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In this study, the adsorption of free-base and metal (Cu, Ag, Au) doped porphine molecules onto Ti,C
monolayer were simulated using DFT methods to study the structural and electronic properties of these
hybrids. Results reveal that these structures may have interesting electronic properties that may vary
depending on the type of the metal atom and the adsorption configuration of the molecule. In all
structures, molecule adsorption triggered a magnetic transition from a semiconductor AFM state to a
metallic FM state, demonstrating the potential of these hybrids in spin-dependent molecular electronics
design. It is also shown that porphine adsorption can significantly reduce the work function of the Ti,C
monolayer, and this change, contrary to expectations, depends not only on the direction of charge

transfer but also on the polarization of the total charge on the molecule. Additionally, no structural
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deformation was observed in any of the MD calculations performed at 300 K and 600 K for the
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1 Introduction

In recent years, a new era has begun in materials science with
the discovery of graphene.”” The unique technological proper-
ties of this monolayer have led researchers to search for new
two dimensional (2D) materials with different properties.’™®
Since 2D materials are only one or a few atoms thick, small
chemical and physical manipulations can cause important
changes in their observed properties."® The tunability of these
changes has significantly increased the research potential of 2D
structures, as it is useful in developing specifically designed
materials for advanced technological applications.”™ It is possible
to obtain monolayer structures not only from a single type of
element but also from the combination of several different
elements by using mechanical and chemical exfoliation or deposi-
tion methods.*® Therefore, 2D materials research is carried out in
a wide range. For example, in addition to single-element mono-
layers such as silicene,'® germanene,'* and phosphorene,’ 2D
structures such as h-BN,*'® MoS,, WSe,,'*'® and AsP'®'” have
also been studied experimentally and theoretically.

One of the interesting classes of 2D materials is MXenes
which are obtained by etching away the layer-A from bulk MAX
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phases.'®?° They are generally formulated as M,,;X, T, (M =
transition metals; X = C, N; n = 1-3 and T, = surface termina-
tion, e.g., -OH, -F, -O). MXenes are chemically stable, have
good electrical conductivity and high elastic moduli.?* Since
they are hydrophilic and have highly active functional sites on
their surfaces, they can serve as an effective substrate for the
adsorption of many molecules or ions.”?>** This feature makes
MXenes to be tailored for many applications such as adsorptive
remediation of pollutants,*® energy storage/conversion,>* sensor
applications,***® biomedical applications,””>° catalysts,***! and
supercapacitors.®> Ti,C, one of the interesting members of
the MXene family, has also been reported to have potential
in lithium-ion batteries,">*** hydrogen adsorption and
diffusion,®  spin-based  applications,*®*” and  sensing
technologies.*®*° It is also shown that the electronic and mag-
netic properties of this 2D structure can be modified by electric
field, strain, and molecule adsorption.>”***! The reaction of
organic molecules with 2D materials is a topic that is being
investigated for many purposes. In addition to determining the
effects of the presence of these molecules on the fabrication
process, how the surface can be specifically decorated with
these molecules to design sensitive nanodevices is also the main
focus of these research.’”**™*° Thus, 2D surfaces can be further
functionalized for many applications from biomedical to
electronics.>**¢™48

Porphine (2H-P) is a planar, aromatic macrocyclic molecule
with the formula C,oH,4Ny, in which four pyrrole-like rings are
connected to each other by a methine bridge, and is the most
basic structure of porphyrins.**™" It can also be attributed as
the main skeleton of the porphyrin family.>* Different atoms
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placed in the center of the porphine cycle lead the molecule to
gain new and tuneable properties. If these atoms are metals
(Cu, Ag, Co, Au, Sn etc.) they are called metalloporphines.®*~>®
Their structural versatility, planarity and high conjugation
make them quite remarkable for molecular-scale device design.
There are interesting studies in the literature on hybrid struc-
tures formed by porphine-based molecules with other materials
such as graphene,””” ™% Ag(111),°*"*> Zn0,** Cu(111),>*** car-
bon nanotube (CNT)*® and Ag(100).°°

With this motivation, porphine adsorption onto Ti,C surface
was investigated in this study. Along with free-base porphine,
which can be obtained naturally and synthetically; Cu, Ag
and Au-doped metalloporphines were also taken into account
due to their significant effects on anticancer, antitumor and
antimicroorganisms.®”””7? Structural, electronic and magnetic
properties of the considered hybrid structures were investigated
by using ab initio DFT methods in order to provide information
about their potential in molecular-based applications.

