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molecule. Compared with MgP molecule adsorbed on bare Au(111), the inclusion of NaCl lay-
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ers can lead to a significant decrease in the adsorption energy of the MgP molecule. The exis-
tence of NaCl layers also reduced the charge transfer between the molecule and the surface.
For heterosurfaces with two or three monolayers of NaCl, the charge transfer was almost com-
pletely suppressed. The obtained partial density of states (PDOS) showed that hybridization
between the electronic structures of the adsorbed MgP molecule and the metal surface can be
significantly suppressed when NaCl layers were added. For the heterosurface with three lay-
ers of NaCl, the PDOS around the Fermi level was almost identical with that of the free
molecule, suggesting the electronic structure of the MgP molecule was nicely preserved. Influ-
ence of the NaCl layers on the electronic structure of the MgP molecule was mainly found for
molecular orbitals (MOs) away from the Fermi level as a result of the large band gap of the

NaCl layers.
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I. INTRODUCTION

A detailed understanding of the adsorption proper-
ties of molecular systems on solid surfaces is vital in
many fields such as heterogeneous catalysis [1], gas
sensing [2], and molecular electronics [3]. As one of the

* Author to whom correspondence should be addressed.
E-mail: tian@ysu.edu.cn

DOI: 10.1063/1674-0068 /cjcp2502015

494

most important surface characterization tools, scan-
ning tunneling microscope (STM) is invaluable for the
study of the adsorption of molecular systems on metal-
lic surfaces. STM also has the ability to investigate the
electronic structures such as the spatial distributions of
the frontier molecular orbitals (MOs) of adsorbed
molecules [4, 5]. An important condition for the success
of such advanced characterization is to minimize the di-
rect metal-molecule interaction that can strongly af-

fect the electronic structure of the sample. Such a re-
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quirement can be achieved by adding thin decoupling
layers to the metal substrates [4]. The decoupling layer
should be easy to grow on metal surfaces with appropri-
ate thickness and have a sufficient band gap to reduce
the electronic interaction between the sample and the
substrate [4, 6, 7].

Many types of materials, such as metal oxides [8—11],
two dimensional (2D) materials [12-16], and alkali
halide (NaCl) [4, 17, 18] have been successfully applied
to decouple single-molecules from the metal substrate of
STM. Among those materials, NaCl, which has a wide
band gap [4], is one of the most commonly used decou-
pling materials because defect-free multi NaCl layers
can be conveniently fabricated on different metal sur-
faces [4, 5, 18-20]. It is also one of the first decoupling
materials that was applied to decouple adsorbed
molecules and obtain STM images of individual MOs
[4]. Since then, thin NaCl layers have found application
in many STM based single-molecule measurements,
such as STM-induced electroluminescence [17, 18,
21-25] and STM tip-enhanced photoluminescence [26,
27).

Since the growth of NaCl on metal surfaces is well
defined, NaCl layers from monolayer to multi-layer can
be readily obtained experimentally. Recent experi-
ments have shown that the molecular response, such as
the charge-state lifetimes [28] and electroluminescence
spectra [22] of single-molecules, could vary as the thick-
ness of NaCl changes. This suggests that the number of
NaCl layers between the metal substrate and the
molecule could affect the adsorption properties of the
molecule. To this end, it is worthwhile to investigate the
influence of different layers of NaCl on the adsorption of
molecular systems on metal surfaces. In a previous
work, we have studied the adsorption properties of a
double-decker paracyclophane molecule on NaCl/
Au(111) surfaces [29] with the aim of proving the feasi-
bility to construct a special type of charge-transfer
based single-molecule switches [30]. Compared with the
paracyclophane molecule, metalloporphyrins are more
commonly used in STM measurements due to their nov-
el geometrical and electronic properties [31-33]. Thus,
it is desirable to investigate the adsorption of such sys-
tems on metal/decoupling-layer heterosurfaces such as
NaCl/Au.

In a recent work, we have studied the adsorption
properties of magnesium porphyrin (MgP), which is a
commonly used metalloporphyrin in STM measure-
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ments [34,35], on graphene and hexagonal boron nitride
monolayer covered Au(111) surfaces [36]. The present
work is devoted to the study of the adsorption of MgP
on the NaCl/Au heterosurface which will also be help-
ful to directly compare the decoupling performances of
NaCl layers and the two types of two-dimensional ma-
terials. Heterosurfaces consisting one to three monolay-
ers of NaCl and a Au(111) substrate were constructed
to study the NaCl thickness dependent adsorption
properties of the MgP molecule by using density func-
tional theory (DFT) calculations. The adsorption ener-
gy, charge transfer property and electronic structure of
the adsorbed MgP molecule were analyzed.

