
9168 |  Phys. Chem. Chem. Phys., 2022, 24, 9168–9175 This journal is © the Owner Societies 2022

Cite this: Phys. Chem. Chem. Phys.,

2022, 24, 9168

Strain modulation in small molecule physisorption
in two dimensions: LEED structure analysis and
DFT modeling of the system
NaClð100Þ= 3

ffiffiffi
2
p
�

ffiffiffi
2
p� �

R45�-C2H2†

Jochen Vogt

The structure of the system NaClð100Þ= 3
ffiffiffi
2
p
�

ffiffiffi
2
p� �

R45�-C2H2 was investigated experimentally by means

of quantitative LEED I(V) analysis and computationally using dispersion corrected density functional

theory (DFT-D). Three different structure models with four, five, and six molecules were considered. The

lowest reliability factors and thus best agreement of measured and calculated I(V) curves was found for

the structure model containing five molecules per surface unit cell. Essential features of the

experimental best-fit adlayer structure are supported by DFT. A slight inclination and lateral shift of

twofold coordinated molecules away from the on-top position over Na+ adsorption sites is interpreted

as compensation of strain between substrate and adlayer.

1 Introduction

In the absence of covalent bonding between an admolecule and
a surface, weak electrostatic forces and dispersive interaction
govern the molecule’s attachment to the surface and thus its
adsorption geometry. Judged on the fairly disentangled electronic
structure in such physisorption systems, the latter are occasionally
characterized as simple systems, although the interplay between
molecule–surface and molecule–molecule interaction might lead
to a fairly complex growth behaviour, involving order–disorder
phase-transitions, and even sequences of several ordered phases.
Examples of the latter type are sometimes characterized as
(incomplete) devil’s staircases.1,2

Experimental surface structure analyses on such systems,
with the aim to determine the position and orientation of all
molecules in the unit cell, however, were restricted so far
mostly to systems with compact 2D unit cells with at most
two molecules.‡ 3–5 Larger unit cells extending over several
substrate lattice constants are typically observed if there is a
moderate mismatch between the substrate lattice constant and
the basal plane lattice parameter of the molecular adsorbate.

Acetylene adsorption on the NaCl(100) surface is an example of
such a system. The present paper is an attempt to provide the

first experimental structure analysis of its 3
ffiffiffi
2
p
�

ffiffiffi
2
p� �

R45�

phase and to substantiate a previously suggested structure
model involving five translationally inequivalent molecules,
thus extending quantitative LEED structure analysis to more
complex cases of small molecule physisorption on insulator
surfaces.

Adsorption of acetylene on alkali halides has been investigated
both experimentally and theoretically in several studies.4,7–13 On
the KCl(100) surface, whose lattice parameter closely matches the
intermolecular distance in the basal plane of orthorhombic
acetylene,14 a layer-by-layer growth mode of acetylene thin
films was observed in helium atom diffraction experiments.9

For the first layer, a
ffiffiffi
2
p
�

ffiffiffi
2
p� �

R45� translational symmetry was

deduced,8 and the adsorbate geometry was completely deter-
mined based on quantitative LEED I(V) structure analysis.4

On the (100) plane of NaCl, which has a smaller lattice parameter
than KCl, the growth of acetylene thin films is more complicated.
By means of helium atom scattering (HAS), two different phases

