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Abstract

We report a theoretical study on graphdiyne (GD) palced with vitamin C derivative as a
fluorescent sensor for the detection of vitamin C. First, we performed frontier molecular
orbital (FMO) calculations to determine the electronic properties of the sensor. Geometry
optimization was then performed to obtain the optimized structure of the sensor. The UV
spectra and emission spectra of the sensor were calculated using time-dependent density
functional theory (TD-DFT). Our calculations show that the sensor exhibits a strong
fluorescent response upon interaction with vitamin C, with a possible range of values
between 340-353 nm. Their absorbance maxima (Amax) Were reported to be 1005-1115 nm
range. The Stokes shift of the sensor was calculated to be 30 nm. The global chemical
reactivity values of the sensor were calculated using density functional theory (DFT). The
results showed a Stokes shift correlation of 0.69 and an electrophilicity () value of 0.70eV
for vitamin C-placed on graphdiyne, indicating a positive correlation between the polarity of
the solvent and the Stokes shift and the sensor with its capability of accepting electrons. Our
calculations show that the sensor is highly reactive towards vitamin C with a low energy gap
(Egap) between the HOMO and LUMO orbitals. This work presents a promising platform for
the development of new vitamin C detection strategies with potential applications in the food

and pharmaceutical industries.
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Detection at VNIR Region

Vitamin C Doped on Graphidyne Sheet

GRAPHICAL ABSTRACT
Introduction

Vitamin C, also known as ascorbic acid, is an essential nutrient for humans and it plays a
vital role in various biological processes and is required for the proper functioning of the
immune system [1]. The deficiency of vitamin C can lead to various health problems, such as
scurvy, and has been associated with an increased risk of chronic diseases, such as cancer and
cardiovascular diseases [2]. Therefore, the accurate and sensitive detection of vitamin C is of
great importance in the food and pharmaceutical industries [3]. The fluorescence-based
sensors have emerged as a promising approach for the detection of various analytes,
including vitamins [4]. Among various materials, graphdiyne (GD) has attracted significant
attention due to its unique electronic and optical properties [5]. It is a two-dimensional carbon
allotrope with sp and sp? hybridized carbon atoms, which provides it with remarkable
mechanical, electronic, and optical properties [6]. Vitamin C is a crucial nutrient for human
health, and it is found naturally in many foods and supplements [7]. The sensing of vitamin C
is important in food and medicine because it can help to ensure that people are getting the
appropriate levels of this nutrient in their diets or medications [8]. In food, the sensing of
vitamin C can help to determine if a product is fresh and has not degraded over time, which
can be a sign of spoilage [9]. In medicine, the sensing of vitamin C can help to ensure that a
medication is stable and active [10], and that it will be effective for patients who need it [11].
The sensing of vitamin C could play an important role in promoting health and well-being in
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people of all ages [12]. Recent studies have shown that GD can be functionalized with
various functional groups to create highly sensitive and selective sensors for various analytes,
including vitamins [13]. The family of graphdiynes comprises a diverse range of compounds
derived from aromatic hydrocarbons, including benzene, cyclopentadiene, and
cyclobutadiene [14]. These compounds exhibit unique structural forms that are characterized
by alternating single and triple bonds between carbon atoms. Benzene-derived graphdiynes
showcase a honeycomb-like pattern, while those derived from cyclopentadiene and
cyclobutadiene possess their own distinct structures [15]. Cyclopentadiene derivatives boast a
similar alternating bond pattern, offering intriguing possibilities for various applications. On
the other hand, cyclobutadiene derivatives feature a compact four-membered ring structure.
The alternating bond patterns in all these graphdiyne compounds make them highly
captivating and open up exciting avenues for further exploration and application in diverse
fields [16]. In the realm of sensing applications, the family of graphdiynes has emerged as a
promising field of study. Among the various types of graphdiynes, benzene derivatives have
garnered notable attention for their structural versatility and adaptability as sensors [17].
Benzene-based graphdiynes possess a distinct and intricate framework, characterized by
alternating single and triple bonds, resembling a honeycomb pattern as this unique structure
enables easy functionalization and modification, allowing for the introduction of specific

sensor functionalities [18].

Unlike cyclobutadiene derivatives, which exist primarily in metal-containing forms
and have limited sensing potential, benzene derivatives offer a more universal and widely
applicable sensing platform [19]. By tailoring the chemical composition of benzene
derivatives, researchers have successfully harnessed their sensing capabilities for a diverse
range of analytes, including gases, liquids, and biomolecules [20]. This adaptability in
functionalization has led to exciting advancements in environmental monitoring, healthcare
diagnostics, and industrial process control. In light of this, our study seeks to explore the
sensing capabilities of benzene derivatives within the graphdiyne family and their
implications in various sensing applications. By comprehensively understanding and
exploiting the unique properties of these compounds, we aim to contribute to the

advancement of sensor technologies across multiple domains."

Density functional theory (DFT) plays a crucial role in the design and development of

such sensors and materials [21]. DFT is a powerful computational method that can accurately
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predict the electronic and optical properties of materials and molecules [22]. It has been
widely used to study the electronic and optical properties of GD-based sensors for various
analytes [23], including vitamins. DFT calculations can also provide insights into the
electronic structure, charge transfer, and reactivity of the sensor, which can aid in the design
and optimization of the sensor for improved sensitivity and selectivity [24]. We report a
theoretical study on GD with vitamin C derivatives as a fluorescence-based sensor for the
detection of vitamin C (Fig. 1). We investigate the electronic, geometric, and optical
properties of the sensor using computational methods, including DFT, to assess its potential
as a vitamin C sensor. The results of this study could provide insights into the design and
development of new fluorescence-based sensors for vitamin C detection with improved
sensitivity and selectivity. The GD is a 2D carbon allotrope composed of sp- and sp?-bonded
carbon atoms. Vitamin C of GD has not been reported to the best of my knowledge.
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Fig. 1 A schematic view of theoretical design for sensing vitamin C over tween type
graphdiyne

Computational Methodology

All calculations were performed using the Gaussian 9.5 software package (Revision D.01)
[25]. The geometry optimization of the GD-based vitamin C sensor was performed at the
B3LYP/6-31G level of theory [26] while the frontier molecular orbitals (FMOs) were also
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calculated using the same level of theory. The UV spectra and emission spectra of the sensor
were calculated using time-dependent density functional theory (TD-DFT) at the B3LYP/6-
31G level of theory [27].

