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c Department of Physics, Government College Women University Sialkot, Pakistan 
d Department of Physics, University of Gujrat, Gujrat 50700, Pakistan 
e Institute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University, Grudziadz Street 5, Toruń 87-100, Poland   
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A B S T R A C T   

The anti-oxidizing properties and physiological action of ascorbic acid have recently attracted considerable 
research attention. This study employs dimethyl sulfoxide (DMSO) solvent to examine the interaction of solvent 
molecules and the resulting structural modifications in ascorbic acid through trial and error with three quantum 
solvation models (CPCM, IEFPCM, and SMD). DMSO was selected from the models to analyze changes in the 
optical bandgap and spectroscopic properties using first-principles methods. Geometry optimization was per
formed at two different levels of theory: Hartree-Fock (HF) and density functional theory (DFT). The DFT method 
was employed with a 6–311 G/B3LYP basis set to yield the ground-state energy. The electronic orientation was 
investigated through potential energy mapping, while spectroscopic analysis encompassed ultraviolet (UV–VIS) 
and nuclear magnetic resonance (NMR) techniques. Additionally, Fourier transform infrared spectroscopy was 
used to gain a deeper understanding of the chemical structures of the compound. The findings shed light on the 
DMSO-Ascorbic acid interactions and revealed structure-property correlation.   

1. Introduction 

Ascorbic acid, also known as vitamin C, is a vital natural organic 
substance which may be found in several fruits and vegetables [1–5]. It 
comprises an organic molecule having the chemical formula C6H8O6 
that has four stereoisomers and six chiral carbon atoms [6–11]. Vitamin 
C is an essential micronutrient for humans. Unlike other animals, 
humans cannot naturally produce it due to which its demand needs to be 
fulfilled from foods or supplemented by other sources [12–18]. It is 
categorized as an antioxidant [19–22]. It may offer stronger benefits 
when oxidative stress is increased. The infections in humans and animals 
produce reactive oxygen species (ROS) which are oxidizing substances 
that activate phagocytes [23–29]. These reactive species play a crucial 
role in deactivating viruses and killing bacteria [30–34]. The biological 
processes in the body benefit greatly from the frequent consumption of 
acid through fruits and vegetables [35–37]. The presence of ascorbic 
acid in blood plasma is 10 times lower than that in white blood cells, 
which is clear evidence that it plays an important role in the immune 

system of the body in the cells [38–40]. Vitamin C also influences virus 
replication, interferon production, T-lymphocyte maturation, and 
phagocyte maturation in the laboratory. The inability of the human 
body to synthesize ascorbic acid motivates researchers to explore 
alternative ways of producing it [41–42]. 

The spatial arrangement of the atoms in ascorbic acid in the solid 
phase has been investigated via different structural and vibrational 
analysis techniques [42–45]. Dopamine has aromatic ring-like struc
tures similar to ascorbic acid. Nasidi et al. studied the effects of halogen 
doping on dopamine and investigated the role of the band structure in 
detail [46]. 

In this study, three quantum models are extensively studied to 
analyze the effect of dimethly sulfoxide (DMSO), the solvent was 
selected due to its laboratory and industrial applications as solvents for 
many gases, synthetic fibres, paint, hydrocarbons, salts and natural 
products. This paper shows the effect of DMSO solvent on ascorbic acid 
and it is investigated in detail using three quantum models (i) conductor- 
like polarizable continuum model (CPCM) [47], (ii) integral equation 
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formalism polarizable continuum model (IEFPCM) [48] and (iii) solva
tion model based on Density (SMD) [49] In these models, the solute 
effect of the molecule of interest, which is released into a space where 
the solvent charge is stabilized, is examined. [50] The difference be
tween IEFPCM and CPCM is in the method used to define this space. [51] 
SMD is a model that uses a continuous model to determine the charges 
on the molecular surface of the solute. In addition, SMD has proven to be 
an effective solvation model [49]. The molecular structure was opti
mized using a 6–311 G/B3LYP basis set to achieve the geometry of the 
ground-state energy. The electronic and optical properties were 

determined, and the optimized molecules were solvated with DMSO 
using the three models to investigate the improvement in its effective
ness. The findings of this study revealed that the bandgap is sensitive to 
the solvent. The IEFPCM model is found to be the best solvent model for 
ascorbic acid. 

