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Molecular adsorption is the first important step of many surface-mediated chemical processes, from 
catalysis to lubrication. This phenomenon is controlled by physical/chemical interactions, which can be 
accurately described by first-principles calculations. Several computational tools have been developed to 
study molecular adsorption based on high throughput/automatized approaches in recent years. However, 
these tools can sometimes be over-sophisticated for non-expert users. Here we present Xsorb, a Python-
based program for identifying the accurate adsorption energy and geometry of complex molecules on 
crystalline (reconstructed) surfaces. The program automatically samples the potential energy surface (PES) 
that describes the molecule-surface interaction by generating several adsorption configurations through 
symmetry operations. The set of the most representative ones is automatically identified through a 
fast pre-optimization scheme. Finally, the PES global minimum is identified through a full structural 
optimization process. We show the program capabilities through an example consisting of a hydrocarbon 
molecule, 1-hexene, adsorbed over the (110) surface of iron and the reconstructed (001) surface of 
diamond. This program, despite its conceptual simplicity, is very effective in reducing the computational 
workload usually associated with the creation and optimization of several adsorption configurations.

Program summary
Program title: Xsorb
CPC Library link to program files: https://doi .org /10 .17632 /kv97tgybx8 .1
Developer’s repository link: https://gitlab .com /triboteam /xsorbed/
Licensing provisions: CC by 4.0
Programming language: Python (version 3.7 and above) and Quantum ESPRESSO (for the ab initio
calculations).
Nature of problem: Identifying the most stable adsorption configuration of a molecule over a substrate 
and compute its adsorption energy.
Solution method: Creating a Python-based code that generates many adsorption configurations with 
different molecular orientations, performs a preliminary partial geometrical optimization with density 
functional theory calculations of all these configurations, identifies the most relevant ones for the full 
geometrical optimization and computes the adsorption energy.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/).
1. Introduction

Molecular adsorption, i.e., the binding of a molecule over a 
surface, is a necessary prerequisite to any surface-mediated chem-
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ical process, from catalysis [1,2] to molecular electronics [3], 
biomedicine [4], electrochemistry [5], lubrication [6,7] and cor-
rosion [8,9]. For example, friction is ubiquitous whenever moving 
components are in contact. It causes significant energy losses and 
undermines the functionality of devices, ultimately leading to their 
failure. A strategy to reduce friction and wear in engines is based 
on the use of lubricant additives, i.e., molecules added in base oils 
that first adsorb over the sliding substrate and then react with 
it by forming protective, lubricious films [10]. Similarly, corrosion 
damages many materials comprising carbon steel, which has a low 
intrinsic resistance to corrosive processes [11]. It is, therefore, cru-
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cial to use molecular corrosion inhibitors that create a protective 
coating, making the surface inert, more resistant to degradation, 
and preventing dire consequences on major infrastructures.

Regardless of the research field of interest, molecular adsorp-
tion is controlled by the atomistic interactions between the sub-
strate and the adsorbate. The characterization of such interac-
tions is only partially possible by experiments, such as adsorption 
isotherms [12] and scanning tunneling microscopy. First-principles 
calculations play a relevant role in this context as they allow for 
an accurate description of bond-forming and breaking processes, 
which is essential to design novel molecular compounds for spe-
cific applications.

In recent years, several computational studies on molecular ad-
sorption have been performed with the help of computational 
tools that allow automatizing the execution of ab initio calcula-
tions [13–20]. Most of them are based on a high-throughput ap-
proach that allows to calculate the adsorption of simple molecules 
and molecular fragments in an automatized way and store/retrieve 
all the generated data in publicly available database [14,16,21–23]. 
An example of such a framework is GasPy [14,21], based on Fire-
works [24] and Atomate [25] as workflow manager. This approach 
is highly efficient in computing simultaneously thousands of po-
tential molecules and substrates combinations, resulting very use-
ful for identifying novel potential catalytic materials, a field in 
which these tools have been widely used [14,16,22,23]. On the 
other hand, the platform employed to generate such data is rather 
complex due to the advanced coding necessary to implement and 
apply the workflow managers. Simpler and lighter programs, such 
as ASAP [26] and DockOnSurf [27] have been also developed. Usu-
ally, these programs are based on Python, allowing an easier instal-
lation and more user-friendly handling of the operations [26–28]. 
The absence of a proper workflow manager can make it more 
challenging to deal with many configurations and systems. How-
ever, specific libraries like the Atomic Simulation Environment 
(ASE) [29] can help create, generate, and handle many systems and 
configurations simultaneously.