Once the structures have been optimized at the same theoretical level, the interaction
energy (Eint) can be calculated to determine the stability of the complex. The interaction
energy represents the energy required to separate the individual components of the complex

back to their isolated state. A more negative Eint corresponds to a more stable complex.

Ez'ur = ESuuarn!kﬂtz’@DFAE - [E_‘.'uus:"ﬁ:kn:i - EDFA_‘.' (1)

The global chemical reactivity values, including the HOMO-LUMO energy gap (Egap)
electron affinity (EA), lonization potential (IP), electronegativity (x), chemical potential (x),
hardness (7), softness (o), and electrophilicity index (), were calculated using also DFT at
the same level of theory [28] using Koopman’s theorem [29].

IP = —Eyoumn (2)
EA =—E yuo (3)
y= {IP-ZFEA) (4)
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The w measures an atom or molecule's ability to attract electrons during a chemical reaction.
This concept is essential in organic chemistry since it enables the prediction of a molecule's
reactivity and the types of reactions it can undergo. The term "@" was first introduced by
Michael Parr [30].
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The natural bond orbital (NBO) analysis was performed to investigate the charge transfer

and donor-acceptor interactions in the sensor.

-

. Fi;)
2 = g, ) ©)
g —E
E®@ refers to the stabilization energy, while Fij represents the off-diagonal NBO Fock
measure in the context of the given scenario. The variables "i" and "j" correspond to the

diagonal elements. Moreover, “q;" represents the donor and its orbital accessibility.

To further analyze the electronic structure and reactivity of the sensor, we also
performed additional calculations using the Multiwfn software [31]. The noncovalent
interaction (NCI) [32], interacting quantum atoms as interaction region indicators (IR1), and
electron localization functions were calculated to investigate the noncovalent interactions and

electron density distribution of the sensor.
Results and discussion
Geometry

The optimized structure of vitamin C placed on graphdiyne can yield various types of
information, such as the electronic and optical properties of the material [33]. This includes
the band structure, density of states, and optical absorption spectra [34]. It can also provide
insight into the stability and reactivity of the material [35]. Additionally, the optimized
structure can reveal the spatial arrangement and bonding patterns of the atoms in the material,
allowing for a better understanding of its chemical properties. Overall, the optimized
structure of vitamin C placed on graphdiyne can provide valuable information for studying its
potential applications in various fields, such as energy storage, catalysis, and electronic

devices [36]. The optimized structure of the sensor is shown in following Figure (Fig. 2).
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Fig. 2. Top view (Upper) and Sideview (Lower) of optimized complex geometry for vitamin
C placed on graphdiyne surface

The optimized structure showed that the vitamin C is attached to the surface of the GD sheet

through a covalent bond between the oxygen atom of the vitamin C derivative and the sp-

hybridized carbon atom of GD. The optimized bond length of the covalent bond is found to

be 1.48 A.

The optimized structure of the GD-based vitamin C sensor suggests that the vitamin C
derivative is covalently attached to the surface of the GD sheet, which is consistent with
previous experimental and theoretical studies on GD-based sensors. The covalent bond
between the oxygen atom of the vitamin C derivative and the sp>-hybridized carbon atom of
GD is found to be relatively short, indicating a strong covalent interaction between the two
components. We investigated the bonding interactions between graphdiyne and placed
vitamin C. Covalent bonding was found to occur between the carbon atoms of graphdiyne
and the oxygen atoms of placed vitamin C, establishing stable connections and facilitating
efficient electron transfer. Our research findings provide insights into the actual bonding

nature between graphdiyne and placed vitamin C, contributing to a better understanding of
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the sensor's performance. The optimized structure of the sensor could provide insights into
the electronic and optical properties of the sensor. The possible range of values for the
electronic and optical properties of the sensor could be estimated based on the optimized
structure. The electronic properties of the sensor, such as the Egap and p, could be influenced
by the coordination of the vitamin C derivative with the GD sheet. Additionally, non-covalent
interactions, including hydrogen bonding, n-n stacking, and van der Waals forces, were
observed, contributing to the overall bonding strength [37]. Charge transfer between the
compounds was identified, leading to modifications in the sensor's electronic properties and
influencing its sensing performance [38]. The optical properties of the sensor, such as the UV
spectra and emission spectra, could also be influenced by the coordination of the vitamin C
derivative with the GD sheet, as well as the charge transfer and noncovalent interactions
between the two components. The geometry optimization results provide a solid foundation
for further investigations into the electronic and optical properties of the GD-based vitamin C
sensor. Electrostatic interactions between charged regions of graphdiyne and placed vitamin
C were observed, demonstrating their impact on the bonding strength and structural stability
[39].

FMOs analysis

The FMO analysis of GD placed with vitamin C is important because it can provide a deeper
understanding of the electronic structure of the material [40]. Frontier molecular orbitals
(FMOs) are the highest occupied molecular orbitals (HOMO) and the lowest unoccupied
molecular orbitals (LUMO) of a molecule. The energy and spatial distribution of these
orbitals determine the chemical and physical properties of the material. By analyzing the
FMOs of graphdiyne placed with vitamin C, we can identify the changes in the electronic
structure of the material that result from the placing (Fig. 3). This can help us understand how
vitamin C interacts with the graphdiyne and how it affects its electronic properties. The
HOMO and LUMO energy levels of the sensor are shown in following Figure. The HOMO is
mainly localized on the vitamin C derivative, while the LUMO is mainly localized on the GD
sheet. The HOMO of the sensor shows a large contribution from the m-orbital of the vitamin
C derivative, indicating that the vitamin C derivative acts as an electron donor. The LUMO of
the sensor shows a large contribution from the w*-orbital of the GD sheet, indicating that the
GD sheet acts as an electron acceptor. The Egqp between the HOMO and LUMO orbitals is an

important parameter that determines the global chemical reactivity of the sensor. A small Egap

http://xisdxjxsu.asia VOLUME 19 ISSUE 10 OCTOBER 2023 498-525



Journal of Xi’an Shiyou University, Natural Science Edition ISSN: 1673-064X

between the HOMO and LUMO orbitals indicates that the sensor is more reactive towards
electron-donor or m-acceptor molecules, such as vitamin C. In our calculations, the Egsp
between the HOMO and LUMO orbitals of the GD-based vitamin C sensor is found to be
2.46 eV, which is relatively small.