Il. MODEL AND COMPUTATIONAL DETAILS

Top and side views of the heterosurfaces as well as
the geometrical configuration of the MgP molecule can
be found in FIG. 1. Before constructing the heterosur-
faces, we firstly optimized the Au and NaCl in the buck
phase to obtain the corresponding lattice constants.
The calculated results of 4.10 A and 5.53 A for respec-
tively Au and NaCl are in very good agreement with the
measured data of 4.08 A [37] and 5.65 A [38]. The het-
erosurfaces were then constructed by adding one to
three monolayers of NaCl(100) to a two-layer Au(111)
substrate, as shown in FIG. 1 (¢). In order to reduce the
lattice mismatch, we redefined the Au(111) lattice with

2 1 . . . . .
a <0 1) matrix, which gives a V3x1 cell with lattice

constants of a=5.02 A and 5=2.90 A. The heterosur-

faces were then created by using a 4x7 Au(111) slab
and 5x5 NaCl(100) supercell. The lattice mismatch of
the resulting heterosurfaces was found to be 2.6% and
3.7% in the x and y-directions, respectively. FIG. 1 (a)
is the top view of the obtained heterosurface, which has
a length of 19.8176 A (19.9216 A) in the z (y) direction.
To mimic the bulk substrate, the bottom layer of
Au(111) was fixed in the simulations. As shown in
FIG. 1(a), four representative adsorption sites as de-
fined by the position of the Mg atom in the molecule,
namely, the Cl top site (Cl-top), the Na top site (Na-
top), the Na—Cl bridge site (b), and the hollow site (h),
were selected to study the adsorption of the MgP
molecule on the heterosurfaces. To locate the equilibri-
um adsorption configurations, single-point potential en-
ergy scans with respect to the height and rotation ener-
gy of the MgP molecule on the heterosurfaces were first
performed. Geometrical relaxations were then carried
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FIG. 1 (a) Top view of the NaCl/Au(111) heterosurface with the four considered adsorption sites (Cl-top, Na-top, bridge,
and hollow) as marked by the red letters. (b) Geometrical configuration of the MgP molecule. (c) Side views of the opti-
mized 1IML-NaCl/Au(111), 2ML-NaCl/Au(111), and 3ML-NaCl/Au(111) surfaces.

out for the adsorption site with the lowest energies for
each of the three heterosurfaces at the height and rota-
tion angle determined by the energy scan step.

DFT calculations were performed by using the Vien-
na Ab-initio Simulation Package (VASP) [39]. The
Perdew-Burke-Ernzerhof (PBE) functional [40] togeth-
er with the projector augmented wave (PAW) pseu-
dopotential [41, 42], were applied in all DFT calcula-
tions. 1x1x1 and 2x2x1 Monkhorst-Pack grids, to-
gether with a 0.02 eV Gaussian broadening, were used
for the geometrical optimizations and the single point
energy calculations, respectively. The convergence cri-
teria for the electronic and nuclear relaxations were set
respectively to 107° eV and 0.015 eV/A (except the
fixed Au atoms) in the DFT calculations where an ener-
gy cutoff of 450 eV was applied. To model the surface, a
15 A vacuum slab was included for all considered sys-
tems. To better describe the van der Waals interactions
between the molecule and the surfaces, the DFT-
D3(BJ) correction [43] was also considered in the DFT
calculations. Precious works have found that the DFT-
D3(BJ) correction is sufficient for the description of the
adsorption of molecules on the considered surfaces [29,
36]. The Bader charge [44, 45] was used to analyze the
charge transfer between the molecule and the surfaces
with the help of the VASPKIT program [46]. The VES-
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TA software [47] was applied for the visualization of the
DFT results.

Ill. RESULTS AND DISCUSSION

A. Geometrical configurations of MgP on NaCl/Au(111)

surfaces

As mentioned in the previous section, we first
scanned the potential energy of the combined systems
by changing the height of the MgP molecule on top of
the surfaces at each of the four adsorption sites for the
three heterosurfaces. For this set of calculations, the
molecule was placed on the surfaces by aligning the
Mg-N bond with the [110] line of the NaCl surface as
shown in FIG. S1 of Supplementary materials (SM).
The obtained height dependent potential energy curves
are shown in FIG. 2 (a) to (c¢). From the calculated po-
tential energies, it was found that the Cl-top site has
the lowest energy for all three heterosurfaces. The Na-
top site leads to the highest energies due to the repul-
sion between the Mg and Na atoms. It can also be found
that the MgP molecule tends to become more distanced
(from 3.2 A to 3.4 A for the Cl-top configuration) from
the surfaces when increasing the thickness of NaCl,
which suggests a decrease in the interaction between
the surface and the adsorbed molecule.
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FIG. 2 (a—c) The potential energies as a function of the distance between the MgP molecule and the NaCl/Au(111) sur-
faces. (d—f) The potential energies as a function of the rotation angle of the MgP molecule as obtained at the height with
the lowest energy for each adsorption site. For better comparisons, the energies were shifted by setting the adsorption ener-
gy of the Cl-top configuration with the lowest energy to 0 in each of the six cases.

