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In this research, the possibility of sensing ability of dimethyl fumarate (DMF), by
using pristine graphitic carbon nitride (g-CsN.) and decorated graphitic carbon
nitride (g-CsN4) with Fe, Ni, and Cu have been systematically investigated and it
has been attained desirable results. Adsorption characteristics of DMF on both
pristine and decorated g-C3N4 have been calculated, utilizing Density Functional
Theory (DFT) calculations. A comprehensive analysis of 28 complexes have
performed in both gas and solvent phases to determine an effective sensor for DMF.
Geometry optimizations and total energy calculations were executed, alongside a
Density of States (DOS) analysis for the selected complexes, employing the B3LYP
level of theory with the lanL2DZ basis set. The most robust interaction energy for
the pristine g-CsN4s-DMF complex (S1) was determined to be -10.86 Kcal.mol™? in
the gas phase, suggesting that the adsorption mechanism is of a physical nature.
The suitable pristine g-C3N4-DMF complex in the solvent phase (S9) exhibited an
adsorption energy of -6.59 Kcal mol. Among the decorated complexes with Fe,
S17 demonstrated the highest sensitivity, with a % AEg of -33.33%. Furthermore,
for one of the Ni@ g-CsN4-DMF complexes, S22, the energy gap (Eg) significantly
decreased from 0.79 to 0.60 eV (%AEg = -24.05%), underscoring the pronounced
sensitivity of Ni@ g-C3N4 to DMF adsorption. Lastly, one of the Cu@ g-CsNa
complexes, S25, showed an Eads of -14.20 Kcal.mol-1 and a % AEg of -13.48%,
indicating its potential as a suitable sensor and drug delivery system for dimethyl
fumarate in the solvent phase.

1. Introduction

Multiple sclerosis (MS) is an inflammatory disease
of the immune system that targets myelinated axons in the
central nervous system (CNS), leading to varying levels
of damage to both the myelin and the axons [1]. In
multiple sclerosis (MS), key characteristics include
inflammation, neurodegeneration, and gliosis. The
presence of perivascular lymphocytic infiltration and
macrophages leads to the destruction of the myelin
sheaths that abnormally encase neurons [2,3]. Dimethyl
fumarate (DMF) is an ester of fumaric acid that has been
approved for the management of relapsing-remitting

involves the succination of proteins, which results in the
inactivation of proteins which are rich in cysteine [4].
Evidence derived from both clinical trials and real-world
applications indicates that dimethyl fumarate serves as an
effective therapeutic option for this patient demographic,
with its advantages sustained over an extended period [5].
The extensive applications of this compound highlight the
significance of understanding its environmental release,
which poses a critical concern within various
environmental media. Consequently, it is essential to
identify effective methods for detecting this compound in
natural settings.

- . . . In the last decade, a considerable number of
multipl lerosis (RRMS). Its mechanism of ion ) .
ultiple sclerosis ( S). Its mechanism of actio researchers have directed their efforts toward
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investigating the environmental consequences of
pharmaceuticals that have accumulated in substantial
guantities within ecosystems, uncovering concerning
negative effects on various living organisms [6]. Various
studies have indicated that over 60 different
pharmaceuticals have been identified as contaminants in
the soil and water across multiple countries [7,8]. The
various forms of drug contamination present in the
environment have both direct and indirect impacts on the
health of humans, animals, and plants [9-12]. The release
of pharmaceuticals in significant amounts into the
environment necessitates the identification of their
accumulation sites through the use of sensors. These
sensors are essential for identifying the substances that are
released, with Nano particles constituting a key category
of these sensing technologies [13,14]. Nanostructures
have received much attention as chemical sensors [15-18].
One of the newest Nano materials which has been studied
and used in different area, is the graphitic Nano particle
(NP) like Carbo nitride (g-CsNs). For example, in
2021Shamim et al [19] have investigated the possibility of
delivery of cisplatin drug by g-CsN4. Their results showed
that the Eads of carboplatin by g-CsN, is higher in the gas
phase (—1.39 eV) than in the aqueous phase (—0.52 eV).
Thus, the carboplatin g-CsNs system is more stale in
gaseous environment than in the aqueous media. As
another example, Jiang et al. in 2021, Research has
indicated that nanocomposites based on g-CsN. may serve
as effective carriers for the delivery of cisplatin [20] and
phosphorene drug [21]. Among the different allotropes of
g-C3N4, including the a-phase, B-phase, and graphite-like
structures, graphitic carbon nitride is regarded as the most
stable allotrope [22,23]. Two structural models had been
proposed for the g-CsNa, consisting of either triazine units
or heptazine rings (tri-s-triazine), in which heptazine rings
were predicted to be more energetically favored building-
blocks of g-CsN. structures [24]. Chou-Yi Hsu et al. in
2023, research has focused on the probability of delivering
of three of the most important drugs for treatment of MS
disease have been investigated by using the heteroatom-
decorated g-CsN4 QDs (by phosphorus and arsenic atoms).
Based on studies conducted on the adsorption process and
calculated Eads and AEg, concluded that the of P-g-C3N4
QD could not be a good sensor for detection of each of the
three considered drugs. Also, the results showed that
compared to pristine and P-g-C3N4 QDs, the As- g-C3N4
QD is not a suitable candidate to be applied as a carrier for
drug delivery (due to its relatively higher Eads at least in
the cases of DMF (Eads = - 6.09 kcal mol-1), and DXF
(Eads = - 0.14 kcal mol-1)). While, it would be an accurate
semiconductor sensor for selective detection of each
mentioned drug (by creating strong electronic signals)
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[25]. The relatively moderate level of bond gap of pristine
g-C3sN4 (about 2.7 eV) leads that to exhibit a good
performance in sensing different types of chemical
compounds like the bioactive ones [19]. Therefore,
scientists began to modify the structure of the pristine
form in order to find new derivatives with better
properties. Heteroatom doping, surface functionalization,
as well as changing the size or substrates are of the most
practiced methods for improving such Nano structures
[19-21].