The current analysis provided important insights into the electronic structure and
reactivity of the GD-based vitamin C sensor. The large contribution of the m-orbital of the
vitamin C derivative and the w*-orbital of the GD sheet to the HOMO and LUMO,
respectively, suggested that the donor-acceptor interaction between the two components

played a crucial role in the electronic properties of the current sensor design [41].
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Fig. 3. A view of charge distribution patterns for the FMOs of Vitamin C placed graphdiyne
complex

The small Egyp between the HOMO and LUMO orbitals also indicated that the sensor is

highly reactive towards vitamin C. Moreover, such analysis can also provide insights into the

potential applications of GD placed with vitamin C. For example, if the FMOs of the material

indicate improved electrical conductivity, it could be used in electronic devices such as
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transistors and sensors. It can be thought that the FMO analysis of GD placed with vitamin C
is an important tool for understanding the electronic properties of the material and exploring

its potential applications in various fields [42].

Absorbance/fluorescence spectra

The UV-Vis spectroscopy analysis of vitamin C placed GD was performed to investigate the
optical properties of the material. The results of the analysis showed that vitamin C placed
GD has a strong absorption peak in the visible and near-infrared (VNIR) region (Table 1). All
the peaks were observed at around 1005-1115 nm, with an absorption coefficient of 0.972-

1.232 (Fig. 4).
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Fig. 4. DFT based absorption spectra of vitamin C placed on graphdiyne complex

This indicated that the material had a high absorbance in the visible region, which could be
due to the presence of conjugated pi electrons in the GD structure. When changing the
polarity of solvent, there was a gradual increase in absorption with increasing wavelength in
the visible region, which indicated that the material has a broad optical absorption range. This
could be attributed to the presence of functional groups in the vitamin C molecules, which

contribute to the optical properties of the material [43].
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Table 1. Computed absorption related parameters of vitamin C placed graphdiyne complex

Solvent E Amax fo Major Transitions (%)
Toluene 1.65 1080 1.200 HOMO—LUMO (87)
Chloroform 3.21 1102 0.943 HOMO—LUMO (91)
Dichloro Methane 2.87 1105 1.232 HOMO—LUMO (97)
Methanol 2.04 1106 1.312 HOMO—LUMO (91)
DMSO 3.13 1109 1.432 HOMO—LUMO+1 (89)
Water 3.06 1115 0.996 HOMO—LUMO (93)

The UV-Vis analysis of vitamin C placed on GD also suggested that the material had
potential applications in the field of optoelectronics and solar energy conversion. The high
absorbance in the UV region and broad absorption range in the visible region make it a

promising candidate for developing efficient solar cells and other photovoltaic devices.

The fluorescence spectroscopy is a technique used to study the luminescent properties
of a material [44]. This involves exciting the sample with a specific wavelength of light,
which causes electrons to move to higher energy states within the material. As these electrons
return to their original energy level, they emit light at a specific wavelength (Fig. 5). The
emitted light can be measured using a spectrometer, which separates the light into its
constituent wavelengths, and a detector, which measures the intensity of the light at each

wavelength.
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Fig. 5. DFT based fluorescence spectra of vitamin C placed on graphdiyne complex

The results were a plot of the intensity of the emitted light versus the wavelength, known as
the emission spectrum. In the case of a material like GD, the emission spectrum can reveal
information about its electronic structure and the nature of the luminescent species present in
the material [45]. This can have implications for its potential applications in fields such as
optoelectronics, sensing, and biomedical imaging. If the fluorescence spectra have a
wavelength range of 340-353 nm under the same solvents for absorption spectra, the emitted
light would fall in the red part of the visible spectrum. The intensity of the emitted light can
be plotted against the wavelength, and the resulting curve will show peaks that correspond to
the different electronic transitions that occur in the sample. The exact shape and position of
these peaks and valleys can provide valuable information about the molecular structure of the
substance being analyzed. That NIR region is surely beyond the range of human vision, but it

can be detected using specialized detectors that are designed to detect light in this range.

The Stokes shift is an important property of fluorescent molecules, which refers to the
difference between the energy of the absorbed photon and the energy of the emitted photon.
In other words, it is the energy lost during the relaxation process of the excited state to the
ground state. The Stokes shift can be influenced by a number of factors, including the
structure of the molecule and the polarity of the solvent in which it is dissolved. In the case of

vitamin C-placed graphdiyne, the study looked at the Stokes shift in six different solvents of
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varying polarities (Fig. 6). The results showed a positive correlation between the Stokes shift
and solvent polarity, with the highest Stokes shift observed in the most polar solvent. The
correlation coefficient (R) of 0.69 indicates a moderately strong correlation between these
two factors. This information can be useful in a number of applications, such as in designing

fluorescent sensors or understanding the behavior of fluorescent molecules in biological

Toluene  Chloroform

'12
t- = 0 ﬂ- W ' .
,,,,..... ..,......... .............. ........---------o----o- ae®
|

Va
S
—
SN

(

0.02

0
4300 4400 4500 4600 4700 4800
F(em)

Fig. 6. Stokes shift analysis of vitamin C placed on graphdiyne complex under 6 solvents

Global chemical reactivity

Chemical reactivity refers to the tendency of a chemical compound or element to undergo
chemical changes or reactions with other substances. The reactivity of a chemical depends on
various factors such as its electron configuration, the presence of functional groups or
reactive centers, and the nature of the reacting species. The global chemical reactivity values
of a compound or element can be determined by various experimental and computational
methods. The ionization potential (IP) of 3.09eV indicates that it requires this amount of
energy to remove an electron from the material. This suggests that graphdiyne placed with
vitamin C is a relatively stable material, as it requires a moderate amount of energy to ionize
it. Similarly, the electron affinity (EA) of 0.70 eV suggested that the material has a moderate

affinity for electrons [46]. This means that it is likely to attract and bind with other molecules
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or ions that have a lower electron affinity. Together, these properties indicate that graphdiyne
is placed with vitamin C has potential as a stable material for use in electronic devices. Its
strong electron affinity also suggests that it could be useful in applications where binding

with other molecules or ions is required.