One of the most critical issues in evaluating molecular adsorp-
tion is the sampling and screening of all the possible adsorp-
tion configurations that correspond to different orientations of the 
molecule over different adsorption sites on the substrate. Such 
configurational space can become huge and almost impossible to 
explore in its entirety by increasing the complexity of the molecule 
and the substrate. Therefore, several optimization algorithms have 
been developed during the last years to address this analysis, like 
metadynamics [30], Bayesian optimization [31,32], minima hop-
ping [33] and Monte Carlo [34]. However, linking these programs 
with complex DFT codes is not trivial [35,36]. A possible novel 
technique to predict the most stable molecular adsorption config-
urations combines machine learning algorithms with DFT calcula-
tions, but this work is still in its infancy [37].

Here we introduce a simple but equally efficient approach to 
automatically identify the adsorption configurations that have the 
highest statistical weight, by means of the following steps: i) au-
tomatic generation of many adsorption configurations through the 
molecule rotation and translation with respect to the surface; ii) 
identification of the most relevant ones by screening their en-
ergies through a partial optimization process; iii) full structural 
optimization of the configurations identified as most relevant. This 
approach, which is conceptually very simple and with a low level 
of algorithm sophistication, is anyway very effective as it allows 
one to easily identify the most relevant adsorption configurations 
of complex molecules on (reconstructed) surfaces in a relatively 
short time. Many possible configurations are automatically gen-
erated, thus avoiding relying exclusively on user experience and 
intuition, which can limit the number of configurations analyzed. 
The program, Xsorb, here released is written in Python and is 
2

Fig. 1. Schematic flowchart of Xsorb.

based on well-established Python libraries, such as ASE [29] and 
Pymatgen [38], for the generation of molecular adsorbed systems 
and on Quantum ESPRESSO (QE) [39–41] for DFT calculations.

The paper is organized as follows: Section 2 describes the work-
flow executed by Xsorb during a typical run. Section 3 explains 
how to install and execute Xsorb. Section 4 shows two examples 
of Xsorb usage for computing the adsorption of the same hydro-
carbon molecule, 1-hexene (hexene from now on), over the (110) 
surface of a bcc crystal, iron in the specific case, and the recon-
structed (001) surface of diamond.

2. Xsorb structure and functioning

As described in the schematic flowchart of Xsorb shown in 
Fig. 1, its main feature is the automatic identification of all the 
substrate adsorption sites and the generation of all the desired ad-
sorption configurations by applying several molecule rotations for 
each site. After this initial procedure of input generation, the code 
automatically launches the DFT calculations. It also provides valu-
able features to analyze the results, such as extracting the adsorp-
tion energies, monitoring the energy evolution during structural 
optimization, and generating images or animations of the output 
files.

2.1. Defining the setting parameters

The main settings for the calculation, such as the QE input 
commands and the list of molecular rotations, must be provided 
in a settings.in file, located in the folder from which the
xsorb command is executed. A template of the settings.in
file is provided in the main folder of the repository. The follow-
ing mandatory flags should be present in the settings.in file 
to generate the adsorption configurations:

1. slab_filename and molecule_filename are the names 
of the two files containing the slab and molecule coordinates, 
respectively. These optimized structures are retrieved to gen-
erate the adsorbed structure.