2 Method

In this study, spin polarized density functional theory (DFT)”
calculations were performed by using the Vienna ab initio
Simulation Package (VASP)*”> program to obtain the geometric,
electronic and magnetic properties of considered structures.
Projector-augmented wave (PAW)’®”” potentials with a cut-off value
of 550 eV were used for electron-ion interactions, while Perdew—
Burke-Ernzerhof (PBE)”® functionals with generalized gradient
approximation (GGA) at the DFT-D37%% level were adopted for
electron—-electron interactions. Brillouin zone was integrated
according to the Monkhorst-Pack method®' with a (18 x 18 x
18) mesh for the unit cell, and a (3 x 3 x 1) mesh for molecule
adsorbed ones. A (7 x 7) Ti,C monolayer was used as the substrate.
A vacuum distance of 25 A was given between the two supercell
layers to avoid interactions between the periodic images. All atomic
positions and lattice constants were relaxed using the conjugate
gradient algorithm.*” The total energy and the Hellman-Feynman
force convergence limits between two self-consistent electronic
steps were set to be 10~° eV and 0.01 eV A", respectively. Gaussian
smearing was used with a smear width of 0.01 eV. Optimization of
isolated molecules was also performed in the simulation box
with the same dimensions as the substrate. For the adsorption
studies, molecules were placed on the optimized clean surface,
keeping the dimensions of the simulation box constant, and
relaxed with the same convergence criteria. In order to better
include the electronic correlations of metal atoms, Hubbard + U
method with Dudarev’s approach®® was considered and the
effective Coulomb interaction parameters (Ues) for metal atoms
were calculated by using the linear response approach of Cococ-
cioni and De Gironcoli.?* The calculated U.g parameters are Ti:
3.53 eV, Cu: 7.38 eV, Ag: 3.17 eV, and Au: 4.64 eV. Atomic
structures were created with the VESTA®®> program. The adsorp-
tion energies were calculated according to the eqn (1).

(Emolecule + Esubstrate) (1)

EAds = Emolecule+substrate -
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where Esubsrate+moleculey Esubsratey Emolecule are the total energy
values (per cell) of molecule adsorbed substrate, bare substrate,
and isolated molecules, respectively. Net charges on atoms were
calculated by using both of the Bader analysis®® and density
derived electrostatic and chemical charge analysis (DDEC)
methods,®”’®® and the total charge transfer distribution of the
resulting structures was calculated with eqn (2).

Ap = Psubsrate+molecule — (psubsrate + pmolecu]e) (2)

Work function ¢ is defined as the difference between the
vacuum potential E,,. and the Fermi energy Er as given in

eqn (3).

(b = Evac - EF (3)

In order to determine the thermal stability of the corres-
ponding hybrid structures, molecular dynamics (MD) simulations
were performed in the NVT ensemble with the Nosé-Hoover
thermostat at 300 K and 600 K.