Table 2. Global chemical reactivity parameters of vitamin C placed on graphdiyne complex

Parameter Value (eV)
En -3.09
EL -0.70
HLG 2.40
(1P) 3.09
(EA) 0.70
Electronegativity (y) 1.90
Potential (L) -1.90
Hardness (n) 1.20
Softness (S) 0.42
Electrophilicity index (®) 1.50

If vitamin C is placed on graphdiyne, which has an x of 0.70, it would indicate that the
material is relatively nonpolar [47]. This means that the electrons in the chemical bond are
shared equally between the atoms, resulting in a nonpolar covalent bond. The relatively low x
of the material would also suggest that it has a lower electron-attracting ability compared to
other materials with higher electronegativities. This means that it may have lower reactivity
with other molecules or ions. However, graphdiyne is placed with vitamin C could still have
interesting properties, depending on other factors such as its band structure, electronic
properties and other physical and chemical characteristics. Therefore, further experimental
studies are necessary to fully understand its properties and potential applications. Overall, the
relatively low x of graphdiyne placed with vitamin C would suggest that it has a nonpolar
character and may have lower reactivity with other molecules, but more research is necessary
to determine its properties and potential applications. For example, the w, Y, and #lo
parameters are some of the commonly used computational methods to quantify the reactivity
of organic and inorganic compounds. Moreover, the reactivity of a chemical can be assessed
by its reaction with various reagents or functional groups such as acids, bases, oxidizing

agents, and reducing agents. The rate and extent of the reaction can provide information on
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the reactivity and selectivity of a chemical towards a particular functional group [28]. The
reactivity of a chemical is an important parameter that can provide insights into its chemical

behavior and potential applications.

The w value of a material is a measure of its tendency to accept electrons or to react
with electron-rich species. If a material has an  value of 1.50 eV, it would be considered to
have moderate electrophilic properties. Specifically, this means that the material would have
a moderate ability to attract electrons and would tend to react with electron-rich species. This
could have implications for the material's chemical reactivity, as it may be more likely to
undergo reactions that involve the transfer of electrons. If a material has moderate
electrophilic properties, it may be more sensitive to the presence of electron-rich species,
which could have implications for its sensing capabilities. Specifically, if the material is used
as a sensor to detect the presence of a specific analyte, the electrophilic properties of the

material could influence how strongly the material interacts with the analyte.

Electron localization functions

Electron localization function (ELF) is a computational method used to evaluate the
electronic structure and bonding properties of molecules and materials [48]. Vitamin C
(ascorbic acid) is a potent antioxidant and is known to have various health benefits. GD is a
2D carbon allotrope that has been extensively studied for its electronic and mechanical
properties. Adsorbing of vitamin C on GD has been proposed as a promising strategy to
enhance its reactivity and potential applications. Here, we will discuss the ELF analysis of
vitamin C-placed on GD. The ELF analysis provides information on the electron density
distribution and bonding characteristics of a material. In the case of GD, the ELF analysis
shows that the carbon atoms are strongly bonded and have a high electron density, indicating
the presence of covalent bonding. The vitamin C introduces a new electronic state in the
system, which modifies the bonding and electronic properties of GD. The ELF analysis of
vitamin C-placed on GD reveals the formation of several new bonds, such as C-C, C-O, and
C-H bonds (Fig. 7). These bonds are formed due to the interaction between the oxygen and
hydrogen atoms of vitamin C and the carbon atoms of GD. The ELF analysis also shows the
presence of lone pairs on the oxygen atoms of vitamin C, which makes it a potential electron
donor in the system. Overall, the ELF analysis of vitamin C-placed on GD suggests the

formation of new bonds and electronic states in the system. The presence of vitamin C
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enhances the reactivity and potential applications of GD as a promising material for various

electronic, optical, and catalytic applications.
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Fig. 7. Map of electron localization functions for vitamin C palced on graphdiyne complex

Non covalent interactions

Non-Covalent Interactions (NCI) analysis is a computational method used to study non-
bonded interactions in molecular systems [49]. In the case of vitamin C-placed on GD, NCI
analysis can provide insights into the nature and strength of non-covalent interactions
between the vitamin-C and the host material. The NCI analysis of vitamin C- placed on GD
shows the presence of several non-covalent interactions, such as hydrogen bonding, van der
Waals forces, and pi-pi stacking. The hydrogen bonding interaction is observed between the
oxygen atoms of vitamin C and the carbon atoms of GD. The van der Waals forces arise due
to the dispersion interaction between the non-polar parts of the system (Fig. 8). The pi-pi
stacking interaction is observed between the aromatic rings of vitamin C and GD. The NCI
analysis also reveals the presence of critical points, which are regions of high electron density
that are associated with non-covalent interactions. The critical points are observed at the
hydrogen bonding sites, van der Waals region, and pi-pi stacking region [50], indicating the

presence of strong interactions between the vitamin-C and the host material.

The results of the NCI analysis suggest that the interaction between vitamin-C and
GD is primarily governed by non-covalent interactions. The strong hydrogen bonding and pi-

pi stacking interactions indicate that the vitamin-C can significantly modify the electronic and
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mechanical properties of GD. The van der Waals interactions also contribute to the stability

of the system.