2. molecule_axis is the molecular axis that will be placed 
along the x direction and considered for rotating the molecule 
with respect to the substrate. The axis can be defined in two 
ways: i) The user indicates two atoms of the molecule using 
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Fig. 2. Adsorption sites of the Fe(110) surface. The non-equivalent adsorption sites (Panel a) and all possible sites in the supercell (Panel b) are shown. The three symmetry 
types (on-top, bridge, hollow) are colored in red, green and blue, respectively. A darker (lighter) color is used to indicate shallower (deeper) atoms. (For interpretation of the 
colors in the figure(s), the reader is referred to the web version of this article.)
the variables atoms [A1] [A2], where Ai are numeric in-
dexes from molecule_filename, starting from 0. The axis 
will contain the vector a = rA2 − rA1. ii) The user explicitly 
provides the coordinates of the axis vector, vector [vx] 
[v y] [vz].

3. selected_atom_index identifies the molecule atom that 
will be placed in the selected adsorption sites and used as the 
origin of the reference frame for rotations. The numeric index 
must be consistent with the order in the molecule_file-
name.

4. x_rot_angles, y_rot_angles and z_rot_angles are 
the variables that provide a single angle or a list of angles for 
which the molecule will be rotated around the axis identified 
by the variable name. The rotations are executed in the fol-
lowing order: first around the x axis, then around the −y axis 
and finally around the z axis of the reference frame. Follow-
ing this procedure, all angle combinations are produced. Note 
that the rotations are always considered along a fixed Carte-
sian reference frame. This operation implies that, if a rota-
tion y_rot_angles = 90◦ is applied, the molecule_axis, 
which previously was along the x axis, now coincides with 
the z axis. Therefore, to avoid the screening of already sam-
pled molecular orientations around the molecule_axis, ro-
tations defined by z_rot_angles are disregarded.

The desired distance between the reference atom of the 
molecule and the surface adsorption site can be set with the
screening_atom_distance variable (the default value is 2 Å). 
To avoid possible overlapping between the molecule and the sub-
strate, an additional variable screening_min_distance (with 
a default value of 1.5 Å) is implemented so that all the atoms 
of the molecule have a minimal vertical displacement from the 
surface. A final check on the Euclidean distance is done automat-
ically for all the atoms in the molecule to avoid overlapping with 
the substrate. This control is essential in atomically rough surfaces 
such as reconstructed surfaces. Please note that the methods im-
plemented to avoid overlapping between atoms is only performed 
for the molecule and the slab, and no check is performed for the 
overlap between the molecule and its periodic replicas, arising due 
to periodic boundary conditions. The user should therefore check 
beforehand, i.e., when constructing the atomistic model given as 
input to the program, that the simulation cell is large enough to 
3

host the molecule in the directions along which it will be placed 
with the different rotations.

2.2. Generation of adsorption configurations

Xsorb can identify the adsorption sites thanks to the Adsor-
bateSiteFinder class in the Pymatgen library. This class and 
its related commands, based on the Delaunay triangulation [42]
on the topmost surface layer, are very effective in finding all the 
adsorption sites within the simulation cell. Moreover, for flat and 
clean surfaces, it also identifies the subset of non-equivalent sites 
with respect to surface symmetries, as shown in Fig. 2. However, 
for more complex substrates, like oxides and doped surfaces, a 
large number of sites is identified due to reduced surface sym-
metry. In these cases some manual tuning is necessary to select 
the most relevant ones, as explained below.

The command xsorb -sites generates a top-view image 
of the simulation cell where the identified adsorption sites are 
marked by crosses of different colors to distinguish the differ-
ent site symmetries (namely, on-top, hollow, and bridge). If un-
expected results are presented in this image, e.g., some sites are 
misplaced, it is possible to use the command xsorb -sites-
all to obtain all the adsorption sites. In this case, the user should 
check if there are incorrect or missing on-top sites, adjusting the
surface_height variable in settings.in until the on-top 
sites are identified correctly. This flag controls the �z value (de-
fault 0.9 Å) employed by the AdsorbateSiteFinder class to 
define the topmost layer of the surface, whose atoms constitute 
the triangular vertices for the Delaunay triangulation and there-
fore also determine the positions of all the other adsorption sites.