On the other hand, have used the DFT approaches for
modification of g-CsN. respectively. Also, continues
reports showed that the quantum mechanical methods give
precious information about such structures [19,24]. In this
manuscript, the sensing ability of pristine g-CsN4, Ni, Fe
and Cu Decorated g-CsN4 were studied in identifying the
DMF drug. The interaction of DMF with the pristine g-
CsNs and g-CsNy4 decorated with the Ni, Fe and Cu was
investigated to find the preferred adsorption sites,
interaction energies and sensing ability using DFT
calculations. The results of this research can be useful for
making an adsorbent for the DMF drug and provide
suitable sensing.

2. Calculation methods and structures

In this research, all computations were conducted
utilizing the Density Functional Theory (DFT) approach
at the B3LYP/lanL2DZ theoretical level, employing the
Gauss view 06 and Gaussian 09 programs. The B3LYP
method is the most widely utilized density functional in
the research of nanostructured materials [26-28]. A review
of the literature suggests that the B3LYP density
functional is both appropriate and dependable for
forecasting the structural, optical, electronic, and
energetic characteristics of various nanostructures [29]
[30-35]. The Density Functional Theory (DFT) approach
stands as one of the most robust techniques in quantum
mechanical computations. During the optimization phase,
the target molecular configurations are refined to attain the
lowest possible energy, while simultaneously calculating
the energy levels of the specified systems [36]. In order to
achieve the minimum energy configuration for the g-C3sN4
-DMF complex, as opposed to merely identifying a local
minimum, scans of the Potential Energy Surface (PES)
were conducted with respect to different dihedral angles.
The Density of States (DOS) plots were generated
utilizing the Gauss sum method [37]. A sensor is a device
that responds to a specific stimulus and produces a
measurable electrical signal. If the energy gap and
adsorption energy are deemed suitable, one can infer that
the Nano particle under investigation is appropriate for the
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intended sensor application. The adsorption energy (Ead)
is calculated as follows:

)

Eads = Ecompelex - E g-cana - Epmr + Egsse

E(BSSE) is the Basis Set Superposition Error (BSSE)
corrected for all adsorption energies using the
counterpoise method [38]. In this study, some interaction
indicators useful for the analysis were evaluated. Strong
interactions are not favorable in drug sensing because of a
long recovery time and thus hard desorption of a drug over
a nanoparticle. With more negative Ead, the recovery time
(1) is increased and this may be determined using the
following equation [39,40]:

T=v (D gxp (EadKD) 2)

Here 1 is the recovery time and v is the attempt
frequency, T is the temperature, and K is the Boltzmann
constant [41]. According to this equation, there is an
exponential relationship between Eads and recovery time.
The large recovery time is the main problem that can be
solved by heating the sensor to a high temperature [42].
Vacuum-UV is applied for the recovery of drugs from the
surface of the graphene system. The HOMO-LUMO gap
is the difference between LUMO and HOMO that showed
with Eg [43-54].

The energy gap (Eg) of the studied structures is
computational calculated as follows:

©)

When we evaluate the electronic sensitivity of the
nanostructure to a drug, the HOMO and LUMO energy
deformation are calculated as follows:

Eq= ELumo - EHomo

E

(Eg complex — “gnano particle)

E

g nano particle

x 100 (4)

%AE, =

The chemical potential of each system or the Fermi
level (EFL), was obtained from equation:

_ = (Erumo *+ Enomo)
Ep = >

(5)