were observed,13 a more dilute phase with 3
ffiffiffi
2
p
�

ffiffiffi
2
p� �

R45�

translational symmetry, and a more dense phase with a

7
ffiffiffi
2
p
�

ffiffiffi
2
p� �

R45� unit cell.
While the extremely surface sensitive HAS method is very useful

and accurate for the determination of 2D lattice symmetry, the
determination of the atomic positions and molecular orientation
within the adlayer has not been possible so far. Most promising is
LEED I(V) structure analysis15,16 for the C2H2/NaCl(100) system.
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‡ An exception is the LEED structure analysis of the system H2 O-p(3� 2)/
MgO(100) with an assumed number of six molecules per unit cell presented in
ref. 6. Due to the neglect of hydrogen in electron-scattering, in this case, only
oxygen atomic positions and no molecular orientation could be determined.
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Low-energy electron diffraction (LEED) is a surface sensitive
method, which is well-established for metals and semiconductors.
From the analysis of the diffraction peak intensities as a function of
electron kinetic energy, a surface structure determination is
possible.15 However, as will become apparent in the rest of this
paper, quantitative LEED applied to insulators has to tackle a
number of difficulties. From the experimental point of view, surface
charging effects are possible when the electron beam strikes the
insulator surface.17 At the same time, surface damage of the very
sensitive adsorbate is possible. Both effects are reduced if primary
beam currents in the nA range are used and thus the electron
exposure is reduced as far as possible. Moreover, the energy window
for LEED experiments without extensive charging starts above about
60 eV in the case of NaCl. In this energy range, uncontrollable drifts
of the surface potential are suppressed, and the viability of LEED
from insulator surfaces has been demonstrated in the
literature.2,3,5,6 However, for a system with a large unit cell and thus
many atomic sites that need to be located, the limited energy
window starting at above 60 eV reduces the accessible I(V) data
range. Especially the fractional order diffraction beams become
typically quite weak in intensity at higher energies. The exclusion of
the range o 60 eV is thus a serious limitation in this system.

On the other hand, due to the weak molecule–surface
interaction, it can be expected that the internal structure of
the molecular adsorbate maintains its gas-phase geometry,
bond lengths and bond angles are not changed as in the case
of chemisorption. This offers the possibility to reduce the
number of free parameters in a physically meaningful structure
model, and this route is taken in this work.

Quantum chemical studies on the system C2H2/NaCl(100)
have been reported by Allouche10 on the Hartree–Fock level.
More recently the system has been investigated by Ehrlich
et al.11 using various types of dispersion corrected density
functional theory (DFT-D2 and DFT-D3) and by Bučko et al.12

using Tatschenko–Scheffler dispersion correction. Both works

are focusing on a
ffiffiffi
2
p
�

ffiffiffi
2
p� �

R45� unit cell containing two
molecules, or on an isolated monomer. A computational study
of various unit cell sizes based on the Lennard-Jones model pair
potential has been conducted by Picaud et al.,18 including fully
fletched phonon calculations.

This paper is organized as follows. In Section 2 the experi-
mental setup is summarized, and experimental data are pre-
sented. Moreover, details of the applied LEED I(V) analysis of
these data are provided. Structure models are defined and the
resulting best-fit geometries are described. Section 3 gives a
compact description of the applied DFT methods by means of
which minimum energy geometries for the various structure
models were obtained. In Section 4 the experimental and
computational results are discussed, and potential sources of
errors are considered. The paper closes with a short summary.

2 Experimental section

The apparatus for surface science experiments with insulator
single crystal surfaces has been described in previous

publications.19,20 The ultrahigh vacuum recipient (base pressure
1 � 10�10 mbar) is equipped with a quadrupole mass spectro-
meter for gas analysis, and a double microchannelplate LEED
optics (Omicron) for diffraction experiments with primary
electron currents in the nano-Ampere range to avoid charging
of the insulating sample.

A fresh NaCl(100) surface was obtained by cleaving a NaCl
single crystal (Korth Kristalle, Germany) in nitrogen atmosphere.
For the preparation of the adsorbate layer, the sample was
cooled down to a temperature of 75 K. Then the sample was
exposed to C2H2 (Messer–Griesheim, purity 99.6%) at a partial
pressure of 1.0 � 10�8 mbar. Under these conditions, the

3
ffiffiffi
2
p
�

ffiffiffi
2
p� �

R45� phase grew within four minutes, indicated by
the appearance of fractional order diffraction spots. Then the gas
exposure was stopped and the sample was cooled down to a
temperature of 26 K, resulting in an increase of diffraction peak
intensities due to the Debye–Waller effect.15 LEED patterns
(see Fig. 1) were recorded at normal incidence in steps of 2 eV
between 70 eV and 300 eV using a CCD camera with 4096 gray
values. The operation of the MCPLEED was controlled in such a
way that electrons irradiated the surface only during the integra-
tion time of the camera, thus reducing electron bombardment of
the surface as much as possible. Background corrected inte-
grated beam intensities were generated from the image data
using a method described in ref. 21. The resulting set of
experimental I(V) curves for seven inequivalent beam orders
including three of fractional order is shown in Fig. 2 as thick
blue lines. Note that even the brightest fractional order beams
are about a factor of 10 lower in intensity.