3 Results

3.1 Properties of metalloporphine molecules and the clean
Ti,C surface

In the first stage of the study, porphine molecules and clean
Ti,C surface were modeled individually to determine their
structural and electronic properties before the adsorption
process. Fig. 1 shows the optimized geometries of the free-
based porphine (2H-P) and functionalized ones with Cu, Ag,
and Au atoms. In order to obtain metalloporphines, H atoms in
the middle of the 2H-P cycle were replaced by metal atoms
as shown in Fig. 1(b)-(d). All molecules kept their square
planar geometry after optimization. Calculated molecular
bond lengths of the free-based molecule are in full agreement
with the previously given values.”® Additionally, metal-N dis-
tances in doped molecules are also in compatible with the
literature.®®**°° These organometallic bond lengths around 2 A
indicate direct binding. The total (TDOS) and partial (PDOS)
density of states of all molecules are plotted in Fig. 2. According
to this figure, the HOMO-LUMO (highest occupied molecular
orbital-lowest unoccupied molecular orbital) gap of the 2H-P is
1.94 eV, and the spin up/down states are symmetric. However,
the symmetry of the spin states is broken in all metal-
functionalized molecules. This asymmetry is more pronounced
near Fermi level for Ag and Au, while it is observed at lower
energy levels for Cu. The total magnetic moments of these
molecules were calculated as 1up for Ag and Au while it is —1up
for Cu. Furthermore, the Fermi level (Eg) of each molecule is
written inside the corresponding DOS plots in Fig. 2. While the
Fermi level of 2H-P is —4.76 eV, the Fermi level of the Ag- and
Au-doped molecules are —4.06 €V and —3.30 eV, respectively.
The states around the Fermi level are dominated by the
hybridization of the d-orbitals of the metal with the p-orbitals
of the N atoms in the majority channel for Ag and Au. However,
the situation is different for Cu-P. The contribution from Cu
atom is almost negligible near the Fermi level (see Fig. 2b),
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Fig. 1 Top and side views of the optimized structures. (a) Free-based (2H-P) (b) Cu doped (Cu-P) (c) Ag doped (Ag-P) and (d) Au doped (Au-P). Bond

order (BO) values of the metal atoms are given as insets.

which is why the Fermi energy of this structure (—4.80 eV) is
almost the same as the free-based one. On the other hand, Au
and Ag doping significantly decreased the HOMO-LUMO gap of
the molecule, while Cu doping slightly increased it. As a result,
it is clear that the electronic properties of the porphine mole-
cule can be modified depending on the type of metal placed at
the center.

The structural representation of Ti,C is given in Fig. 3(a).
This surface has a three-fold heterostructure formed with a C
atom between two Ti atoms. While the bond length between
Ti and C atoms in the hexagonal unitcell was 2.15 A, the
bond length between consecutive Ti-Ti and C-C atoms was
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calculated as 3.06 A. These unit cell parameters are in good
agreement with those in the literature.>**7*%1"% por the
adsorption calculations, Ti,C unitcell was enlarged to a (7 x 7)
supercell due to the large size of the porphine molecules.
According to the DOS plots shown in Fig. 3(b), p- and d-
orbitals of Ti and the p-orbitals of C are continuous throughout
the entire energy range considered. Ti,C is a semiconductor with
a band gap of 0.054 eV, where Fermi level lies at —2.31 eV. Band
gap is also calculated as 0.17 eV without U parameter. This small
band gap is seen to be indirect in the band structure plot given
in Fig. 3(c). This surface also exhibits an AFM character with a
magnetic moment of 1.22up for Ti atoms and Oug for C atoms.
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Fig. 2 Total and partial DOS plots of molecules. (a) Free-based (2H-P) (b) Cu doped (Cu-P) (c) Ag doped (Ag-P) and (d) Au doped (Au-P). Fermi level is

shown by the dotted vertical lines set to 0 eV.
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Magnetic moment values were calculated as pir; = 0.77pup and pc =
Oug without including the U parameter. These above-mentioned
results are consistent with many studies in the literature,>**”**
contrary to the ones that say Ti,C is a magnetic metal.*>*>** On
the other hand, the work function (¢) of Ti,C, which is the
minimum energy required for an electron to move from the
surface to a vacuum point, was calculated as 4.08 eV (see
Table 1). This result is also within the range of 3.98-4.67 eV
values given in previous studies.”>®® The differences between
the calculated values are due to the use of different parameters
and methods in the simulations.

3.2 Adsorption of porphine molecules on Ti,C surface

When modeling heterostructures, investigating the possible
adsorption configurations of the molecule or another second 2D
layer on the substrate is important for accurate modeling of the
reactions occurring on the surface.*>**'°° In some previous studies
examining the adsorption of porphine onto Cu(111), Ag(111) and
Au(111), it was stated that the first layer molecule adsorbs on the
surface in a flat pattern rather than edgewise.®*'*'"'* Based on
this, to simulate the adsorption process of porphine molecules
on the Ti,C surface, the molecules were placed in two different
orientations parallel to the surface. The initial images of these
two models before optimization are given in Fig. S1 (ESIt).
The molecules in these two starting models are rotated by 45°
compared to each other. In order to estimate the appropriate
initial distance between the surface and the molecule for structural
optimization, firstly single point energy calculations were

-1.0 =05 0.0
Energy (eV)

(a) Top and side view of Ti,C surface and AFM Ti,C unitcell. (b) Total and partial DOS graph Ti,C (7 x 7) supercell. (c) Band diagram of Ti,C

performed for 3.5 A, 3 A and 2.6 A with the centers of the molecules
directly above the upper Ti atoms. According to the total energy
values in Table S1 (ESIt), molecules were found to be more stable
at 2.6 A above the surface.