Density Functional Theory (DFT) calculations
revealed that the electronic characteristics of g-CsN4were
altered upon the adsorption of the drug molecule. The
electronic sensitivity of the sensor may be evaluated
subsequent to the alteration of the energy levels of the
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HOMO and LUMO orbitals of the complex in relation to
the nanostructure. In order to answer the question of
whether this Nano particle is a suitable sensor or not, it is
necessary to examine two factors: adsorption energy and
gap energy. By diminishing the energy of the gap, the
proficiency to transmit the electrical signal is augmented.
It was pointed out that Eg is proportional to the conduction
electron population (o) represented in Equation (6). o
increases as the energy gap (Ey) decreases with the
adsorption of DMF on g-C3N4. On the other hand, when
—9%AE;, increases, the potential detection also increases.
The correlation between E4 and the electrical conductivity
of nanostructures is as follows:

3
0 = ATz exp(—Eg/KT?2) (6)

Where K is Boltzmann's constant and A
(electrons/m3K®?) is a constant. There is an acceptable
correlation between the results obtained by this method
and experimental techniques [55]. Equation (6) is used to
study the sensitivity of a nanostructure to a drug. This
allows electrical conductivity to be converted into an
electrical signal associated with the presence of drug
molecules [56,57].

3. Results and Discussion

Continuing previous work on the various areas of
organic compounds, in this work, the adsorption of
Dimethyl fumarate on the surface of the pristine, Fe, Ni,
and Cu-decorated g-C3N4 was investigated.

3.1. The pristine g-CsN4 Characterization

The pristine, Ni, Fe and Cu-decorated g-CsNa
QDs were separately designed as input files, and were then
optimized step by step to the B3LYP/lanL2DZ level of
theory (to give the more stable geometries). In addition,
the related parameters were extracted from the output files
and the obtained information in the gaseous and solvent
phases for pristine state are listed in Table 1. The
optimized structures of g-C3N4 are shown in Figure 1.
The pristine g-CsN. consists of 18 C, 9 H and 27 N atoms
and the ends of the atoms are saturated with 9 hydrogen
atoms.

The presence of hydrogen atom in two-dimensional
crystalline and amorphous carbon nitride structure has
been investigated [58]. The calculated structural energy
for g-CsNs at the B3LYP/lanl2dz theoretical level is
measured at -59.02 KeV, signifying the considerable
stability associated with this molecular configuration.
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Fig. 1. Optimized structure of g-CsN4 in (a) gas and (b) solvent
phases.

The binding energy (E») was determined through the
subsequent equation to demonstrate the stability of the
pristine state:

(18Ec + 27Ey + 9E)]
=1 (7

This Nano particle constitutes a stable substance as
evidenced by the calculated binding energy of -10.13 eV.
The HOMO energy of g-CsNs in gas phase is
approximately -6.47 eV and the LUMO energy is -3.00 eV
Thus, the Eq4 is nearly 3.47eV (Table 1). Through the
transition of the phase from gaseous to aqueous solvent,
there has been reduction in the energy levels of the HOMO
and LUMO, consequently leading to decrease in the
energy of the Fermi level. Furthermore, an augmentation
in the energy gap has been observed. Total Density of
States (TDOS) diagrams pertaining to the pristine of g-
C3Ng4 in gas and solvent phases are illustrated in Figure2.
It is evident from the diagram that the energy level of the
band gap has risen from 3.47 eV in the gaseous phase to
3.64 eV in the solvent phase.

Eb _ [EPristine -

3.2. The Dimethyl Fumarate Characterization

The optimized structure of dimethyl fumarate at the
B3LYP/lanl2dz theoretical level is shown in Figure 3. To
confirm the actual minimization of energy, frequency
calculations (FREQ=NORAMAN) were performed and
all frequencies obtained were positive. The calculated
structural energy is equal to -14.53 KeV and other
information related to the structural energies of this drug
is recorded in Table 2.

>
1
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Fig. 2. Total Density of States of g-C3N4 structure in gas and
solvent phases.

3.3. The adsorption of DMF on the g-CsN. in gas phase

In order to identify a stable structure, it is
imperative to conduct optimization calculations. Within
the framework of the optimization methodology, the
molecules undergo optimization utilizing a suitable
technique for the computation of interatomic forces,
thereby facilitating the rearrangement of molecules to
achieve the maximum adsorption energy. To ascertain the
stable configurations (global minima) of an DMF
pharmaceutical adsorbed onto g-CsN4, a variety of studies
have been executed. Ultimately, two active sites of the
drug are anticipated, encompassing the oxygen within the
carbonyl group (C=0) and the oxygen atom in the ester
functional group (-COO-), which allows the drug to
adsorb onto the hydrogen atom that is covalently bonded
to the nitrogen atom of g-CsNs (hydrogen bond
formation). As depicted in Figure 4, total of eight distinct
complexes were identified, illustrating the interactions
between the active sites of dimethyl fumarate (DMF) and
g-C3sN4. The equilibrium distances between the drug
molecule and the surface of the Nano particle in the eight
investigated structures are as follows:

S6>S5S8>S57>585>83>81>82>54

As indicated in Table 2, the HOMO energy level
transitioned from -6.47 eV in pristine g-C3sN4 to -6.43 eV
in the most stable complex which is named S1,
representing a shift towards higher energy levels.
Conversely, the LUMO energy level changed from -3.00
eV to -3.06 eV, reflecting a shift towards lower energy.
Nevertheless, these alterations did not influence the Fermi
level energy, which remained constant at -4.74 eV for the
S1. In S1, the drug was observed to be adsorbed from the
oxygen within the carbonyl functional group onto g-CsNs
at a distance of 1.808 A. The computed %AEg for all
complexes (except S3) exhibit negative characteristics.
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Nevertheless, the frequency of these alterations is
minimal, rendering them unsuitable for sensory
applications. According to Table 3, there is an observable
slight alteration in the energy states of the HOMO and the
LUMO complexes as the drug molecule transitions toward
the nanoscale dimensions. these changes have led to a
decrease in Egin all complexes (except S3). Consequently,
all alterations in the values of energy gap variations are
characterized by negativity, with the most significant
modifications, quantified at -3.86%, being associated with
the S1 complex. Among the analyzed structures, the
configuration denoted as S1 is characterized by the lowest
adsorption energy, quantified at -10.86 kcal/mol.
Consequently, this particular structure represents the most
thermodynamically favorable adsorption configuration in
the gaseous phase. This finding aligns with the
observation that the length between the drug and the
pristine surface in S1 constitutes one of the shortest
equilibrium distances. The outcomes derived from the
computations indicate that the Absolute value of the
energy disparity between the HOMO of pristine of g-CsN4
and the LUMO of dimethyl fumarate (3.54 electron volts)
is less than the Absolute value of the energy disparity
between the HOMO of dimethyl fumarate and the LUMO
of the pristine of g-CsNs (4.77 electron volts), thus
establishing the directionality of electron transfer from the
HOMO of the pristine of g-CsNs to the LUMO of the
pharmaceutical agent dimethyl fumarate. The negation of
the natural bond orbital (NBO) charges associated with the
carbon and oxygen atoms within the drug molecule further
corroborates this electron transference.

3.4. Pristine of g-CsNs — DMF Complex in solvent
phase

The outcomes derived from the computations
indicate that the absolute value of the energy disparity
between the HOMO of pristine of g-CsN4and the LUMO
of dimethyl fumarate (3.54 electron volts) is less than the
absolute value of the energy disparity between the HOMO
of dimethyl fumarate and the LUMO of the pristine of g-
CsNs (4.77 electron volts), thus establishing the
directionality of electron transfer from the HOMO of the
pristine of g-CsN4 to the LUMO of the pharmaceutical
agent dimethyl fumarate. The negation of the natural bond
orbital (NBO) charges associated with the carbon and
oxygen atoms within the drug molecule further
corroborates this electron transference. Among these 8
configurations, once more, the minimal equilibrium
distance between the pharmaceutical agent and the nano
particle is associated with the interaction between the
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carbonyl oxygen of the DMF molecule and the hydrogen
atom bonded to the nitrogen in the g-CsNa (hydrogen
bond), which is observed in the S9 configuration and its
length is 1.765 A. The hierarchy of equilibrium distance
from the greatest to the least are as follows:
S16 > S15> S14 > S13 > S12=S11 > S10 > S9

Table 4 shows only slight variations in gap energy, and
when considered alongside equation 6, this implies that
the Nano particles' sensitivity as a drug sensor was
restricted. Negative Eads values suggest that the
adsorption process is feasible. The adsorption energy
values vary depending on the specific adsorption
configurations and sites examined. Among the analyzed
structures, S9 exhibits the lowest adsorption energy at
-6.59 kcal.mol?, indicating it represents the most
favorable adsorption configuration in the solvent phase.
This finding aligns with the observation that the distance
between the drug and the pristine surface in S9 is the
shortest equilibrium distance. The results indicate that, in
the solution state, all adsorption interactions are
characterized as physical and weak, as evidenced by the
measured gap energies, adsorption energies and
equilibrium distances, which contribute to a reduction in
retention time.

3.5. The decorated g-CsN4 Characterization in gas
phase

The decorated of transition metals within the
pristine structural of g-CsNa results in an elevation of the
HOMO energy, accompanied by a reduction in the LUMO
energy. Consequently, these alterations have precipitated
a significant diminution in the gap energy of the decorated
g-C3N4, suggesting an enhancement in the electrical
conductivity of the g-CsN4. The minimum gap energy is
observed in Cu@g-CsNa4, registered at 0.69 eV. An
elevation in the Fermi level energy, coupled with a
reduction in the work function, yields an augmentation in
the current density for the decorated carbon nitrides.
Figure 6 shows the optimized structures of decorated g-
CsNs structure and Table 5 indicate the calculated
information related to decorated g-CsN4. In this research,
the surface of g-C3sN4 Nano particles is decorated with Fe,
Cu, and Ni atoms, and the corresponding calculations
have been conducted. In the examination of DMF-g-C3N4
complexes in the gaseous phase, structure S1
demonstrated the  most  effective  adsorption
characteristics, which are utilized in this part of research
(S18, S20, and S21). Furthermore, the interaction between
the drug and the g-CsNasurface has been analyzed in
scenarios where the drug is positioned above the metallic
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Table 1. Energy of HOMO and LUMO, energy difference of HOMO and LUMO (Eg), Fermi level energy (EFL), work function
(@) for pristine of g-C3N4 in gas and solvent phase.