We then scanned the rotation angle-dependent ad-
sorption energies of the molecule on the three types of
heterosurfaces at the heights with the lowest energy for
each adsorption sites as obtained in FIG. 2 (a) to (c).
The MgP molecule has a Dy, symmetry, thus, a 90°
scan is sufficient for this purpose. The calculation re-
sults for the three heterosurfaces can be found in FIG. 2
(d) to (f). The calculated potential energies clear show
that a rotation angle of 20° at the Cl-top site gives the
lowest adsorption energy for all three cases, as indicat-
ed by the pink circles. This result is consistent with pre-
vious calculations of the MgP molecule on bare NaCl

surface [48]. These three configurations were then fully

DOI: 10.1063/1674-0068 /cjcp2502015

relaxed to obtain the stable geometries of the consid-
ered adsorption systems.

The side and top views of the obtained stable struc-
tures of the MgP molecule on the NaCl/Au(111) hetero-
surfaces together with that on the bare Au(111) surface
are shown in FIG. 3. It can be seen that, for all four cas-
es, the Mg atom was “pulled” towards the surfaces,
causing the molecule to take a concave configuration in-
stead of the planar structure in the free space. Such non-
planar configurations have indeed been reported before
for metalloporphyrins adsorbed on metal surfaces, such
as Zn(IT) Etioporphyrin I molecule adsorbed on a
NiAl(110) [49]. Interestingly, the out-of-plane displace-
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FIG. 3 Side (a—d) and top (e-h) views of the optimized configurations of the MgP molecule on bare Au(111) surface and

the three NaCl/Au(111) heterosurfaces.

ment of the Mg atom actually increased when NaCl was
included. This should be attributed to the stronger at-
traction between the charge negative Cl atom and the
Mg atom at the more stable Cl-top sites. It can also be
found that the distance between the surface and the
molecular plane actually decreased from 3.19 A to 3.09
A when a single layer of NaCl was included. The dis-
tance was then increased to 3.24 A and 3.25 A for the
surfaces with two and three monolayers of NaCl. The
similar distances for the latter two cases suggest that
these NaCl layers should be sufficient to screen the in-
fluence of the Au substrate on the geometrical struc-
tures of the MgP molecule. Interestingly, our previous
calculations showed a smaller shift of the Mg atom to-
wards the surface when hexagonal boron nitride and
graphene monolayers were applied as the decoupling
layers [36]. For all three heterosurfaces, the orientation
of the MgP molecule remained to be rotated by 20°
with respect to the [110] direction of the NaCl surface.
Detailed analysis (as shown in FIG. S2 of SM) on the
geometries of the MgP molecule on the four types of
surfaces suggests that the bond lengths only underwent
rather small changes.

B. Adsorption energy and charge transfer properties

After the adsorption configurations were determined,
we then studied the adsorption energies and charge
transfer properties of MgP on the four types of surfaces.
Such analysis is helpful to understand the influence of
the NaCl layers on the interaction between MgP and
the metal substrate. The adsorption energy of the
(Emol + Esur) with
Fiot, Fmol, and Fgyr being the total energies of the en-

molecule is defined as F, 35 = Fiot ~
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TABLE I The adsorption energy and amount of charge
that was transferred between the MgP molecule and the
heterosurfaces.

Surface Eqqs/eV Charge transfer/e”

Au(111) -3.14 0.40
IML-NaCl/Au(111)  —1.97 0.20
OML-NaCl/Au(111)  -1.78 0.03
3ML-NaCl/Au(111)  -1.76 0.03

tire MgP /surface system, the MgP molecule, and the
surface, respectively. The calculated adsorption energy
and the charge transfer between the MgP molecule and
the surfaces are listed in Table I.