In the next step, structural optimization was performed by
dropping molecules onto the substrate from 2.6 A with their
centers (a) directly above the top Ti atoms and (b) above the hole
region between the top Ti atoms. After optimization, the mole-
cular centers of all metalloporphines initially located on the Ti
atom shifted towards the hole region due to the repulsive
interaction between the metal and Ti. The optimized configura-
tions are presented in Fig. 4 (a-d for model-I; e-h for model-II),
and related parameters are given in Table 1. The first structural
situation that stands out for all molecules in Fig. 4 is that all the
H atoms in the pyrrole rings are pushed upwards from the
surface, and the outermost C atoms tend to bend slightly.
Furthermore, the metal atoms of Ag-P and Au-P in both models
are pushed significantly upwards from the plane of the mole-
cule, while the core regions of 2H-P and Cu-P remain relatively
planar. The orientation of the molecules in model-I after opti-
mization has not changed significantly compared to the initial
states given in Fig. S1 (ESI}), only a small rotation in Ag-P is
noticeable. On the other hand, while metalloporphines in
model-IT largely maintain their initial orientation after optimiza-
tion, a very obvious rotation is observed in 2H-P. When the
metal-N distances in Fig. 4 are compared with those given in
Fig. 1, it is seen that the D4, symmetry of the molecules at the
center is disrupted due to adsorption. According to Fig. 4,

Table 1 Calculated parameters for free-based/doped porphine adsorption on Ti,C surface. Adsorption energy (E.qs); the shortest distance (dags), values
in the parenthesis are the distances from the metal atom to the nearest Ti atom; Fermi energy (Ef); magnetic moment (u); total charge transfer on the
molecule (Ap), the values in parentheses are the changes in the charges of the metal atoms in the adsorbed state compared to their charges in the
isolated state, negative Ap values correspond to the increase of e; work function of upper side with molecule (¢ypper); Work function of lower side without

molecule (piower)

Structure Eaas (QV) dAds (A) Er (CV) Iz (lu‘B) Ap DDEC/Bader (6) ¢lower (CV) d)upper (eV)
2H-P + Ti,C-I —8.72 1.84 —1.88 —12.00 —3.17/-5.26 4.01 3.60
Cu-P + Ti,C-1 —9.23 1.89 (2.42) —1.84 —9.75 —2.93/—4.80 (—0.39/—0.48) 3.98 3.57
Ag-P + Ti,C-1 —10.82 1.84 (2.77) —1.86 —9.03 —3.13/-5.09 (—0.12/—0.32) 4.01 3.59
Au-P + Ti,C-1 —9.46 1.82 (2.67) —1.83 —9.68 —2.94/—4.78 (—0.19/—0.45) 3.98 3.58
2H-P + Ti,C-I1 -9.09 1.68 —1.85 —11.88 —3.28/—5.43 3.98 3.58
Cu-P + Ti,C-1I —9.66 1.86 (2.31) —1.84 —6.80 —2.80/—4.48 (—0.48/—0.54) 3.98 3.62
Ag-P + Ti,C-II —10.53 1.82 (2.94) —1.81 —6.89 —2.86/—4.50 (—0.13/—0.32) 3.98 3.57
Au-P + Ti,C-I1 —9.64 1.79 (2.70) —1.83 —6.93 —2.85/—4.54 (—0.22/—0.47) 3.98 3.62
Bare Ti,C — — —2.31 AFM — 4.08 4.08
14832 | Phys. Chem. Chem. Phys., 2025, 27, 14829-14840 This journal is © the Owner Societies 2025
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Fig. 4 Adsorption of bare/doped porphine molecules on Ti,C surface. (a)—(d) 2H-P, Cu-P, Ag-P, and Au-P for model-I, respectively. (e)-(h) 2H-P, Cu-P,
Ag-P, and Au-P for model-Il, respectively. Bond order (BO) values of the metal atoms are given as insets.

symmetry breaking also depends on the different orientation of
the same molecule on the surface, because the position of the
atoms in the molecule with respect to the substrate is effective in
the reaction at the interface. Since the distances of the N and
metal atoms of metalloporphines to the surface in model-I and
model-II are not the same, both the bond lengths and bond
orders between M-N are different. Therefore, the orientation of
the molecule on the Ti,C surface is a notable parameter in terms
of structural and electronic characterization.

