explored its vibrational
modes, including C-H and C-C vibrations, elucidating its spectral characteristics. Its C-H vibrations are
located in the 3100-3000 cm ™! region for C-H vibration (i.e., 3016.07 and 3078.55 cm™~!). Similarly, the
1625-1430 cm ™! region is identified for ring carbon-carbon stretching. We conducted a thorough analysis
of the HOMO and LUMO, revealing insights into its chemical stability and reactivity. From the observa-
tion value of HOMO and LUMO, the energy gap was found to be 5.65 eV. The energy gaps observed in
the HOMO-LUMO and DOS spectrums are equivalent and correspond well. The DOS spectrum provided
additional clarity on the energy levels of orbitals, complementing our HOMO-LUMO analysis. The global
reactivity parameters, including hardness, chemical potential, electronegativity, chemical softness, and
electrophilicity index, were found to be 2.82 eV, -3.98 eV, 3.98 eV, 0.34 eV~!, and 2.81 eV, respectively
suggesting valuable information on its chemical reactivity and interaction potential. Visualizations of

electrostatic potential surfaces, molecular electrostatic potential, and electron density offered a deeper
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understanding of its molecular interactions and charge distribution. Mulliken charge analysis shows that
all the hydrogen and carbon atoms except C10 exhibit a positive charge. In contrast, all the oxygen
atoms and C10 display a negative charge, emphasizing key regions of positive and negative charge local-
ization. Gibbs free energy decreases as temperature rises, while heat capacity at constant volume (Cv)
and pressure (Cp), internal energy (U), enthalpy (H), and entropy (S) increase with the same rise in

temperature, providing insights into the molecule’s behavior under different conditions.
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