2.1 LEED I(V) analysis

Due to the multiscattering nature of the interaction of low-
energy electrons with matter,15 the calculation of diffraction
beam intensities in LEED is a numerically expensive task which
has to be repeated for every electron energy and for every trial
geometry considered in a structure analysis. In the present

Fig. 1 (A) Diffraction pattern of the acetylene covered NaCl(100) surface,
recorded at an electron energy of 120 eV, temperature 75 K. (B) Scheme of
reciprocal space of the NaClð100Þ= 3

ffiffiffi
2
p
�

ffiffiffi
2
p� �

R45�-C2H2 surface. Black
filled circles mark integral order beam positions, red filled circles indicate
additional fractional order spots for which I(V) data are considered. Small
open circles mark all other beam-positions.
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study, routines of the Barbieri/Van Hove SATLEED package22 in
combination with the Barbieri/Van Hove phase shift package22

were used to calculate I(V) spectra. However, the organization of
the structure search was controlled by an in-house algorithm.
The method minimizes the reliability factor proposed by
Pendry,15,16,23 RP, by adjusting molecular structure parameters
rather than atomic sites, using the gradient-free Powell direc-
tion set method.24 These molecular structure parameters are
the Cartesian coordinates of the molecular center of mass, the
azimuthal orientation in the crystal frame of reference, and the
molecular tilt angle with respect to the surface normal, respec-
tively, as explained below in Section 2.1.1. For the internal
structure of the molecules, the gas-phase value of the carbon–
carbon bond length of 1.203 Å was assumed.25 Because of the

small electron scattering cross-section of hydrogen,3,6 only
diffraction from carbon atomic sites within the acetylene
molecule was considered in the LEED analysis. Phase shifts
were considered up to an angular momentum of lmax = 6. Using
lmax = 7 changed the values of RP in the best-fit geometry only by
about 0.002. Phase shifts were corrected for isotropic thermal
vibrations of the scattering sites using fixed root means square
(RMS) vibrational amplitudes of 0.11 Å for Cl�, 0.15 Å for Na+,
and 0.18 Å for carbon. While the NaCl substrate was treated as
rigid with a low-temperature bulk lattice constant26 of 5.60 Å,
the vertical positions of the ions in the topmost substrate layer
were treated as variable. All beam intensity calculations were
carried out in a full dynamic fashion, bypassing the possibility
of the very fast tensor LEED approximation,16 which, however,
is only valid if the atomic positions vary no more than about
0.2 Å. Experience with this type of weakly bound adsorbates
shows that during a structural search this range is rather often
exceeded. The imaginary part of the inner potential was set to a
value of Vi = �3.0 eV, the real part Vr of the inner potential was
automatically adjusted as a non-structural model parameter.

2.1.1 Selection of structure models. In an adsorbate system
with several translationally inequivalent weakly interacting
molecules, numerous geometries with similar total energy are
possible. In order to identify suitable structure models for

the NaClð100Þ= 3
ffiffiffi
2
p
�

ffiffiffi
2
p� �

R45�-C2H2 system, it is helpful to
consider the geometric arrangement of the molecules in the

well-known system KClð100Þ=
ffiffiffi
2
p
�

ffiffiffi
2
p� �

R45�-C2H2. Here the
acetylene molecules are arranged in a checkerboard-like fash-
ion in a T-shaped arrangement of neighboring molecules,
which is characteristic for optimized quadrupole–quadrupole
interaction of the linear molecules. The molecular axes are
strictly parallel to the surface plane, and the low-energy adsorp-
tion site is on top of the cation. It is conceivable, that on the
NaCl(100) surface a similar structural pattern of T-shaped
arrangement is realized. However, due to the lattice mismatch
between adsorbate and substrate, the structure may be modu-
lated, including the possibility that strain causes a segmenta-
tion of the adsorbate with one or several adsorption sites being
vacant. Moreover, it has been observed that in physisorption
systems with more than one molecule in the surface unit cell,
translationally inequivalent molecules are related by symmetry.
Glide-planes are a frequently occurring symmetry element in
these systems, and on the KCl(100) surface, the two inequiva-
lent molecules are related by two glide-planes.4,8 It is concei-
vable that also in larger unit cells the molecules occupy
isoenergetic sites related by symmetry. In the structure models
for the acetylene–NaCl(100) system, such extra symmetry is also
assumed, which has the effect of a further reduction of inde-
pendent structure parameters.