The shortest adsorption distance (daqs) in Table 1 is defined
as the vertical height difference between the bottom atom of
the molecule (which is one of the N atoms in all molecules) and
the nearest Ti atom. This value does not show any significant
difference between the two different adsorption models of each
metalloporphine, but still the ones in model-I are slightly larger
than those in model-II. When looking at 2H-P, the d,qs value
was measured significantly larger (~9.5%) in model-I than in
model-II. In general, d,gs of the metalloporphines is seen to
increase inversely proportional to the atomic radius of the
included metal in both models. However, the similar trend
shown by daqs depending on the type of metal was not observed
at the distances of the metals from the surface due to the
symmetry breaking of the molecular nuclei and the downward
migration of the substrate Ti atom after adsorption (see the dagqs
values in the parenthesis in Table 1). In both models, the
shortest metal-surface distance was measured for Cu and the
longest for Ag.

Table 1 also shows the adsorption energies (E.qs) calculated
for all molecules. E,qs is an indicator of how strong the inter-
action between the molecule and the substrate is, and can
therefore be used to compare the relative stability of systems.
According to Table 1, the E,45 of 2H-P + Ti,C is —8.72 eV for
model-I and —9.09 eV for model-II. The adsorption energy of 2H-
P on Cu(110) and Cu(111) is given as —3.47 eV and —4.03 eV in
the literature, respectively.'%>'** As for the E,4, value of Cu-P, it
is —9.23 eV for model-I and —9.66 eV for model-II, which is given

This journal is © the Owner Societies 2025

as —4.26 eV for Cu-P/Cu(111).'°> In other words, it can be said
that 2H-P and Cu-P adhere more tightly to Ti,C than Cu(110) and
Cu(111). When the E,q4s values of metal-doped porphines are
compared with the undoped ones, it is seen that they are larger
than the 2H-P in both adsorption models. Among them, the
largest one belongs to Ag-P; —10.82 eV for model-I and —10.53 eV
for model-1I. Accordingly, it can be stated that Ag-P adheres more
strongly to the Ti,C surface than the others. The adsorption
energies of all hybrid structures are negative, indicating that the
process is exothermic and can occur spontaneously. These large
E,qs values also indicate that the molecules chemisorbed to the
Ti,C surface. This interaction is also seen in the charge transfer
data (Ap) in Table 1 and charge transfer isosurfaces plotted in
Fig. 5. Although the Ap results obtained from Bader®® and
DDEC®”%® methodologies are quantitatively different, both indi-
cate that a significant charge transfer from the substrate to the
molecule occurred in all configurations. The largest charge
transfer per molecule was calculated for 2H-P in both models.
Among the metallized ones, while the Ap of Ag-P is clearly larger
than the others in model-I, there is no such clear distinction for
model-II. The values in model-II are so close to each other that
the Ap ordering of the DDEC and Bader results are different.
In addition, the differences in the calculated Ap values for each
molecule for model-I and model-II indicate that the adsorption
configurations have a significant effect on the charge transfer
values. After adsorption, all metal atoms gained |e| compared to
the isolated molecule states (see the Ap values in parentheses in
Table 1). As seen from the isosurfaces in Fig. 5, the charge
exchange between the surface and the molecule occurs in almost
every region of the molecule rather than in a limited region. This
situation also supports quite large E,q5 values.