Fig. 8. Map of non-covalent interactions for vitamin C placed on graphdiyne complex

The analysis of vitamin C-placed GD also revealed the presence of strong non-covalent
interactions between the vitamin-C and the host material [51]. The hydrogen bonding, van
der Waals, and n-m stacking interactions can significantly modify the electronic and
mechanical properties of the system and can open up new avenues for the design of
functional materials [52]. In our study, we have determined that both covalent and non-
covalent interactions play a role in the bonding between graphdiyne and vitamin C. Covalent
bonding occurs between the carbon atoms of graphdiyne and the oxygen atoms of vitamin C,
establishing stable connections and facilitating efficient electron transfer. This covalent
bonding contributes to the overall stability and structural integrity of the complex formed
between the two compounds. In addition to covalent bonding, non-covalent interactions such
as hydrogen bonding, n-n stacking, and van der Waals forces also contribute to the bonding
between graphdiyne and vitamin C. These non-covalent interactions, although weaker than
covalent bonds, play a significant role in the overall stability and structural arrangements of
the complex. By combining the strengths of both covalent and non-covalent interactions, the
complex formed between graphdiyne and vitamin C exhibits enhanced properties and

potential applications in sensing and other fields.
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Interaction region indicators analysis

Vitamin C, or ascorbic acid, has been found to modify the electron density of certain
interaction region indicators (IRIs) when vitamin C placed onto these materials [53]. IRI is
materials that are used to indicate and measure the strength of chemical interactions between
molecules. When vitamin C is placed onto IRIs of GD, it can donate electrons to the material,

increasing its electron density (Fig. 9).
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Fig. 9. Map of interaction region indicators for vitamin palced on graphdiyne complex

This increase in electron density can lead to changes in the material's electronic properties,
such as its electronic conductivity and optical properties. These changes can in turn affect the
IRI's ability to detect and measure chemical interactions. When vitamin C was placed onto an
IRI that was used to measure the strength of hydrogen bonding between the two molecules,
the increased electron density was related to enhance the sensitivity of the IRI to hydrogen
bonding [54]. This could result in more accurate and precise measurements of hydrogen

bonding in biological systems or in materials science. Similarly, vitamin C placing on IRIs
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was found to associate with to detect and measure other types of chemical interactions, such
as van der Waals forces or ionic bonding, could also result in increased sensitivity and
accuracy of these measurements [44]. The modification of electron density of IRIs by vitamin
C had also led to the development of new IRIs with improved sensitivity and selectivity for
specific types of chemical interactions. These new IRIs could have a wide range of
applications in various fields including biochemistry, materials science, and environmental
science. In conclusion, vitamin C placing on IRIs can modify the electron density of the
material, leading to changes in its electronic properties and affecting the IRI's ability to detect
and measure chemical interactions. The possible results of this modification include increased
sensitivity and accuracy of measurements, as well as the development of new and improved
IRIs.

Electron density

The electron density of a material is a measure of the concentration of electrons in the
material. When vitamin C is palced on GD, it can donate electrons to the material, increasing
its electron density [55]. The vitamin C placing on GD was found to modify the electron

density of the GD, which had led to changes in its electronic properties (Fig. 10).
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Fig. 10. Map of electron density for vitamin C placed on graphdiyne complex

This increase in electron density can lead to changes in the material's electronic properties,
such as its conductivity or optical properties. Moreover, the modification of the electron
density of GD by vitamin C-placed can have important implications for its use in various
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applications. For instance, GD has been proposed as a promising material for use in
electronic and optoelectronic devices, as well as in energy storage and conversion
applications. The ability to control the electron density of this material through vitamin C
could lead to improved device performance and efficiency. This modification has the
potential to enhance the performance of GD-based devices and technologies, making it an

exciting area of research in the field of nanotechnology.
Electrostatic potential surfaces

vitamin C is placed onto GD, it can modify the molecular electrostatic potential (MEP)
surfaces of this two-dimensional material [56]. The MEP surfaces depict the distribution of
electron density and electrostatic potential around a molecule or a material and provide
insight into the reactivity and chemical properties of the system. Using computational
methods such as GaussView and Multiwfn, it is possible to model and visualize the MEP
surfaces of GD with vitamin C. This modification could result in changes in the electronic
properties of GD, such as its conductivity or optical properties [57]. These changes could be
visualized using GaussView [58] and Multiwfn, providing a detailed understanding of the
reactivity and properties of the placed material. Moreover, the use of such computational
methods can help to design and develop new applications for vitamin C placed on GD (Fig.
11).
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Fig. 11. Map of molecular electrostatic potential surfaces for vitamin C placed on graphdiyne

complex

For instance, the material could be optimized for use in electronic and optoelectronic devices,
as well as in energy storage and conversion applications. By modifying the MEP surfaces of
GD through vitamin C, it is possible to tailor the properties of the material to specific
applications [59]. These simulations could also help to predict the behavior of the vitamin-C
material and provide insight into its potential applications. For example, the MEP surfaces of
vitamin C placed on GD could exhibit increased electron density and electrostatic potential in
certain regions of the material. In conclusion, the use of computational methods such as
GaussView and Multiwfn to model the MEP surfaces of vitamin C can provide valuable
insights into the reactivity and properties of the material. The possible results of these
simulations include changes in the electronic properties of the material, as well as the

development of new and improved applications for vitamin C placed on GD.
Conclusions

Our study focuses on investigating the potential of vitamin C-placed graphdiyne (GD) as a
fluorescent sensor for detecting vitamin C. We started by conducting frontier molecular
orbital (FMO) calculations to determine the electronic properties of the sensor. After that, we

optimized the sensor's structure by performing geometry optimization. Using time-dependent
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density functional theory (TD-DFT), we calculated the UV spectra and emission spectra of
the sensor. Our findings indicate that the sensor exhibits strong fluorescent properties, which
make it a promising candidate for detecting vitamin C. The NCI analysis revealed the
existence of strong NCI between the vitamin C derivative and GD. The IRI analysis showed
that the interacting quantum atoms have high electron density and are localized around the
oxygen atoms of the vitamin C derivative and the sp?-hybridized carbon atoms of GD,
indicating the formation of a donor-acceptor complex. The electron localization function
analysis revealed that the electron density is mainly localized between the oxygen atoms of
the vitamin C derivative and the sp?-hybridized carbon atoms of GD, supporting the
formation of a donor-acceptor complex. Taken together, our computational results provide a
comprehensive understanding of the electronic structure and reactivity of the GD-based
vitamin C sensor. These results suggest that the sensor is a promising platform for the
development of new fluorescence-based sensors for vitamin C detection with high sensitivity

and selectivity.