Enomo ErL ELumo Eq D
Systems (V) (eV) (eV) (V) (V)
g-CaNs in gas phase -6.47 -4.74 -3.00 3.47 4.74
g-CaNa in solvent phase -6.79 -4.97 -3.15 3.64 4.97

Table 2. Energy of HOMO and LUMO, energy difference of HOMO and LUMO (Eg), Fermi level energy (EFL), work function
() for DMF.

Eromo ErL ELumo (= ()]
Systems (V) (eV) (eV) V) (V)
g-CsN4 in gas phase -7.77 -5.31 -2.86 491 5.31

Q y @

Fig .3. Optimized structure of DMF.
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Fig. 4. .Optimized structures of DMF-g-C3sN4 complexes in gas phase. Distances are in A.
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Table 3. Adsorption energy (Eads), Energy of HOMO and LUMO, energy difference of HOMO and LUMO (Eg), Fermi level
energy (EFL), the change of energy gap of g-CsNs after adsorption (%AEg), work function (®), the change of work function of g-
C3N; after adsorption (A®), and Charge transfer between DMF molecule and g-C3N4 (QT). S1-S8 configurations at the theoretical
level of B3LYP/ lanl2dz in the gas phase.

Systems (kcaElj‘:; ol) Ervomo (V) (E\F/L) E(;@")O Eq (8V) %AEq (e(f/) A®D (eV) (g;)
g-CsN4 - -6.47 -4.74  -3.00 3.47 - 4,74 - -
S1 -10.86 -6.43 -4.74  -3.06 3.37 -3.86 4.74 0 23
S2 -10.09 -6.36 -4.64 -2.92 3.44 -1.75 464  -0.10 28
S3 -9.28 -6.49 -4.74  -2.99 3.50 110 474 0 3
S4 -9.14 -6.36 -4.64 -2.92 3.44 -1.75 464  -0.10 3
S5 -8.80 -6.40 -4.65 -2.90 3.50 -1.10 465 -0.09 1
S6 -8.78 -6.40 -4.71  -3.02 3.38 -3.63 471  -0.03 1
S7 -7.66 -6.38 -4.66 -2.95 3.43 -2.04 466 -0.08 1
S8 -6.55 -6.36 -4.63  -2.90 3.46 -1.25 463 -0.11 2

Table 4. Adsorption energy (Eads), Energy of HOMO and LUMO, energy difference of HOMO and LUMO (Eg), Fermi level
energy (EFL), the change of energy gap of g-CsNs after adsorption (%AEg), work function (®), the change of work function g-
C3Nj4 after adsorption (A®D), and Charge transfer between DMF molecule and g-C3N4 (QT) g-C3sNa structure. S9-S16
configurations at the theoretical level of B3LYP/ lanl2dz in the solvent phase.

Eads Exomo Er. ELumo Eq o () AD Qr
SYSMS  camol)  (eV) (V) (V) (V) M vy @y (me)
g-CaNs - 679 497 -315  3.64 - 4.97 - -
S9 659  -6.76 -494 312 364 0 494 003 34
510 590 677 -494 311 366 055 494  -003 27
s11 576 675 -493 -312 363  -027 493  -004 27
512 568 677 -495 -313 364 0 495 002 26
513 351 675 -492 -3.09  3.66 055 492  -0.05 2
S14 313 676 -493 -310  3.66 055 493  -0.04 4
S15 298 676 -494 -313 363  -027 494  -0.03 4
516 215 675 -494 -313 362  -055 494  -0.03 2
o oc y 'y
¥ ?‘? ol . Py L vo %ﬂ
& W £ SC b v‘;w"?'j *%
.ft‘;’«», AT 4 L J A S T ‘x,
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Fig. 5. Optimized structures of DMF- g-C3N. complexes in solvent phase. Distances are in angstrom.
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atom of the g-CsNa structure (S17, S19 and S22). Table 5
presents the data obtained from the six analyzed structures
of DMF- g-CsNacomplexes, as illustrated in Figure 7.
The configurations of S18, S20, and S21 complexes are
analogous to the configuration of S1 complex, and the
equilibrium distances of the pharmaceutical agent and
Nano particle in these configurations are 1.717, 1.796, and
1.738 A, respectively. Meanwhile, the equilibrium
distance in the S1 configuration is equivalent to 1.808 A.
In all six complexes formed by the interaction of the DMF
molecule with the decorated g-CsNa, there is a notable
increase in the energy level of the LUMO, with the most
significant changes observed in the S17, S21, and S22
complexes. The variations in the energy levels of the
HOMO and LUMO for these complexes are illustrated in
Fig.8. Except for the S20 complex, the energy gap is
diminished when compared to the corresponding
decorated g-C3N4 and the S17 structure exhibiting the
smallest energy gap. The ranking of the energy gaps
among these complexes is as follows:
S18 > S20 > S21 > S22 > S19 > S17

Fig. 6. Optimized structures of (a) g-C3Na (b) Ni@ g-CsN4
(c) Fe@g-CsN4 (d) Cu@g-CsN4 in gas phase.