As shown in Table I, after a single NaCl decoupling
layer was added on top of the Au(111) surface, the ad-
sorption energy already increased from —3.14 eV to
—1.97 eV. Such a large change in the adsorption energy
indicates that the MgP
molecule and the metal surface was already significant-

interaction between the

ly suppressed by the NaCl monolayer. Increasing the
thickness of the NaCl to two monolayers can further re-
duce the adsorption energy by about 0.2 eV. The ad-
sorption energy then became converged for the cases
with two and three monolayers of NaCl, indicating that
the interaction between the molecules and the metal
surface has been fully isolated, as was found from the
geometrical parameters. Our previous work has shown
that the adsorption energy of MgP on graphene and
hexagonal boron nitride monolayer covered Au(111)
surfaces are —1.80 eV and —1.67 eV, respectively [36].
This suggests that such two-dimensional materials and
the NaCl multilayers considered in the present work
have a similar effect on reducing the molecule-metal in-

teractions.
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FIG. 4 Side (upper panel) and top (lower panel) views of the differential charge densities for MgP on (a) Au(111), (b)

IML-NaCl/Au(111), (c) 2ML-NaCl/Au(111), and (d) 3ML-NaCl/Au(111) surfaces. A 5x10 %

four systems.

A similar trend is also evident from the calculated
charge transfer properties based on the Bader charges
as can be found in Table I. The calculation result shows
that the total charge transferred between the MgP
molecule and the bare Au(111) surface is 0.40 e”. By
adding one monolayer of NaCl, the charge transfer is re-
duced by 50%. After two or three monolayers of NaCl
were included, the amount of charge that was trans-
ferred to MgP is reduced to 0.03 e, indicating almost
complete suppression of the charge transfer. In order to
better understand the charge transfer properties, we al-
so calculated the differential charge densities (Ap) of
the four systems. In practice, Ap was computed by sub-
tracting the charge densities of the molecule (py,) and
the surface (pg) from that of the entire system (p¢) as
Ap=pi—
densities for the four systems can be found in FIG. 4.

(pm + ps). The obtained differential charge

Here we used different color to represent the depletion
(red) and gain (blue) of electrons.

As shown in FIG. 4(a), it appears that the electron
density was attracted by the MgP molecule from the Au
atoms below the Mg atom and distributed rather delo-
calized on the porphyrin ring, causing the MgP
molecule to be partially negatively charged. After one
monolayer of NaCl was included, as shown in FIG. 4
(b), the charge transfer becomes more confined to the
area between the NaCl and the MgP plane. Although
the Mg atom still attracts electron from the surface, the
NaCl layer also starts to gain electrons from the
molecule, thus reducing the overall charge transfer. It
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isovalue was used for the

can also be found that the Au(111) surface still has no-
ticeable contributions to the charge transfer process.
For the cases with two or three monolayers of NaCl, as
depicted in FIG. 4 (c) and (d), the charge transfer dis-
tribution remained approximately the same, and there
was no direct charge transfer from Au(111) to the MgP
molecule. Compared to that with only a single monolay-
er of NaCl, the molecular charge density appears to be-
come larger with the increase of the layers of NaCl al-
though the overall charge transfer was further reduced
as shown in Table I. The increased charge density dis-
tribution could be attributed to two primary factors.
Firstly, multilayer of NaCl facilitates the formation of a
vertical dipole moment through Mg-Cl-Na, which ap-
pears to have more profound influence on the charge
transfer than the Mg-Cl-Au arrangement observed in
one monolayer of NaCl. Secondly, the non-planar posi-
tioning of Mg atoms relative to the molecular plane can
also induce charge density redistribution along the C—C
skeleton through Mg—N bonding interactions. This is in
line with the changes to the adsorption configurations
where the out-of-plane displacement of Mg becomes
more pronounced in systems with two and three NaCl
layers, as quantified in FIG. 3. However, unlike the sin-
gle monolayer case where it is rather localized between
the MgP and the NaCl layer, the differential charge
density becomes more evenly distributed on the
molecule in the z-direction. As a result, the depletion
and gain of electrons by the molecule also becomes
rather balanced and resulted in the almost completely

© 2025 Chinese Physical Society
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suppressed charge transfer between the surfaces and the
MgP molecule.

C. Partial density of states of the MgP molecule

To gain more insight into the influence of the NaCl
layers on the electronic structure of the MgP molecule,
we also analyzed the partial density of states (PDOS) of
the four systems in FIG. 5. In order to demonstrate the
hybridization of the molecular electronic structure with
the surfaces, the PDOS of the MgP molecule in vacuum
was also included in FIG. 5 as blue dashed lines.