Among the possible structure models, three types were pre-
selected based on DFT calculations (see Section 3) and previously
published experimental and computational results.19 These
three investigated classes of models are illustrated in Fig. 3,
and some properties are summarized in Table 1.

Class A (Fig. 5) contains four translationally inequivalent
molecules related by glide-plane symmetry along the shorter

Fig. 2 Experimental versus calculated best-fit LEED I(V) curves. The
thicker blue lines represent experimental data recorded at 26 K, the red
lines the calculated best-fit spectra for structure model B. For the Pendry
R-factors see Table 2.

Table 1 Properties of the three classes of structure models investigated
with LEED structure analysis. Nt is the number of translationally inequi-
valent molecules, Ne the number of energetically inequivalent molecules.
P is the total number of structure parameters, the sum of Pr substrate
rumpling parameters and Pm molecular parameters

Class Nt Ne Pr Pm P Extra symmetry

A 4 2 6 11 17 Glide-plane
B 5 3 8 13 21 2D inversion center
C 6 3 6 16 22 Glide-plane

Table 2 Best-fit overall Pendry R-factors and RP values of beam-orders
for the three structure models. Also given is the best-fit real part of the
inner potential, Vr

Class overall RP (10) (11) (20) (21) (5
6

1
6) (5

6
1
6)

11

6

1

6
Vr (eV)

A 0.22 0.29 0.28 0.19 0.08 0.33 0.28 0.12 �6.3
B 0.14 0.21 0.14 0.08 0.06 0.29 0.10 0.11 �7.0
C 0.20 0.20 0.14 0.13 0.07 0.29 0.42 0.13 �7.0
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side of the unit cell. Thus, the model assumes two energetically
inequivalent sites occupied by molecules. The position and
orientation of each of these two molecules is described via
5 structure parameters, the three cartesian coordinates of
the center of mass (COM), and two angles tilt and azimut,
as illustrated in Fig. 4. In addition, the distance of the
adlayer to the first substrate layer and the rumpling of six
inequivalent surface ions gives a total number P = 17 structure
parameters.

Class B (Fig. 6) involves 5 translationally inequivalent
molecules related by 2D inversion symmetry in the COM of
one molecule, whose lateral position is thus fixed over the
cation, and its tilt is parallel to the surface plane by symmetry.

Class C (Fig. 7), finally, is a full monolayer containing 6
translationally inequivalent molecules, related by glide-plane
symmetry. In the absence of any strain modulation, this

structure would effectively conform to a
ffiffiffi
2
p
�

ffiffiffi
2
p� �

R45�

symmetry.
2.1.2 Experimental results. The best-fit geometries in top-

view and side-view for the three classes of structure models are
shown in Fig. 5, Fig. 6 and Fig. 7. A summary of minimum
values of the reliability factors RP are given in Table 2. Note the
general rule, that values of RP near 0.2 or below are considered
to be good,15 which is met by all three structure models.
However, the optimization of structure model B with five
translationally inequivalent molecules led to a significantly
lower value of RP = 0.142, and thus appears to be most reliable.
As can be seen in Table 2, the agreement is also acceptable for

Fig. 3 Structure models A, B, and C for the system

NaClð100Þ= 3
ffiffiffi
2
p
�

ffiffiffi
2
p� �

R45�-C2H2 with 4, 5, and 6 translationally inequi-

valent molecules per unit cell, respectively. Shown are 2 � 2 unit cells in
top view. The red square rectangle on the left illustrates the extension of
the surface unit cell, while the dashed line indicates the reduced size of affiffiffi

2
p
�

ffiffiffi
2
p� �

R45� cell. See also Table 1.

Fig. 4 Illustration of the molecular structure parameters of a molecule Mi

adsorbed over a sodium Na. The parameters xi, yi, and zi represent the local
position of the center of mass (COM, red point) relative to the sodium (blue
point). The azimuthal orientation ji is measured against the y-axis, the tilt
angle yi is measured against the surface normal.

Fig. 5 Best-fit geometry obtained from LEED analysis of structure model
A in top view and side view.