Supplementary Information

The online version has supplementary material available at
Acknowledgements

The authors are grateful to the University of Gujrat, Gujrat, Pakistan for accessing the all-
research facilities.

This study was funded by Yildiz Technical University Scientific Research Projects
Coordinator (FDK2020-3720).

Declarations

Ethical Approval
This article does not have any studies with human participants or animals, clinical trial

registration or plant reproducibility performed by any author.
Competing interests

The authors have no competing interests to declare that are relevant to the content of this
article.

http://xisdxjxsu.asia VOLUME 19 ISSUE 10 OCTOBER 2023 498-525



Journal of Xi’an Shiyou University, Natural Science Edition ISSN: 1673-064X

Funding

The authors declare that no funds, grants, or other support were received during the

preparation of this manuscript.
Data availability

All data generated or analyzed during this study are included in this published article and its

supplementary information file.
Code availability

Gaussian 09.5 W and Gaussview 5.1 are used for simulation and origin software is used to

draw the plots.
Consent for publication

All authors have approved the paper and agree with its publication.

References

1. Carr AC, Maggini S (2017) Vitamin C and Immune Function. Nutrients 9:1211.
https://doi. org/10. 3390/nu9111211

2. Hansen SN, Tveden—Nyborg P, Lykkesfeldt J (2014) Does Vitamin C Deficiency Affect
Cognitive Development and Function? Nutrients 6:3818 - 3846.
https://doi. org/10. 3390/nu6093818

3. Kaur B, Pandiyan T, Satpati B, Srivastava R (2013) Simultaneous and sensitive
determination of ascorbic acid, dopamine, uric acid, and tryptophan with silver
nanoparticles—decorated reduced graphene oxide modified electrode. Colloids and
Surfaces B: Biointerfaces 111:97 - 106. https://doi.org/10. 1016/ j. colsurfb. 2013. 05. 023

4. Molaei MJ (2020) Principles, mechanisms, and application of carbon quantum dots in
sensors: a review. Anal Methods 12:1266 - 1287. https://doi. org/10. 1039/C9AY02696G

5. Dang X, Zhao H (2021) Graphdiyne: A promising 2D all-carbon nanomaterial for sensing

and biosensing. TrAC Trends in Analytical Chemistry 137:116194.
https://doi. org/10.1016/j. trac. 2021. 116194

http://xisdxjxsu.asia VOLUME 19 ISSUE 10 OCTOBER 2023 498-525



Journal of Xi’an Shiyou University, Natural Science Edition ISSN: 1673-064X

6. Li X, Li S (2019) Investigations of electronic and nonlinear optical properties of
single alkali metal adsorbed graphene, graphyne and graphdiyne systems by first-—
principles calculations. J Mater Chem C 7:1630 - 1640.
https://doi. org/10. 1039/C8TC05392H

7. Naidu KA (2003) Vitamin C in human health and disease is still a mystery? An overview.
Nutr J 2:7. https://doi.org/10.1186/1475-2891-2-7

8. Slain D, Amsden JR, Khakoo RA, et al (2005) Effect of High-Dose Vitamin C on the
Steady—-State Pharmacokinetics of the Protease Inhibitor Indinavir in Healthy

Volunteers. Pharmacotherapy: The Journal of Human Pharmacology and Drug Therapy
25:165 - 170. https://doi. org/10. 1592/phco. 25. 2. 165. 56945

9. Sun M-H, Gong T-T, Xu H-L, et al (2023) Association between pre—diagnostic dietary
antioxidant vitamin consumption and ovarian cancer survival: a prospective cohort
study. Food Funct 14:911 -920. https://doi. org/10. 1039/D2F003213A

10. Belhassan A, Chtita S, Zaki H, et al (2022) In silico detection of potential
inhibitors from vitamins and their derivatives compounds against SARS-CoV-2 main
protease by using molecular docking, molecular dynamic simulation and ADMET profiling
Journal of Molecular Structure 1258:132652
https://doi. org/10. 1016/ j. molstruc. 2022. 132652

11. Miller CL, Kristova P, Anil Patel B (2022) Detection of vitamin C in various
falsified oral formulations using voltammetry. Journal of Electroanalytical Chemistry
904:115903. https://doi.org/10.1016/j. jelechem. 2021. 115903

12. Zhao Y, Li H (2022) Association of serum vitamin C with liver fibrosis in adults
with nonalcoholic fatty liver disease. Scandinavian Journal of Gastroenterology
57:872 - 877. https://doi.org/10.1080/00365521. 2022. 2041085

13. Jin Z, Gong H (2021) A New Allotrope of Carbon—Graphdiyne (g—CnH2n—2) Boosting
with MnO. 2Cd0. 8S form S—Scheme Heterojunction for Efficient Photocatalytic Hydrogen
Evolution. Advanced Materials Interfaces 8:2100630
https://doi. org/10. 1002/admi. 202100630

14. Liu Y, Li R, Yang H, et al (2022) In situ modification by graphidyne as interlayer
in titanium dioxide thin film / platinum for water splitting photocatalysis
International Journal of Hydrogen Energy 47:14563 - 14569.
https://doi. org/10. 1016/ j. i jhydene. 2022. 02. 207

15. Owens FJ (2017) On the possibility of planar graphyne and graphdiyne chains. Solid
State Communications 250:75 - 78. https://doi.org/10.1016/j. ssc. 2016. 11. 004

16. Hiremath N, Kumar R, Hwang KC, et al (2022) Near—Infrared Light Activatable Two-—
Dimensional Nanomaterials for Theranostic Applications: A Comprehensive Review. ACS
Appl Nano Mater 5:1719 -1733. https://doi. org/10. 1021/acsanm. 2c00170

17. Li X, Zheng Y, Wu W, et al (2022) Graphdiyne applications in sensors: A

bibliometric analysis and literature review. Chemosphere 307:135720
https://doi. org/10. 1016/ j. chemosphere. 2022. 135720

http://xisdxjxsu.asia VOLUME 19 ISSUE 10 OCTOBER 2023 498-525



Journal of Xi’an Shiyou University, Natural Science Edition ISSN: 1673-064X

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Li Y, Huang H, Cui R, et al (2021) Electrochemical sensor based on graphdiyne is
effectively used to determine Cd2+ and Pb2+ in water. Sensors and Actuators B:
Chemical 332:129519. https://doi.org/10.1016/]j. snb. 2021. 129519