For the case where the molecule is directly adsorbed
on the Au(111) surface, as shown in FIG. 5(a), the
PDOS of the MgP molecule is clearly broadened and
shifted when compared to those obtained in the free
space. This demonstrates the rather strong influence of
the Au substrate on the electronic structure of the MgP
molecule, which causes the molecular orbitals to hy-
bridize with the electronic structure of Au. After a sin-
gle monolayer of NaCl is added on the gold surface, the
PDOS of the MgP molecule started to show more
molecular-like characteristics with narrow and discrete
peaks. Especially, the frontier molecular orbitals around
the Fermi energy already resemble nicely those of the
free MgP molecule. There is still some hybridization be-
tween the molecule and the surface, which causes the
peaks in the PDOS to be slightly broadened with re-
duced height. Such hybridization between the molecule
and the surface is further suppressed when two mono-
layers of NaCl are inserted between the MgP molecule
and the Au(111) surface. As can be found in FIG. 5(c),
all the characteristic peaks of the PDOS in the energy
range of —2.0 eV to 4.0 eV have a similar shape to those
of the free molecule. This suggests that the molecular
electronic structure near the Fermi energy can already
be nicely preserved when two monolayers of NaCl are
applied as the decoupling layer. The case with three
monolayers of NaCl is similar to that obtained with two
monolayers, as shown in FIG. 5(d). In this case, the
PDOS around the Fermi energy is almost the same as
that obtained in the free space, indicating that the
molecule is completely isolated from the Au(111) sur-
face. It should be mentioned that the Mg atom does not
contribute significantly to the frontier MOs of the MgP
molecule, as can be found from the calculated element
specific projected density of states in FIG. S3 (SM).
This is the main reason that the spatial change of the
Mg atom (as shown in FIG. 3) barely affects the elec-
tronic structure of the frontier MOs. These results sug-
gests that two or more monolayers of NaCl are suffi-
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Au(111)

———2ML-NaCl/Au(111)

Partial density of states

FIG. 5 PDOS of the MgP molecules as adsorbed on (a)
Au(111), (b) IML-NaCl/Au(111), (¢) 2ML-NaCl/Au(111),
and (d) 3ML-NaCl/Au(111) surfaces. The blue dashed line
represents the PDOS of the free MgP molecules. Here the
Fermi energy was set to 0, as marked by the vertical red
line.

cient to decouple the molecule from the metallic sub-
strate.

It is worth to mention that stronger hybridization of
electronic structures between MgP and the substrate
can be found at about 2.0 eV below the Fermi energy.
Such hybridization should be attributed to the interac-
tion between MgP and NaCl, since the Au substrate has
already been fully decoupled. This is also supported by
the calculated PDOS of the NaCl layers (FIG. S4 in
SM) which clearly shows that the PDOS of the NaCl
layers are mainly located in the occupied region at
about 2 eV below the Fermi energy.

IV. CONCLUSION

In this work, we studied the adsorption of a MgP
molecule on bare Au(111) and NaCl-covered Au(111)

© 2025 Chinese Physical Society
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surfaces by using DFT calculations. The stable adsorp-
tion configurations and electronic structures of the MgP
molecule on Au(111), 1ML-NaCl/Au(111), 2ML-
NaCl/Au(111), and 3ML-NaCl/Au(111) surfaces were
obtained. The Cl-top site, with a rotation angle of 20°
between the Mg—N bond of the MgP molecule and the
[110] direction of the NaCl surface, was found to be the
most stable adsorption site. Calculated adsorption ener-
gies and charge transfer properties show that a single
monolayer of NaCl can already significantly reduce the
molecule—metal interaction. After two or three mono-
layers of NaCl were added on top of the Au(111) sur-
face, the charge transfer between the MgP molecule and
the surfaces was almost completely suppressed. By com-
paring the PDOS of the adsorbed MgP to those ob-
tained in vacuum, it was found that the NaCl layers can
significantly reduce the metal surface caused hybridiza-
tion of the molecular electronic structure. Especially,
the PDOS obtained with two and three layers of NaCl
were almost the same as that of the free molecule near
the Fermi energy, demonstrating that the electronic
structure of the molecule is well preserved in such cases.
These results indicate that the MgP molecule can be
considered as being electronically decoupled from the
Au(111) surface after two or more NaCl monolayers are
added to the substrate.

Supplementary materials: Initial configuration of the
system for the potential energy scan, detailed analysis
on the molecular bond lengths before and after adsorp-
tion, projected density of states of the MgP molecule,
PDOS of the three NaCl layers, charge transfer be-
tween Au and NaCl, and work functions of the surfaces
are available. Cartesian coordinates of the optimized ge-
ometries at the most stable adsorption sites.
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