A reduction in the gap energy of the complex results in a
negative the change of energy gap (%AEg), which
correlates with an enhanced capacity for conducting
electrical signals. A more pronounced negative value
indicates a greater potential for the Nano particle to serve
as an effective sensor candidate. The S17 structure
exhibits the most significant alteration in gap energy,
recorded at -33% for the change of energy gap. The trend
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of increasing %AEg from structures S17 to S22 are as
follows:
S20 > S18 > S21 > S19 > S22 > S17

The decoration of Nano particles with Fe, Cu, and Ni
metals results in a significant increase in the Fermi energy
level. The energy values for the decorated Nano particles
are measured at -3.50, -3.51, and -3.49, respectively,
indicating that these values are quite close to each other.
The modifications in the work function associated with
the charge transfer between the decorated g-CsNsand the
DMF were determined using the following equation:

® = Ejpr — Ep 8

The electrostatic potential at infinity is denoted as Einf,
while EFL represents the energy of the Fermi level. In this
context, it is assumed that the electrostatic potential at
infinity is equal to zero. Generally, a decrease in the work
function can facilitate the emission of electrons from the
surface of the semiconductor when an electric field is
applied. The variations in the work function can be
derived from the subsequent equation:

A® = @ complex — ® nano 9

According to the calculations presented in Table 5 The
most value the change in the work function is associated
with the S17 structure, which exhibits a value of -0.15 eV.
The positive value of the charge transfer factor (QT)
indicates the movement of electric charge from the surface
of the decorated g-CsN4to the surface of the DMF. With
the exception of the S17 complex, where a transfer of
charge from the drug to the Fe@g-CsNs has been
observed, resulting in a negative charge transfer value, all
other structures exhibited positive. In all of these
complexes, the values of adsorption energy are negative,
signifying that the adsorption process is both exothermic
and thermodynamically favorable. The S17 complex
exhibits the lowest adsorption energy at -18.32 kcal/mol.
Additionally, the adsorption energy values for the S18 and
S21 structures indicate a strong tendency for physical
adsorption. The selection of sensors and drug carriers is
significantly influenced by adsorption energy and gap
energy. Among the Fe@g-CsN4 complexes of the S17
structure, the Cu@ g-CsN4 complexes of the S19 structure
and the Ni@g-CsNs complexes of the S21 structure
exhibit more favorable and optimal conditions. Figure 9
illustrates the density of states plot for these three
complexes.

3.5. The decorated g-C3N4 Characterization in solvent
phase.
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The decoration of Fe, Cu, and Ni metals into the g-C3N4
in a solvent phase resulted in an elevation of the HOMO
energy and a reduction of the LUMO energy. These
modifications led to a significant decrease in the energy
gap of the g-CsNa, suggesting an enhancement in the
electrical conductivity of the Nano particles. The energy
band gaps for the various decorated g-CsN4 configurations
are ranked as follows:

Fe@ g-C3sN4 > Cu@ g-CsNs > Ni@ g-C3N4

Notably, the lowest energy gap was observed in Ni@ g-
CsNa, measuring 0.78 electron volts. Additionally, the
increase in fermi level energy and the decrease in work
function contributed to a rise in the current density for all
of the decorated g-CsNa4and Ni@ g-CsNa4 exhibiting the
lowest work function at 3.46 electron volts. Figure 10
illustrates the optimized structure of the g-CsN.4 alongside
the density of states diagram in the solvent state.
Furthermore, Table 7 presents the calculated data for these
complexes. A comparison of decorated g-CsN4 in solvent
conditions versus gaseous conditions reveals that both the
energy gap and the work function are elevated in solvent
conditions relative to their gaseous counterparts. In order
to examine the adsorption behavior of the dimethyl
fumarate molecule on the surface of decorated g-CsN4