2. Computational method 

This study was carried out to study dimethyl sulfoxide (DMSO) 
molecules (see Fig. 1) as solvent using Gaussian 09 code, whereas the 
plot of the spectroscopic properties and graphical presentation of the 
results was performed via Origin package. The ground-state molecular 
optimization of the molecule was computed using the density functional 
theory (DFT) method together with a 6–311 G basis set through B3LYP 
functionals. This methodology is an established theoretical strategy to 
investigate the geometries and band structure of materials with more 
than one covalent electron. Two methods were used with eight basis set 
to compute the ground-state energy of the molecule. The choice of DFT/ 
B3LYP/6–311 G level of theory was driven by its ability to provide ac
curate and comprehensive information about molecular structures and 
properties. The findings of this study contribute to a better under
standing of the interactions between DMSO and ascorbic acid, estab
lishing a valuable structure-property correlation. The calculated values 

Fig. 1. The geometry optimized structure of (a) ascorbic acid (b) in DMSO (CPCM) (c) in DMSO (IEFPCM) (d) in DMSO (SMD).  

Table 1 
Comparison showing the optimization of basis set for Hartree-Fock versus DFT in 
ascorbic acid.  

Basis set Hartree-Fock (eV) DFT (eV) 

STO-3G 0.801 0.700 
3–21G 6.254 4.895 
6–31G 7.050 5.146 
6–31G* 7.050 5.146 
6–311G 7.286 1.147 
LanL2DZ 7.272 5.129 
LanL2MB 0.806 1.674 
SDD 7.459 5.247  
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Fig. 2. The FT-IR of ascorbic acid.  

Fig. 3. The calculated density of states of (a) ascorbic acid (b) DMSO (CPCM) (c) DMSO (IEFPCM) (d) DMSO (SMD).  
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of energy are in agreement with the literature which points to the val
idity of the results being reported. To observe the effect of the solvents 
on the titled molecule, the UV–VIS and FT-IR were calculated before and 
after the solvation with DMSO using different models. The chemical shift 
and environments were also determined using nuclear magnetic reso
nance (NMR) when the solvated with the solvent. The same basis set was 
implemented to plot the three-dimensional plot of the highest occupied 
molecular orbitals (HOMO) and lowest unoccupied molecular orbital 
(LUMO). 

Table 1 clearly shows the energy difference between the HOMO and 
LUMO during the optimizaition of the title molecule. The energy com
parison was made between the basis and 6–311 G was selected. The 
selection of the basis set was due to the fact 6–311 G is the basis that is 
close to the literature value. Eight basis sets were used for the compi
lation of the lowest ground-state energy after which the appropriate 
basis set for the remaining analysis was used to test the two approaches, 
Hartree-Fock (HF) and density functional theory (DFT), in this work. 
The comparison of energies as a function of basis sets computed at two 
levels of theory is given in Table 1. The eight basis were used to show a 
clear comparison and difference between the bandgap energies of the 
title molecule relative to their respective basis set. 

3. Result and discussion 

This study uses spectroscopic methods including ultraviolet (UV), 
Fourier transform spectroscopy (FT-IR), and nuclear magnetic reso
nance (NMR) to analyze the effects of doping the named compound with 
halogens on the bandgap and density of states. The calculated density of 
states for ascorbic acid, DMSO using CPCM, IFPCM and SMD are shown 
in Fig. 3. 