Fig. 6 Best-fit geometry obtained from LEED analysis of structure model
B in top view and side view. Structure parameters of the three energetically
inequivalent molecules M1, M2, and M3 and vertical shifts of energetically
inequivalent ions Na1 to Na4 and Cl1 to Cl4 are given in Table 3. Molecules
and ions denoted with a prime are energetically equivalent by symmetry.
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all considered beam-orders. For this structure model, the
calculated I(V) curves are compared to the experimental data
set in Fig. 2. As can be seen in Table 2, the real part of the inner
potential measured against zero potential of the vacuum, has a
meaningful value of Vr = � 7.0 eV. A variation of Vr shifts the
calculated I(V) spectra in energy, so this this non-structural
parameter is automatically adjusted in the structure analysis.

The obtained optimum geometry for structure model A in
Fig. 5 with four inequivalent molecules shows the expected
nearly T-shaped arrangement of the molecules adsorbed near
the cation sites. The vertical distance of the two fourfold
coordinated molecules to the surface plane is 2.81 Å. However,
the distance of the twofold coordinated molecules is 3.63 Å and
thus unrealistically large. Similarly, the optimum geometry for
structure model C with six inequivalent molecules in Fig. 7 is
characterized by two molecules being unphysically near to each
other with some hydrogens approaching the carbon site of the
next neighbor molecule as close as 1.0 Å. Apart from the worse
agreement judged on their RP values, some structural features of
the obtained geometries of model A and C are thus questionable,
leaving model B with also the lowest RP value as candidate for the

real surface structure of the NaClð100Þ= 3
ffiffiffi
2
p
�

ffiffiffi
2
p� �

R45�-C2H2

system. The best-fit parameters of structure model B will be
discussed in more detail in the Section 4 in comparison with its
minimum energy structure from DFT.

3 DFT calculations

The DFT calculations were performed using the Quantum Espresso

package27–29 (version 6.8). The NaClð100Þ= 3
ffiffiffi
2
p
�

ffiffiffi
2
p� �

R45�-C2H2

surface was represented by a slab of four NaCl layers, separated in
vertical direction by 30 Å. A plane wave basis with an energy cutoff
of 41 Ry was used in combination with a 2 � 6 � 1 Monkhorst–
Pack grid.30 Projector-augmented wave (PAW) pseudopotentials
were taken from A. Dal Corso’s library.31 Geometry optimizations
were performed for the structure models A, B, and C (see Fig. 3)

using Perdew–Burke–Ernzerhof (PBE) functionals augmented with
Grimme’s DFT-D2 correction32 for dispersive interaction, as well as
the DFT-D3 correction.33 Apart from translational symmetry, no
extra symmetry was used. Vertical positions of the ions in the
bottom layer were fixed to the unrelaxed bulk position with a lattice
constant of 5.70 Å, the latter being preoptimized in variable-cell
relaxation of bulk NaCl. For a given structure with n molecules, the
adsorption energy Ec per molecule at 0 K was calculated from

Ead ¼
1

n
EðC2H2;NaClÞ � nEðC2H2Þ � EðNaClÞ½ � þ DEZPE (1)

with E (C2H2,NaCl), E (C2H2), and E (NaCl) being the total DFT-D
energies of the considered structure, an isolated acetylene mole-
cule, and a bare relaxed NaCl surface slab, respectively. DEZPE is the
simplest approximation to the change of zero-point-energy (ZPE)
per molecule. For a physisorption system of n molecules and nsubs

atoms of the bare substrate, the change of total ZPE is34

DE0 �
�h

2

Xn
i

ophys
i �

Xnsubs
i

osubs
i �

Xn
i

ogas
i

 !
(2)

Here, ophys
i are the phonon frequencies of the physisorbate at the

G-point, osubs
i the respective frequencies of the bare substrate, and

ogas
i the frequencies of the isolated molecule in the gas-phase.

The weak molecule–surface interaction leaves the inner modes of
the molecule and the substrate modes essentially unchanged. It
can thus be expected that the main contribution to DE0 is from the

Fig. 7 Best-fit geometry obtained from LEED analysis of structure model
C in top view and side view.