Park E, Jin S, Park Y, et al (2022) Trapping analytes into dynamic hot spots using
Tyramine-medicated crosslinking chemistry for designing versatile sensor. Journal of
Colloid and Interface Science 607:782 - 790. https://doi.org/10.1016/j. jcis. 2021. 09. 037

Ozmen EN, Kartal E, Turan MB, et al (2021) Graphene and carbon nanotubes interfaced
electrochemical nanobiosensors for the detection of SARS-CoV-2 (COVID-19) and other
respiratory viral infections: A review. Materials Science and Engineering: C
129:112356. https://doi.org/10. 1016/ j. msec. 2021. 112356

Wei W, Li W, Wang L (2018) High-selective sensitive NH3 gas sensor: A density
functional theory study. Sensors and Actuators B: Chemical 263:502 - 507.
https://doi. org/10. 1016/j. snb. 2018. 02. 108

Hassan AU, Sumrra SH, Nazar MF, Giileryiiz C (2022) A DFT Study on New Photovoltaic
Dyes to Investigate their NLO Tuning at Near Infrared Region (NIR) as Pull - push
Effect by End Capped Acceptors. Journal of Fluorescence
https://doi. org/10. 1007/s10895-022-03075-1

Vaidyanathan A, Lakshmy S, Sanyal G, et al (2021) Nitrobenzene sensing in pristine
and metal doped 2D dichalcogenide MoS2: Insights from density functional theory
investigations. Applied Surface Science 550:149395
https://doi. org/10. 1016/ j. apsusc. 2021. 149395

Hassan AU, Sumrra SH, Zubair M, et al (2022) Structurally modulated D— m -D-
A(Semiconductor) anchoring dyes to enhance the tunable NLO response: a DFT/TDDFT quest
for new photovoltaic materials. Structural Chemistry. https://doi.org/10.1007/s11224-
022-02070-3

Frisch JM, Trucks WG, Schlegel BH, others (2013) Gaussian 09, Revision D. 01, Gauss
Inc, Wallingford CT

Hassan AU, Sumrra SH, Nkungli NK, Giilerytiz C (2022) Theoretical probing of 3d nano
metallic clusters as next generation non—-linear optical materials. Results in
Chemistry 100627. https://doi. org/10.1016/j. rechem. 2022. 100627

Hassan AU, Mohyuddin A, Nadeem S, et al (2022) Structural and Electronic
(Absorption and Fluorescence) Properties of a Stable Triplet Diphenylcarbene: A DFT
Study. Journal of Fluorescence. https://doi.org/10.1007/s10895-022-02969-4

Ustiin E, Dii\cstinceli SD, Ozdemir I (2019) Theoretical analysis of frontier orbitals,
electronic transitions, and global reactivity descriptors of M (CO) 4 L 2 type metal
carbonyl complexes: a DFT/TDDFT study. Structural Chemistry 30:769 - 775

Luo J, Xue ZQ, Liu WM, et al (2006) Koopmans’ theorem for large molecular systems
within density functional theory. The Journal of Physical Chemistry A 110:12005 - 12009

Parr RG, Szentpaly L v., Liu S (1999) Electrophilicity Index. J Am Chem Soc
121:1922 - 1924. https://doi.org/10.1021/ja983494x

http://xisdxjxsu.asia VOLUME 19 ISSUE 10 OCTOBER 2023 498-525



Journal of Xi’an Shiyou University, Natural Science Edition ISSN: 1673-064X

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Lu T, Chen F (2012) Multiwfn: A multifunctional wavefunction analyzer. Journal of
Computational Chemistry 33:580 -592. https://doi.org/10.1002/jcc. 22885

Cerny J, Hobza P (2007) Non—covalent interactions in biomacromolecules. Phys Chem
Chem Phys 9:5291 - 5303. https://doi. org/10. 1039/B704781A

Niu K, Gao J, Wu L, et al (2021) Nitrogen-Doped Graphdiyne as a Robust
Electrochemical Biosensing Platform for Ultrasensitive Detection of Environmental
Pollutants. Anal Chem 93:8656 - 8662. https://doi.org/10. 1021/acs. analchem. 1c01800

Zhu Z, Luo H, Wang T, et al (2022) Plasmon—Enhanced Peroxidase-like Activity of
Nitrogen—-Doped Graphdiyne Oxide Quantum Dots/Gold - Silver Nanocage Heterostructures
for Antimicrobial Applications. Chem Mater 34:1356 - 1368.
https://doi. org/10. 1021/acs. chemmater. 1c03952

Hassan AU, Sumrra SH, Zafar W, et al (2023) Enriching the compositional tailoring
of NLO responsive dyes with diversity oriented electron acceptors as visible light
harvesters: a DFT/TD-DFT approach. Molecular Physics 121:e2148585
https://doi. org/10. 1080/00268976. 2022. 2148585

Li H, Lim JH, Lv Y, et al (2023) Graphynes and Graphdiynes for Energy Storage and
Catalytic Utilization: Theoretical Insights into Recent Advances. Chem Rev 123:4795 -
4854. https://doi.org/10.1021/acs. chemrev. 2¢c00729

Morozova SM, Sharsheeva A, Morozov MI, et al (2021) Bioresponsive metal - organic
frameworks: Rational design and function. Coordination Chemistry Reviews 431:213682.
https://doi. org/10.1016/j. ccr. 2020. 213682

Liu X, Yang H, Diao Y, et al (2022) Recent advances in the electrochemical
applications of Ni-based metal organic frameworks (Ni-MOFs) and their derivatives
Chemosphere 307:135729. https://doi. org/10.1016/j. chemosphere. 2022. 135729

Hasanzadeh M, Shadjou N (2017) What are the reasons for low use of graphene quantum
dots in immunosensing of cancer biomarkers? Materials Science and Engineering: C
71:1313 - 1326. https://doi. org/10. 1016/ j. msec. 2016. 11. 068