3.1. The molecular orbital 

The compound studied herein has 47 molecular orbitals which can 
be used to analyze the band structure and other important properties. 
The investigation of molecular orbitals is very important because it ex
plains the electron distribution in ascorbic acid [37–40]. Fig. 3 clearly 
shows the bandgap energy of ascorbic acid and then solvated with the 
three quantum models. 

The orbitals in the ascorbic acid that are already occupied by the 
electrons are forty-seven [52]. It can be seen from Fig. 3 that the highest 
occupied molecular orbitals (HOMO) resided on the portion of the ring 
while at the same time the lowest unoccupied molecular orbital (LUMO) 
totally resides and is localized on the ring part. The energy difference 
between the HOMO and LUMO can be described as the bandgap energy. 
To form a correlation between the chemical reaction and biochemical 
systems, the bandgap energy is used as a probe. Additionally, a molecule 
with a small-valued band gap is called a soft molecule. Soft molecules 
can be more polarizable and have higher chemical reactivity in addition 
to low kinetic stability [53–54]. It is understood from Fig. 4 that ascorbic 
acid has more chemical stability in the IEFPCM model. 

The change in the bandgap energy takes places due to interaction 
between the solvents (DMSO) molecules during the reaction. Among the 
three models, IEFPCM was selected to be the best solvent for ascorbic 
acid as it has values very close to the literature. This result is a clear 
indication that the bandgap energy of ascorbic can be controlled using 
solvents as shown in Fig. 3. 

3.2. UV–Vis spectroscopy 

Ultraviolet spectroscopy (UV–VIS) is used for the determination of 
the molecular structures in this study. The absorption intensity of the 
materials was calculated as a function of wavelength as shown in Fig. 5. 
The IEFPCM model exhibited the highest absorption intensity 19,700 eV 
at a wavelength of 286 cm− 1. The CPCM peaked with an intensity 8350 

Fig. 4. The homo and lumo of (a) ascorbic acid (b) in DMSO using CPCM (c) in DMSO using IEFPCM (d) in DMSO using SMD.  

Fig. 5. The comparison of calculated UV–vis absorption spectra of ascorbic acid 
determined by using models CPCM, IEFPCM, and SMD. 
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eV and at the same time SMD model peaked with an intensity 8035 eV 
with corresponding values of wavelengths as 200 cm− 1 and 232 cm− 1, 

respectively. The calculations carried out using IEFPCM highest ab
sorption peak due to which it seems to be a suitable model for solvating 
ascorbic acid. In addition, it is understood from these results that 
Ascorbic acid has absorption peaks in the middle UV region in all 
models. 

3.3. FT-IR spectroscopy 

The Fourier transform infrared (FT-IR) is a spectroscopic technique 
which is used to functional groups present in a molecule. The FTIR 
calculations of ascorbic acid before and after solvation were carried out 
using Gaussian 09 with 6–311 G/B3LYP basis set. The C–C, C=C, and 
C–H bonds in Figs. 2 and 6 were analyzed to explore the benzene rings 
that are present. It has been reported that ascorbic acid’s typical carbon 
hydrogen (C–H) stretching vibrations take place at a wavelength of 
about 3000 cm− 1 and can exhibit moderate bands (multiplicity) when 
compared to typical C–H stretching vibrations [16–18]. The C–H bond 
in ascorbic acid’s vibrational modes is present in this experiment be
tween 3065 and 3124 cm− 1. Due to its conformity with the literature, 
this shows that the base set chosen is accurate. Aliphatic C–H has 
stretching vibrations at approximately 2750 cm− 1 [36], whereas it was 
found to be about 2867–2973 in this work, which points to an agreement 
with the literature. The observed peaks at about 1259, 1193, and 1147 
cm− 1 bands are attributed to in-plane bending vibration in the ascorbic 
acid. The results obtained theoretically in this work confirm that B3LYP 
computed values are close to the true value, which indicates the worth of 
the IEFPCM model for the molecule under investigation. The C–C vi
brations exhibited different peaks due to the nature of the ascorbic acid 
as it has resonating benzene ring (mesomeric effect) attached to it. 