Table 3 Quantities characterizing the best-fit structure from LEED ana-
lysis of structure model B, in comparison with results from a DFT-D total
energy minimizations. For the position of the molecules M1, M2, and M3,
and the ions Na1 to Na4, Cl1 to Cl4, see also Fig. 4. Vertical shifts Dz of
substrate ions are taken with respect to the mean z-position of all ions in
the first layer. Tilt angles y of the molecules are measured with respect to
the z-axis, azimuthal angles j are measured against the y-axis, as illu-
strated in Fig. 4. The positions x, y and z of molecules M1, M2, and M3 are
measured against the respective underneath sodium ion position. Values in
brackets are estimated errors in units of the last digit

Property LEED (best-fit) DFT-D3 DFT-D2

Na1: Dz (Å) +0.08 (6) �0.17 �0.15
Cl1: Dz (Å) +0.08 (4) �0.05 +0.01
Na2: Dz (Å) �0.08 (4) �0.03 �0.01
Cl2: Dz (Å) �0.08 (4) +0.03 +0.07
Na3: Dz (Å) �0.04 (6) �0.01 �0.00
Cl3: Dz (Å) +0.07 (4) +0.08 +0.09
Na4: Dz (Å) +0.04 (4) +0.00 +0.00
Cl4: Dz (Å) �0.04 (4) +0.08 +0.09
M1: x1 (Å) +0 (bysym.) �0.03 +0.03
M1: y1 (Å) +0 (bysym.) �0.06 �0.06
M1: z1 (Å) +2.93 (9) +2.99 2.76
M1: y1 (1) +90 (bysym.) +91 +91
M1: j1 (1) �63 (4) �43 �45
M2: x2 (Å) +0.06 (4) +0.21 +0.13
M2: y2 (Å) �0.01 (5) �0.07 +0.02
M2: z2 (Å) 2.73 (9) +2.98 3.11
M2: y2 (1) +90 (3) +92 +89
M2: j2 (1) +42 (3) +44 +44
M3: x3 (Å) +0.43 (5) +0.49 +0.34
M3: y3 (Å) �0.02 (3) �0.17 �0.02
M3: z3 (Å) +2.62 (9) +2.98 2.77
M3: y3 (1) +95 (2) +94 +94
M3: j3 (1) �38 (2) �48 �45
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external vibrational modes34,35 of the adsorbed molecules (five per
molecule). Dunn and Ewing36 estimated the average frequency of
these external modes to be oav = 100 cm�1, which is roughly in
agreement with results of phonon calculations by Picaud et al.,18

according to which the mostly dispersionless phonon modes
assigned to the admolecules lie between 4 and 23 meV, in average
13.5 meV. Thus, the simplest estimate to the zero point energy
contribution per molecule is

DEZPE � 5
�hoav

2
� 3:0 kJ mol�1; (3)

and this value shall be used for all structure models.

3.1 DFT results

Total energy minimization of the structures shown in Fig. 3 did,
as expected, not significantly change the internal structure of the
adsorbed molecules. The DFT-D3 optimization led to carbon–
carbon bond lengths of rCC = 1.211 Å and carbon–hydrogen bond
lengths of rCH = 1.075 Å, in both cases slightly overestimating the
respective experimental gas-phase values25 of 1.203 Å and 1.062
Å, respectively. DFT-D2 optimizations led to rCC = 1.211 Å and rCH

= 1.076 Å. A similar trend of bond length overestimation of these
methods was previously observed for carbon dioxide.37 The
adsorption energies of the various structures after optimization
are presented in Table 4. For both versions of dispersion correc-
tion, the full monolayer structure C with 6 molecules per unit
cell is lowest in energy. However, in optimizations with DFT-D3,
structure B with five molecules is only slightly higher in energy
by about 0.1 kJ mol�1, while in optimizations with DFT-D2 this
difference is 1.4 kJ mol�1 and thus considerably larger. The PBE/
DFT-D3 adsorption energies are closer to the experimental value36

of the isosteric heat of adsorption of 30 kJ mol�1 at T B 80 K. Note
that the calculated adsorption energies at zero Kelvin are not
sufficient to predict the stability of the considered geometries at a
finite temperature, and that a full stability analysis based on
Gibbs free adsorption energies34 is beyond the scope of this paper.

4 Discussion

The presented results of the LEED structure analysis support
model B with five translationally inequivalent molecules per
unit cell. Additional support of this structure model can be
gained from comparing the best-fit geometry with the minimum
energy structures obtained from DFT. Table 3 summarizes and
compares sets of structure parameters. For the eight