modified with Fe, Cu, and Ni metals in the solvent phase,
the same structural configurations that were analyzed in
the gas phase have been utilized. The structures of the
S24, S26 and S27 complexes exhibit similarities to those
of S1 and S9. Although in the S23, S25, and S28
complexes, the drug molecule is situated on the
nanoparticle's surface. The optimized configurations of
these six complexes, along with the data derived from
their calculations, are presented in Figure 11 and Table 8.
the equilibrium distances between the DMF and decorated
g-C3N4 in the S26, S24, and S27 complexes has measured
1.798, 1.781, and 1.789 A, respectively. In contrast, the
equilibrium distance observed in the S1 configuration is
recorded at 1.808 A. As the drug molecule nears the
nanoparticle's surface, alterations in the energy levels of
the HOMO and the LUMO have been noted. A modest
increase in the HOMO energy level has been recorded for
all complexes, with the exception of the S23 structure,
while a decrease in the LUMO energy level is observed
across all complexes. In the solvent state, the energy gap
for all complexes have founded to be lower than that of
the decorated g-C3sN4 gap energy, with the exceptions of
the S23 and S26 structures. The S27 structure exhibits the
lowest measured gap energy at 0.73eV.

Table 5 - Energy of HOMO and LUMO orbitals, energy difference of HOMO and LUMO orbitals (Eg), Fermi level energy (EFL),

work function (®) for decorated g-C3N4 in gas phase.

Enowmo ErL ELumo Eg ()]
Systems (ev) (eV) (ev) (ev) (ev)
g-CaNs -6.47 474 -3.00 3.47 4.74
Fe@g-CaNa -3.92 -3.50 -3.08 0.84 3.50
Cu@g-CsNa -3.86 351 317 0.69 3.51
Ni@g-CsNs -3.89 -3.49 -3.10 0.79 3.49

Table 6 - Adsorption energy (Eags), Energy of HOMO and LUMO, energy difference of HOMO and LUMO (Eg), Fermi level
energy (ErL), the change of energy gap of g-CsN.after adsorption (%AEg), work function (®), the change of work function of g-
CsNg after adsorption (A®), and Charge transfer between DMF molecule and decorated g-CsN4 in the gas phase.

Eads Exomo ErL ELumo Eq o () AD Qr

SYSms  eaimol)  (ev) (V) (@) @) PN ey) (V) (me)
Fe@g-CaNs . 392 -350 308 084 § 350 - §

517 1832 363 335 307 056 -3333 335 015 -126
518 1053 383 341 300 083 -119 341 009 30
Cu@g-CsNs i 386 -351 317  0.69 i 351 - i

$19 767  -381 352 -323 058 -1594 352 001 523
$20 148  -380 342 -304 076 1014 342 -009 25
Ni@g-CaNs i 389  -349 310 079 i 349 - )
$21 1024 372 338 304 068 -1392 338 011 28
522 742 371 341 311 060 2405 341 -008 14
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Table 7. Energy of HOMO and LUMO orbitals, energy difference of HOMO and LUMO orbitals (Eg), Fermi level energy (Er.),
work function (®) for decorated g-C3Nj in the solvent phase.

Enomo ErL ELumo Eq (0]
Systems (&V) (eV) (eV) (&V) (&V)
0-CsNa -6.79 -4.97 -3.15 3.64 4.97
Fe@g-C3N4 -4.25 -3.63 -3.01 1.24 3.63
Cu@g-CsNs4 -3.98 -3.53 -3.09 0.89 3.53
Ni@g-CsN4 -3.85 -3.46 -3.07 0.78 3.46
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Fig. 7. Optimized structures of DMF- decorated g-CsN. complexes in gas phase. Distances are in A.

Energy changes of HOMO and LUMO orbitals
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Fig. 8. The variations in HOMO and LUMO energy levels within complexes S17 to S22.
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The comparative analysis of the gap energies for these six
structures is as follows:
S23 > S24 > S26 > S25 > S28 > S27

A reduction in the gap energy of the complex results in a
negative change in gap energy (%AEg), which correlates
with an enhanced capacity for electrical signal
conduction, thereby indicating improved conditions for
sensor functionality. The most significant change in the
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energy gap is observed in the S25 structure, exhibiting a
value of -13.48%. The variations in gap energy suggest
that structures S24, S25, and S27 may serve as promising
candidates for a dimethyl fumarate drug sensor.

The positive value of the charge transfer factor (QT)
indicates that electric charge is being transferred from the
surface of the decorated g-CsNj to the surface of the DMF.
Notably, in the S23 structure, a charge transfer occurs
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from the drug to the Fe@g-C3Ns,, resulting in a remarkable
negative value of -619. In contrast, the other structures
exhibit positive charge transfer values. Among these, the
S25 structure demonstrates the highest charge transfer
from the decorated g-C3N4 surface to dimethyl fumarate,

o

'®
P

W

y"
e
'. ¢
<
‘u»""u

©

*%

i

e

3 m"i{
¢

&>

oo

S27

chemical adsorption interaction. Conversely, the
adsorption energies for structures S24 and S25 indicate a
favorable physical adsorption process. The selection of
sensors and drug carriers is significantly influenced by
adsorption energy and gap energy. Among the Fe@g-

-_ae s

Fig. 11. Optimized structures of DMF- decorated g-C3sN4 complexes in solvent phase. Distances are in A.