3.4. NMR spectroscopy 

The nuclear magnetic resonance (NMR) is a spectroscopic technique 
that can be used to determine the chemical environments of the atoms 

present in a particular molecule. In this work, the NMR calculations 
were carried out to investigate the chemical positions of protons and 
carbons before and after the process of solvation. The NMR results 
calculated on ascorbic acid (solvated and non-solvated) obtained when 
solvated with CPCM, IEFPCM, and SMD are shown in Fig. 7. Nasidi et al. 
investigated the halogen doping of ascorbic acid and discovered that 
there is always a change in the orientation of carbon and proton of a 
complex molecule when the doped with the halogens [10]. The orien
tation of the molecules changes when solvated due to interaction with 
solvent molecules depending on the models of the solvents. The normal 
ascorbic acid has range − 200–300 ppm but changes to − 150 to 300 
ppm, − 100 to 400 ppm and − 150 to 300 ppm when solvated with DMSO 
in CPCM, IEFPCM, and SMD models respectively. Figs. 7a–d show the 
comparison of the chemical shift that occur when ascorbic acid that was 
solvated with the three quantum models. In fig B, by looking at the result 
there is highest absorbtion from − 100 to 400 ppm due to the fact the 
IEFPCM model is the suitable model for controlling the bandgap and 
electronic activites of the ascorbic acid. At the same time, the other 
models (CPCM and SMD) have the same absorbtion from − 150 to 300 
ppm. 

3.5. Potential energy surface (PES) 

The potential energy map is extremely useful as it shows exactly 
shows the orientations, movements, and concentrations of electrons in a 
molecule. The distribution of electrons in a molecule can be described by 
the potential energy map as the red color indicates electron rich areas 
while blue signifies electron poor areas. In this work, the concentrations 
of the electrons are along the oxygen atom in the normal ascorbic acid 
shown in Fig. 8. Oxygen is the most electronegative atom in the struc
ture, and it attracts the electrons towards it. This is why areas around 
oxygen appear to be red while other areas appear to be blue indicating 
electron poor areas. But when the titled molecule was solvated with 
DMSO, the arrangements of the electrons changed due to interactions 
with the molecules of the solvents. This observation is useful as it pro
vides more light in the configuration of the electrons. The interaction is 

Fig. 6. The FT-IR of (a) ascorbic acid (b) in DMSO using CPCM (c) in DMSO using IEFPCM (d) DMSO using SMD.  
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more intense in IEFPCM models which makes it a more suitable solvent 
than the other models (CPCM and SMD). 

4. Conclusion 

In this research, the DMSO solvent effects on ascorbic acid were 
investigated using three quantum solvation models CPCM, IEFPCM, and 
SMD. The models selected in this study caused rearrangements in the 
electronic structure of the molecular orbitals thereby making a little 
change in the in the energy difference of highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). 
The titled molecule was optimized by selecting 6–311 G/B3LYP basis set 
to achieve the geometry of the ground-state energy. The spectroscopic 
parameters were determined and then the optimized molecules were 
solvated with DMSO using three models to analyze the changes and 
investigate the improvement in its effectiveness through bandgap. It was 
found out the bandgap is sensitive to the solvent. This information is 
extremely useful as it can help us control the bandgap. It was understood 
that the chemical stability of the title molecule was highest in the 
IEFPCM model. The selection of the IEFPCM as the best solvent is as 
result obtained in the above calculation. The model has the highest peak 
in highest energy absorption when UV spectroscopy was carried out 
with peak around 19,700 eV and at the same time has the highest peak 

when UV spectroscopy was conducted. The potential energy map for the 
selected model shows that there is possible rearrangement of electronic 
structures when the solvation took place. The effect only occurs on this 
model as it didn’t happen on the other models. 
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