The adsorption process affected the electronic state of the
molecules and the substrate, causing the Fermi levels of the
molecule + Ti,C systems to increase compared to the pre-
adsorption states (see the Ep values given in Table 1 for bare
substrate and molecule + Ti,C systems, and in Fig. 2 for
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Fig. 5 PDOS plots and charge transfer isosurfaces of free-based/doped porphine molecules adsorbed on Ti,C. (a)-(d) 2H-P, Cu-P, Ag-P, and Au-P for
model-I, respectively. (e)—(h) 2H-P, Cu-P, Ag-P, and Au-P for model-II, respectively. The red (blue) color in isosurfaces represents charge accumulation

(depletion). The isosurface value is +0.002 e A=>.

isolated molecules). This molecule-substrate interaction can be
clearly seen in the DOS and charge transfer plots in Fig. 5. The
accumulation and depletion regions of the charge transfer
isosurfaces are given separately and zoomed in on the molecule
region for a clearer visibility. The superimposed images from a
wider perspective can also be seen in Fig. S3 (ESIT). According
to Fig. S3 (ESI{), molecules mainly interact with the top layer Ti
atoms of the Ti,C matrix, while the contribution from the other
two bottom layers is quite small. During adsorption, large
charge depletion regions appear on both the substrate and
the molecules. The depletion regions on the substrate are the
upper and lower edges of the top Ti atoms. In molecules,
charges are depleted from C-C and some C-H bonds, as well
as from the upper and lower edges of the metal atoms. On the
other hand, in the Fermi neighborhood of the PDOS plots, the
hybridization between the p- and d-orbitals of Ti atoms and the
p-orbitals of molecules is more prominent. Similarly, charge
accumulation regions mostly arise from the vertical overlap of
C p,orbitals with Ti de-orbitals. There is also charge

14834 | Phys. Chem. Chem. Phys., 2025, 27,14829-14840

accumulation on the side surfaces of the metals at the center
of the molecules (see d,._je-like orbitals in the top views in Fig.
S3, ESIt), but this is not clearly visible in the PDOS plots due to
the relatively large number of substrate atoms. Moreover, the
comparison of the DOS plots in Fig. 5 (and Fig. S2, ESIT) with
those in Fig. 2 also reveals that the discrete states of the isolated
molecules are extended along the energy axis by hybridizing
with the substrate during adsorption. The general electronic
character for all molecules is metallic. The unsymmetrical DOS
plots of the spin up and down states for each molecule in Fig. 5
and the total magnetic moment (u) values given in Table 1
indicate that these structures gain FM character upon adsorp-
tion. When the magnetic moment values obtained for different
adsorption models in Table 1 were compared, no significant
difference was observed for 2H-P. However, the u values of all
metal-doped model-II configurations were found to be smaller
than those in model-I. The u values in Table 1 reveal that the
magnetic moment of Ti,C can vary depending on the adsorp-
tion orientation of the metalloporphines, but do not present a
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function (ELF) maps for different slices of the structures are
given in Fig. 6. The electron distribution of the top Ti layer of all
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ELF value of ~0.5. Here, the homogeneity of the region at the
bottom of the molecule is also disrupted, which is consistent
with the charge transfer from the substrate to the molecule
given in Table 1. On the molecular plane (second column in
Fig. 6), strong covalent-type electron localization is found in the
C and H networks. However, since there is no localization
between N and metal atoms, metals are incorporated into
porphine networks in ionic form. On the other hand, slice-1
and slice-2 in Fig. 6 cut the molecule center in two different
orientations along the surface normal. In these slices, partial
electron sharing is observed in the region between the C atoms
of the molecule and the top layer Ti atoms, which is indicative
of a weak covalent-like character. This is also consistent with
the DOS overlap of C and Ti atoms and the charge transfer plots
in Fig. 5. The electron sharing between C-Ti in 2H-P model-II is
more pronounced, which is consistent with the Ap value of this
model being larger than model-I in Table 1. On the other hand,
the electron distribution in the region between model-I metal-
loporphines and the substrate appears larger, in agreement
with the Ap values in Table 1.