energetically inequivalent ion positions of the topmost substrate
layer, their vertical displacements relative to their geometrical
mean vertical position are given as parameter Dz. These ionic
sites are indicated in Fig. 6 as Na i, and Cl i, i = 1,. . .,4. Molecular
parameters for the three inequivalent molecules Mi, i = 1,. . .,3,
are the position xi, yi, and zi measured with respect to the
position of the local sodium ion, over which the molecule is
situated. The orientation of the molecules is characterized by
means of the azimuthal angle ji measured against the y-axis,
and the tilt yi with respect to the surface normal, respectively.
Comparison of the geometries depicted in Fig. 6 and Fig. 8
reveals several common features. Firstly, from the top view
perspective, the nearly T-shaped arrangement of neighboring
molecules is evident. However, according to LEED, the azimuthal
angles vary more strongly between �631 for the fourfold coordi-
nated molecule M1, +421 for molecule M2, and �381 for the
twofold coordinated molecule M3, indicating more flexibility in
the lateral orientation than predicted by DFT, for which both
versions of DFT-D give values near to �451. A lateral layer expan-
sion in the sense that the mean distance 2d0 (see Fig. 6) between
the acetylene molecules M3 and M30 in x-direction is larger than
twice the substrate lattice parameter 2d can be deduced both from
LEED and DFT. Both methods find a lateral shift of the molecule
M3 in x-direction of x3B 0.4 Å. Thus, based on the parameter set
obtained by LEED, the resulting parameter 2d0 = 2(d + x3) is
consistent with d0 = 6.0(1) Å. This value is close to the solid-state
acetylene lattice parameter a0 = 6.09 Å in its orthorhombic phase.14

A possible interpretation of this lateral adlayer expansion is based
on strain in a system with lattice misfit: a strict on top adsorption of
acetylene would lead to a compressed surface layer with increased
intermolecular repulsion. The twofold-coordinated molecules
M3 and M30 compensate this resulting strain by a slight lateral
shift. Interestingly, DFT-D predicts also a weaker shift of
molecules M2 and M20 in the order of 0.1 to 0.2 Å depending
on the version of dispersion correction, while the result based
on LEED structure analysis is consistent with a weaker displace-
ment in x-direction of 0.06 � 0.04 Å. Moreover, according to

Table 4 Adsorption energies at T = 0 K of optimized structures, see Fig. 3.
All values are given in kJ mol�1. The values in brackets are the respective
values without ZPE correction

Model Ead (PBE/DFT-D3) Ead (PBE/DFT-D2)

A �30.7 (�33.7) �36.3 (�39.3)
B �31.6 (�34.6) �36.9 (�39.9)
C �31.7 (�34.7) �38.3 (�41.3)
Expa �30 (2) at T B 80 K

a The experimental value by Dunn and Ewing36 corresponds to the
isosteric heat of adsorption at temperatures near 80 K.

Fig. 8 Minimum energy structure for model B, calculated from a PBE/
DFT-D3 geometry optimization of a four layer slab.
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LEED, the twofold coordinated molecules M3 are somewhat
inclined with y3 = 95 � 21, also in accordance to the value of 941
predicted by both versions of DFT-D. Again, this inclination
towards the substrate could be interpreted as stabilization of the
only twofold coordinated molecules due to increased molecule–
substrate interaction. The structure supported by LEED in Fig. 6
inspected from side view reveals a curved variation of the vertical
distance of the molecules (Fig. 6), with molecule M3 being closest
to the surface plane, and M1 at 2.93 � 0.09 Å above the Na+ cation
underneath. An explanation of this modulation of vertical dis-
tances may be based on strain. However, this structural feature is
not supported by DFT-D3, which predicts very similar values for
the parameters zi, i = 1,. . .,3 of 2.99 to 2.98 Å.

These aforementioned structural similarities are a strong basis
for the validity of structure model B. A look on the vertical shifts of
the ions in the first layer, however, reveals also differences, which
need to be discussed. The most obvious difference is the position of
ion Na1, i.e. the sodium site which is not occupied by an acetylene
molecule. The LEED analysis suggests an elevated position of Na1
and Cl1 of +0.08 Å over the surface plane, while both DFT-D
methods predict an unusually large inward shift of the sodium
ion Na1 of �0.17 Å (DFT-D3) and �0.15 Å (DFT-D2), respectively.
The relaxation of ions at the NaCl surface is driven by comparatively
small energy differences of less than 1 kJ mol�1 per substrate
surface unit cell. It is thus conceivable that relaxation patterns with
slightly higher energy exist, that could become more favorable if
other functionals and dispersion correction are used. From the
experimental point of view, some limitations of the LEED analysis
method especially for insulator surfaces have been mentioned
above in Section 1. As the shape of the potential energy surface
may be influenced by the choice of functionals in DFT, the profile
of reliability factors in LEED may be influenced by the choice of
non-structural parameters, phase shifts and vibrational amplitudes.
These non-structural parameters used in the present study were
chosen based on the experience obtained in previous work.4,38,39