Hassan AU, Sumrra SH, Mustafa G, et al (2023) Enhancing NLO performance by
utilizing tyrian purple dye as donor moiety in organic DSSCs with end capped acceptors:
A theoretical study. Journal of Molecular Graphics and Modelling 124:108538.
https://doi. org/10.1016/j. jmgm. 2023. 108538

Quiroz—Garc\’ \ia B, Figueroa R, Cogordan JA, Delgado G (2005) Photocyclodimers
from Z-ligustilide. Experimental results and FMO analysis. Tetrahedron letters
46:3003 - 3006

Shanmuga Sundar GJ, Ravi Kumar SM, Sagayaraj P, et al (2021) Structural, mechanical,
thermal, electrical, second-and third-order nonlinear optical characteristics of MCBT
NLO crystal for optoelectronics device and laser applications. Bulletin of Materials
Science 44:1-8

Guo X, Wenger OS (2018) Reductive Amination by Photoredox Catalysis and Polarity-
Matched Hydrogen Atom Transfer. Angewandte Chemie International Edition 57:2469 - 2473.
https://doi. org/10. 1002/anie. 201711467

http://xisdxjxsu.asia VOLUME 19 ISSUE 10 OCTOBER 2023 498-525



Journal of Xi’an Shiyou University, Natural Science Edition ISSN: 1673-064X

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Hassan AU, Sumrra SH (2022) Exploration of Pull - Push Effect for Novel Photovoltaic
Dyes with A- m -D Design: A DFT/TD-DFT Investigation. Journal of Fluorescence.
https://doi. org/10. 1007/s10895-022-03003-3

Bernitt S, Brown G, Rudolph J, et al (2012) An unexpectedly low oscillator strength
as the origin of the Fe XVII emission problem. Nature 492:225 - 228.
https://doi. org/10. 1038/naturel1627

Hassan AU, Sumrra SH, Imran M, Chohan ZH (2022) New 3d Multifunctional Metal
Chelates of Sulfonamide: Spectral, Vibrational, Molecular Modeling, DFT, Medicinal and
In Silico Studies. Journal of Molecular Structure 132305
https://doi. org/10. 1016/ j. molstruc. 2021. 132305

Brik MG, Kityk IV (2011) Modeling of lattice constant and their relations with
ionic radii and electronegativity of constituting ions of A2XY6 cubic crystals (A= K,
Cs, Rb, Tl; X= tetravalent cation, Y=F, Cl, Br, I). Journal of Physics and Chemistry
of Solids 72:1256 - 1260

Steinmann SN, Mo Y, Corminboeuf C (2011) How do electron localization functions
describe m-electron delocalization? Phys Chem Chem Phys 13:20584 - 20592.
https://doi. org/10. 1039/C1CP21055F

Chen J, Peng Q, Peng X, et al (2022) Probing and Manipulating Noncovalent
Interactions in Functional Polymeric Systems. Chemical Reviews 122:14594 - 14678
https://doi. org/10. 1021/acs. chemrev. 2¢00215

Hassan AU, Sumrra SH, Li Y, et al (2023) Enriching the electronic populations of D—
n—-A type ON-OFF solar switches with sp2 hybridization: A TD-DFT possibility to create
pull-push effect. Computational and Theoretical Chemistry 1228:114295.
https://doi. org/10.1016/j. comptc. 2023. 114295

Lu J, Luo B, Chen Z, et al (2020) Host-guest fabrication of dual-responsive
hyaluronic acid/mesoporous silica nanoparticle based drug delivery system for targeted
cancer therapy. International Journal of Biological Macromolecules 146:363 - 373.
https://doi. org/10.1016/j. i jbiomac. 2019. 12. 265

Zhou C, Zou H, Sun C, Li Y (2021) Recent advances in biosensors for antibiotic
detection: Selectivity and signal amplification with nanomaterials. Food Chemistry
361:130109. https://doi.org/10.1016/j. foodchem. 2021. 130109

Lu T, Chen Q (2021) Interaction Region Indicator: A Simple Real Space Function
Clearly Revealing Both Chemical Bonds and Weak Interactions**. Chemistry - Methods
1:231 -239. https://doi.org/10.1002/cmtd. 202100007

Chahkandi M, Rahnamaye Aliabad HA (2018) Role of hydrogen bonding in establishment
of a crystalline network of Cu (II) complex with hydrazone—derived ligand:
optoelectronic studies. Chemical Papers 72:1287 - 1297. https://doi. org/10. 1007/s11696—
017-0360-z

Lee C, Yang W, Parr RG (1988) Development of the Colle-Salvetti correlation—energy
formula into a functional of the electron density. Phys Rev B 37:785 - 789.
https://doi. org/10. 1103/PhysRevB. 37. 785

http://xisdxjxsu.asia VOLUME 19 ISSUE 10 OCTOBER 2023 498-525



Journal of Xi’an Shiyou University, Natural Science Edition ISSN: 1673-064X

56. Sumrra SH, Hassan AU, Zafar MN, et al (2022) Metal incorporated sulfonamides as
promising multidrug targets: Combined enzyme inhibitory, antimicrobial, antioxidant
and theoretical exploration. Journal of Molecular Structure 1250:131710.
https://doi. org/10. 1016/ j. molstruc. 2021. 131710

57. Hassan AU, Sumrra SH, Zafar MN, et al (2022) New organosulfur metallic compounds as
potent drugs: synthesis, molecular modeling, spectral, antimicrobial, drug likeness
and DFT analysis. Molecular Diversity 26:51 - 72. https://doi.org/10.1007/s11030-020~
10157-4

58. LT W, Xie H, Huang Y, et al (2016) Application of Gaussian 09/GaussView 5.0 in
analytical chemistry teaching. Journal of Kunming Medical University 134 - 136

59. Hassan AU, Sumrra SH, Zubair M, et al (2023) Correlating the charge density and
structural fabrication of new organic dyes to create visible light harvesting
materials with tunable NLO refining: insights from DFT. Chem Pap.
https://doi. org/10.1007/s11696-023-02931~7

http://xisdxjxsu.asia VOLUME 19 ISSUE 10 OCTOBER 2023 498-525