Another issue that could arise in this automatic identification 
is related to the presence of too many (or too few) sites, leading 
to an over (or under) representation of adsorption configurations. 
Therefore, the user can increase (reduce) the symm_reduce vari-
able (with default value of 0.01), used by Pymatgen Adsorbate-
SiteFinder class to reduce (increase) the number of identified 
adsorption sites.

Some situations could be even more challenging for site iden-
tification. For example, a substrate with a single dopant atom can 
completely break the symmetry of the surface, producing an ex-
cessive number of non-equivalent adsorption sites that could lead 
to an unfeasible screening of adsorption configurations. Moreover, 
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Fig. 3. Adsorption sites of the Si-doped reconstructed C(001) surface. In panel a, the sites identified with the default value of symm_reduce are reported. In panel b, a 
region around the Si dopant with all adsorption sites obtained with xsorb -sites-all is shown. The numeric index on each site allows the manual site selection. Panel 
c shows the result of the manual selection. The sites are colored in red, green and blue according to the three symmetry types (on-top, bridge, and hollow, respectively). A 
darker (lighter) color is used for shallower (deeper) C atom.
one might be interested in studying only the sites close to the 
dopant, neglecting the undoped regions. For these specific cases, 
the user can impose symm_reduce = 0 to obtain all adsorption 
sites and then manually select the required ones by specifying 
their indexes with the flag selected_sites.

An example of this procedure is represented in Fig. 3, where the 
adsorption sites in a Si-doped diamond surface are represented. 
The default value of symm_reduce produces an unreasonable 
number of adsorption sites, distributed in a “random” way (see 
Fig. 3, panel a). In this case, the user should use the command
xsorb -sites-all, in order to inspect all the adsorption sites, 
and manually choose the desired ones from their numeric index, 
as shown in Fig. 3, panel b, where the sites around the Si dopant 
are represented. The settings.in file can then be modified, spec-
ifying symm_reduce = 0 and including in selected_sites
the chosen sites. After this procedure, the execution of the com-
mand xsorb -sites now shows the subset of user-selected 
sites (Fig. 3, panel c), which will be used to generate all the ad-
sorption configurations.

After the adsorption site identification, Xsorb generates all the 
adsorption configurations. Their total number is obtained by mul-
tiplying the number of selected adsorption sites by the number of 
provided rotations along the x, y and z axes.

2.3. Executing DFT calculations

In order to create the input files to perform the DFT calcula-
tions for the generated configurations, it is necessary to specify 
the computational parameters in the settings.in file using the 
standard syntax of QE input files (see the user guide for specific 
details).

As mentioned in the introduction, two types of calculations are 
performed: a preliminary screening to identify the most relevant 
configurations with the lowest energies, and a full structural opti-
mization of a subset of these configurations, selected automatically 
by a pre-defined energy threshold.

2.3.1. Preliminary screening
The preliminary screening consists of a partial structural opti-

mization executed by considering higher energy and force thresh-
olds compared to the default values of QE. Typically, thresholds of 
5 × 10−3 Ry for the energy and 5 × 10−2 Ry/bohr for the forces 
allow one to obtain an estimate of the most promising configura-
tions.

This screening method, compared to the other techniques de-
scribed in the introduction, is completely DFT-based, allowing for 
greater accuracy in capturing the electronic interactions between 
4

the molecule and the substrate than empirical or semi-empirical 
methods. With this technique, we can also immediately identify 
the presence of dissociation paths over the whole set of tested 
configurations, since they often occur within the first few opti-
mization steps.

The preliminary screening can be executed by including the
jobscript flag into the settings.in file. This flag specifies 
the path of a jobscript compatible with the job scheduler (e.g., 
Slurm) installed on the machine where QE is executed and the 
command for job submission, e.g. sbatch for Slurm. The calcula-
tions can be launched with the following command:

xsorb -s [etot_conv_thr forc_conv_thr]

where etot_conv_thr (forc_conv_thr) are optional, with 
default values of 5 × 10−3 Ry (5 × 10−2 Ry/bohr).