Vibrational amplitudes in general do not strongly alter the RP

values.15 Thus, as is common practice, fixed RMS were assigned
to the various chemical elements. Strictly speaking, however, the
site Na1 could be considered as vibrationally inequivalent from the
other sites, since it is not occupied by an admolecule. The use of a
different vibrational amplitude for this ion could thus be a way of
further refinement of the model. Moreover, a further systematic
error in LEED analysis might result from the use of isotropic
vibrational amplitudes for the ionic sites. While the correction of
phase shifts for anisotropic displacements of ions is possible,40 such
a refinement of the method would also drastically increase the
number of parameters in the structure analysis – contrary to the
intention of the present work, which was to maintain structure
models with a minimum number of parameters. Such refinements
could be envisaged in future experimental work.

5 Conclusions

Weakly bound adsorbates on insulating substrates may show
complex surface geometries in two dimensions. The application

of low-energy electron diffraction to these systems is a route to
gain insight into their structure, if extensive surface charging
may be avoided, and if suitable structure models can be
developed based on previous experimental work and theore-
tical considerations. In the present work, the structure of the

system NaClð100Þ= 3
ffiffiffi
2
p
�

ffiffiffi
2
p� �

R45�-C2H2 was investigated experi-
mentally by means of quantitative LEED analysis using three classes
of structure models with four, five, and six molecules, respectively.
Best agreement was found for a structure of five molecules per unit
cell in an T-shaped arrangement of nearly flatly adsorbed molecules
over sodium sites. In agreement with dispersion corrected DFT total
energy minimizations, a lateral adlayer expansion along the longer
axis of the unit cell was found and interpreted by strain due to the
lattice misfit between the NaCl substrate surface and the acetylene
adlayer.
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Roza, L. Paulatto, S. Poncé, D. Rocca, R. Sabatini, B. Santra,
M. Schlipf, A. P. Seitsonen, A. Smogunov, I. Timrov,
T. Thonhauser, P. Umari, N. Vast, X. Wu and S. Baroni,
J. Phys.: Condens. Matter, 2017, 29, 465901.

29 P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car,
C. Cavazzoni, D. Ceresoli, G. L. Chiarotti, M. Cococcioni,
I. Dabo, A. D. Corso, S. de Gironcoli, S. Fabris, G. Fratesi,
R. Gebauer, U. Gerstmann, C. Gougoussis, A. Kokalj,
M. Lazzeri, L. Martin-Samos, N. Marzari, F. Mauri,
R. Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto,
C. Sbraccia, S. Scandolo, G. Sclauzero, A. P. Seitsonen,
A. Smogunov, P. Umari and R. M. Wentzcovitch, J. Phys.:
Condens. Matter, 2009, 21, 395502.

30 H. J. Monkhorst and J. D. Pack, Phys. Rev. B: Condens. Matter
Mater. Phys., 1976, 13, 5188–5192.

31 A. Dal Corso, Comput. Mater. Sci., 2014, 95, 337–350.
32 S. Grimme, J. Comput. Chem., 2006, 27, 1787–1799.
33 S. Grimme, J. Antony, S. Ehrlich and H. Krieg, J. Chem. Phys.,

2010, 132, 154104.
34 D. Loffreda, Surf. Sci., 2006, 600, 2103–2112.
35 A. Lakhlifi and C. Girardet, Surf. Sci., 1991, 241, 400–415.
36 S. K. Dunn and G. E. Ewing, J. Phys. Chem., 1992, 96,

5284–5290.
37 M. K. Rana, H. S. Koh, J. Hwang and D. J. Siegel, J. Phys.

Chem. C, 2012, 116, 16957–16968.
38 J. Vogt, Phys. Rev. B: Condens. Matter Mater. Phys., 2007,

75, 125423.
39 J. Vogt and B. Vogt, J. Chem. Phys., 2014, 141, 214708.
40 V. Fritzsche, Phys. Rev. B: Condens. Matter Mater. Phys., 1994,

50, 1922–1928.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
 2

56
5.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

56
9 

8:
52

:3
9.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp05827d