Work function (¢), and tunability of work function of
technologically important materials by surface modification is
an important parameter to determine the potential of these
materials in various electronic applications.’>?6:98:10:106 1p
addition to traditional explanations, factors affecting the ¢
characteristics of nanosurfaces are also discussed from new
perspectives such as space groups or atomic-scale properties of
the composition.'®” At this stage of our study, the effect of
porphine/metalloporphine adsorption on the work function
of Ti,C was investigated. The work function of the bare Ti,C
was calculated as 4.08 eV for both upper and lower sides of the
monolayer. This value is within the range given in the
literature.’®°®'°® The new ¢ values of both sides of the
monolayer after molecule adsorption can be seen in Table 1.
It is clear that, porphine adsorption caused a significant
decrease about ~ 0.5 eV in the work function of the upper side.
However, the closeness of the calculated values for model-I and
model-II indicates that ¢ does not depend significantly on the
adsorption orientation of the porphine molecule on the sur-
face. The variation of the electrostatic potential in these struc-
tures along the z-axis can also be seen in Fig. S4 of the ESL¥
At first glance, it would be expected that an inward dipole
would form due to the charge transfer from the surface to the
molecule, thus increasing the work function. However, the H
atoms at the edges of the adsorbed molecules are curved
upwards from the plane of the molecule, and although the
total charge flow occurs from the surface to the molecule, the
partial charge on the H atoms is positive. The total charge
depletion values on the H atoms of each molecule after (model-
I/model-II) adsorption are 2H-P = +2.02¢/+2.01e, Cu-P = +1.35¢/
+1.32e, Ag-P = +1.40e/+1.32e and Au-P = +1.33e/+1.32e. On the
other hand, negative charges are mostly collected on the lower
edge of the molecule, which is close to the monolayer surface.
Due to these charge depletion and accumulation regions within
the molecule in the z-axis, a dipole is formed that reduces the
dipole caused by total electron transfer. Thus, a decrease in the

This journal is © the Owner Societies 2025
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work function of the upper surface of the monolayer is
observed. A similar situation is explained in detail in ref. 109.
Moreover, it is clearly seen from the results in ref. 110 that the
change in ¢ does not only depend on the charge transfer direction
but is also strongly related to the molecule polarization. This
adsorption induced work function change can also be used as a
kind of detection and surface modification mechanism.'™
Furthermore, organic molecule-modified monolayer interfaces,
due to their environmental friendliness, could be key materials
in applications requiring low-work-function materials, such as
electron microscopes, X-ray types of imaging, and medical
equipment.®” Therefore, based on our findings, porphines can
be considered as good candidates for the work function modula-
tion of the Ti,C monolayer. In addition, although the differences
between the ¢ values of the porphine + Ti,C structures in Table 1
are small, this can be considered as an indication of the usability
of different metal types for further fine tuning.

To test the stability of these hybrid structures, MD simula-
tion for each molecule on Ti,C surface were carried out for
4.5 ps at 300 K and 600 K with 1 fs intervals. The final structural
models obtained after MD simulations and the time-dependent
changes of energy and temperature during these simulations
are shown in Fig. 7. The fact that no structural deformation is
observed and the fluctuations in temperature and energy are
quite small indicates that these structures are thermodynami-
cally stable around 300 K and 600 K.

4. Conclusions

This study examined the adsorption properties of free-based,
Cu, Ag, and Au doped porphine molecules on Ti,C monolayer.
For all molecules the adsorption energy is negative, indicating
the exothermic nature of the reactions. Besides, metal doping
appears to increase the E,4s values compared to free-based
porphine. All adsorption configurations are thermodynamically
stable at 300 K and 600 K. Additionally, it can be said that the
Ti,C surface is a suitable substrate for porphine polymerization
since all molecules maintain their structural integrity at these
temperatures. Furthermore, adsorption of porphines shifted
the Ti,C surface from a semiconductor AFM state to a metallic
FM state. Although the Cu/Ag/Au-doping seems to reduce the
total magnetic moment of the molecule + Ti,C systems com-
pared to the free-based molecule, it can still be said that the
functionalization of Ti,C surface with these porphines has a
high potential for spin-dependent applications. On the other
hand, all molecules were found to act as a charge acceptor. The
redistribution of charge via adsorption caused a resultant
dipole to form between the molecular and nonmolecular sides
of the substrate, changing the work function of these two faces.
¢ values decreased significantly on the molecule-located side of
the monolayer. Small differences in the amount of decrease
were observed depending on whether the molecule was doped
or not and even on the type of dopant atom. It was observed
that the change in the work function depends not only on the
direction of the total charge transfer but also on the
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polarization of the molecule itself after adsorption. The results
indicate that porphines are good candidates for the work
function modulation of the Ti,C monolayer.
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