This command submits the jobs and labels each configura-
tion with an integer index starting from 0. It also generates the
site_labels.csv file, schematically represented in Table 1, 
which contains all the information of each configuration with a 
label, the applied rotations, the adsorption site coordinates, and its 
symmetry. The latter is expressed in the following way:

• ontop_{atomic species}, where atomic species indicates the 
species of the surface atom.

• bridge_{bridge length}, where bridge length indicates the dis-
tance between the two surface atoms that identify the bridge 
site.

• hollow_c{coordination number}, where coordination_number
corresponds to the number of first neighboring sites.

For each site, a numeric index matching the one in the figure 
generated with the option -sites is also included.

2.3.2. Retrieving energies after the preliminary screening
Once the preliminary screening is completed, all the energies 

can be extracted with the command:

xsorb -es

that generates the screening_energies.csv file containing a 
label for each adsorption configuration, the symmetry of the ad-
sorption site, and the adsorption energies Eads of the screening. If 
the energy of the isolated molecule/surface is not available, the file 
reports the total energies Etot instead.

The adsorption energies Eads can be obtained from the Etot as:

Eads = Etot − (Esur f + Emol) (1)

https://gitlab.com/triboteam/xsorbed/-/wikis/home
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Fig. 4. 1-hexene molecule, presenting double bond between the carbon atoms la-
belled 1 and 2.

where Esur f (Emol) is the energy of the system containing the 
isolated slab (molecule). With this notation, a negative (positive) 
adsorption energy means a favorable (unfavorable) adsorption con-
figuration. The slab and molecule energies can be either manually 
specified by the E_slab_mol flag contained in the settings.in file 
or extracted from the two QE output files if provided.

2.3.3. Full geometrical optimization
After the screening, it is possible to perform the full geometrical 

optimization of the most relevant configurations with the follow-
ing command:

xsorb -r [options]

Without any option, Xsorb will only perform the optimization 
for the five configurations with lowest energy obtained from the 
preliminary screening. This number can be changed by employ-
ing the option --n NUMBER. Alternatively, the configurations that 
will be optimized can be selected by specifying an energy thresh-
old with the option --t ENERGY. In this way, all the configura-
tions with an ENERGY (in eV) above the identified minimum will 
be considered for the full optimization. It is also possible to ex-
clude configurations that would be otherwise included with the 
two aforementioned selection methods. The user can do that by 
using the flag --exclude, as in the following example:

xsorb -r --t 0.5 --exclude 1 3 7

where Xsorb launches the optimization of all configurations 
within 0.5 eV from the energy minimum of the screening, exclud-
ing the ones labelled with 1, 3 and 7. Alternatively, the user can 
provide a list of specific configurations to be optimized using the 
flag --i, specifying their labels.

2.3.4. Retrieving final energies after optimizations
After performing the geometrical optimizations, the user can 

retrieve their final energies with the command:

xsorb -er

That creates the relax_energies.csv file, which contains 
a label for each adsorption configuration, the symmetry of the 
adsorption site, the total energies Etot of the screening and the 
total energy of the optimized configuration. In the same way as 
for the screening, Xsorb can print the optimized adsorption ener-
gies when the user provides the energies of the isolated slab and 
molecule.

3. Installation and execution of Xsorb

The installation procedure for Xsorb is easy and straightfor-
ward since it is Python-based. It is first necessary to download the 
program by cloning this repository into the desired local machine:

git clone https://gitlab.com/triboteam/xsorbed.git
5

Once the download is completed, it is necessary to go to the
xsorbed main folder and run:

bash install.sh

to add the executable in the PATH variable. With this operation, 
the user can launch the program from any folder. The next step 
is to install the required dependencies stored in the require-
ments.txt file. This step can be performed with the command:

pip install -r requirements.txt

Further details for the installation procedure, like adding the 
POV-Ray visualization tool, can be found in the user guide. Xsorb
is interfaced with QE to perform the DFT calculations. It is, there-
fore, necessary to compile and install the pw.x executable before 
launching the calculations.