Table 8- Adsorption energy (Eads), Energy of HOMO and LUMO orbitals, energy difference of HOMO and LUMO orbitals (Eg),
Fermi level energy (EFL), the change of energy gap of g-CsNa after adsorption (%AEg), work function (®), the change of work
function of g-CsN, after adsorption (A®), and Charge transfer between DMF molecule and decorated g-C3sNa4 (QT) in the solvent

phase.

Eads Enomo ErL ELumo Eq o [0} AD QT

SYSOMS  (eealimol)  (@v) (V) @) V) M @v)  ev)  (me)
Fe@g-CsN4 - -4.25 -3.63 -3.01 1.24 - 3.63 - -

S23 -57.59 -5.18 -4.16 -3.14 2.04 64.52 4.16 0.53 -619
S24 -10.77 -4.14 -3.59 -3.05 1.09 -12.10 3.59 -0.04 29
Cu@g-C3N4 - -3.98 -3.53 -3.09 0.89 - 3.53 - -
S25 -14.20 -3.98 -3.59 -3.21 0.77 -13.48 3.59 0.06 81
S26 -5.84 -3.96 -3.561 -3.06 0.90 1.12 3.51 -0.02 27
Ni@g-CsNa4 - -3.85 -3.46 -3.07 0.78 - 3.46 - -
S27 -6.10 -3.79 -3.42 -3.06 0.73 -6.41 3.42 -0.04 26
S28 -3.69 -3.82 -3.44 -3.06 0.76 -2.56 3.44 -0.02 7
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configuration (c) Ni atom (Ni@ g-CsN4), S27 configuration in the solvent phase.

4. Conclusion

In this research, the sensing ability and the energy of
interactions between Dimethyl Fumarate (DMF) and the
pristine, Fe, Cu and Ni-decorated graphitic carbonitride
(g-C3Ny4) has been studied by using density functional
theory (DFT) calculations. Also, the adsorption behavior
of pristine g-C3N4, Fe- and Cu- and Ni-decorated g-C;Ny
has been investigated toward DMF. Within the context of
pristine g-C3sN4-DMF complexes in the gas phase, the S1
structure emerges as the most promising candidate for
sensor applications. This is evidenced by its adsorption
energy, which is recorded at -10.86 Kcal.mol!, alongside
a notable change in the energy gap of -3.86. These
parameters indicate that the S1 structure exhibits superior
characteristics compared to other g-C3N4-DMF
complexes under gaseous conditions. In the context of g-
C3N4-DMF complexes within the aqueous phase, no
appropriate candidate emerged for sensor application.
These structures designated as S9 exhibited the most
significant adsorption energy, quantified at -6.59
Kcal.mol!, suggesting a favorable physical adsorption
process that necessitates minimal inhibition time.
However, it is noteworthy that the energy gap for this
particular complex remained unchanged and the change of
the energy gap recorded at zero. Conversely, other
complexes under similar conditions demonstrated the
change of the energy gap of less than 1. In the gaseous
phase, the Ni@ g-CsNs DMF complexes exhibit
promising characteristics, particularly in structures S21
and S22, which demonstrate adsorption energies of -10.24
and -7.42 Kcal.mol™!, respectively. These negative values
suggest effective physical adsorption. Furthermore, the
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change of the energy gap for these complexes are recorded
at -13.92 and -24.05, indicating a notable sensitivity of
Ni@g-CsN4 to DMF presence and the application of a
sensor. In the solvent phase, structure S27 reveals that
Ni@g-CsN4 can function as a sensor for DMF, with an
adsorption energy of -6.10 Kcal.mol! and the change of
the energy gap -6.41, further supporting its potential utility
in sensing applications. Among the complexes formed
between Fe@ g-C3N4 and DMF, two notable structures,
S17 and S24, have been examined in both gas and solvent
phases, respectively. The energy gap changes for these
complexes are recorded at -33.33 and -12.10, while their
corresponding adsorption energies are -18.32 and -10.77
Kcal.mol!. These findings suggest that Fe@g-C;N4
demonstrates potential as an effective sensor for DMF in
both gaseous and solvent phases. In contrast, complex
S23, which pertains to the solvent phase, exhibited the
highest adsorption energy in this study, measured at -57.59
Kcal.mol!. This significant value indicates a very strong
chemical adsorption, rendering it wunsuitable for
applications as a sensor or drug carrier. The investigation
of the complexes formed between Cu@, g-C3N4 and DMF
has revealed two significant structures, designated as S19
and S25, which have been analyzed in gas and solvent
phases, respectively. The observed variations in energy
gaps for these complexes are -15.94 and -13.48,
respectively, while their associated adsorption energies
are recorded at -7.67 and -14.20 Kcal.mol!. These results
indicate that Cu@ g-CsN4 may serve as a promising sensor
for DMF across both gaseous and liquid phases.
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