After the installation, the program works through a command-
line interface (CLI) by running:

xsorb [command] [parameters]

Where command specifies which operation to perform and pa-
rameters are additional parameters available for specific com-
mands.

4. Example of Xsorb use

The use of Xsorb is exemplified in the following sections, 
where the results obtained for the adsorption of a hydrocarbon 
molecule, hexene, on a simple transition metal surface, namely 
Fe(110), and an insulating substrate, namely the reconstructed 
C(001) surface are reported.

The atomistic structure for the hexene, represented in Fig. 4, 
was initially taken from the PubChem database [43], while the two 
surfaces were generated using Pymatgen. We performed a geomet-
rical optimization separately for each system.

For the DFT calculations, we used an energy cutoff of 40 Ry and 
a k-point sampling in �. The choice of using only the �-point was 
justified by the large size of the cells (14.1 × 12.0 × 24.0 Å3 for Fe, 
containing 120 atoms, and 20.2 × 15.1 × 24.0 Å3 for C, containing 
480 C atoms), since denser k-point grids produced total energy dif-
ferences lower than 1 meV/atom. van der Waals corrections were 
applied using the Grimme-D2 [44] scheme as implemented in QE.

4.1. Hexene adsorption on Fe(110)

4.1.1. Generation of adsorption configurations
In the case of hexene, the molecule atoms that are more likely 

to interact with the surface are the two carbon atoms sharing the 
double bond. Thus, we selected the C atom with only one hydro-
gen, labelled 2 in Fig. 4, as the reference atom.

Even if hexene has a C1 point group symmetry, i.e., the only 
symmetrical operation available is the identity, it is a quite elon-
gated molecule. Thus, to define the molecule_axis, two atoms 
along this preferential direction were taken. In particular, we chose 
the C atoms labelled as 2 and 6 in Fig. 4 to identify this axis.

Finally, to generate all the adsorption structures, it is necessary 
to define the molecular rotations. This procedure partially relies 
on user intuition, but a sensible choice can be done by examin-
ing both the surface symmetries and the molecular structure. Since 
hexene has no internal rotational symmetries, we started by con-
sidering the relevant rotations around the x axis, namely 0◦ , 90◦
and 180◦ . Moreover, due to the molecular elongation, we selected 
two additional rotations around the y axis: 0◦ , which corresponds 
to the molecule parallel to the surface, and 90◦ , corresponding to a 

https://gitlab.com/triboteam/xsorbed/-/wikis/home
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Fig. 5. Adsorption configuration for hexene on Fe(110) for the preliminary screening. The reference atom is positioned at the on-top site, and all the selected molecular 
rotations are represented. Other 30 configurations are explored by positioning the reference atom in bridge and hollow sites. The configurations are labelled according to the 
labels in Table 1.
6
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Table 1
Data for the study of hexene adsorption on the Fe(110) surface. The data reported 
in each column corresponds to the numerical label of the configuration, rotations 
in degrees along x (xrot ), y (yrot ) and z (zrot ) axis, the index (as in Fig. 2) and the 
symmetry of the adsorption site, the distance (d) between the reference atom and 
the surface (in Å) and the adsorption energies (Eads) of the preliminary screening 
and of the full optimization, in eV.

Label xrot yrot zrot Symm. site d Screen. 
Eads

Opt. 
Eads

0 0 0 0 0 ontop_Fe 2.76 -1.45 -1.83
4 0 0 54.7 0 ontop_Fe 2.76 -1.38 -1.81
8 0 0 90 0 ontop_Fe 2.76 -1.13 -1.78
1 0 0 0 1 bridge_2.44 2.76 -0.36 -1.80
11 0 0 90 3 hollow_c3 2.76 -0.34 -1.68
6 0 0 54.7 2 bridge_2.82 2.76 -0.25 -
10 0 0 90 2 bridge_2.82 2.76 -0.23 -
5 0 0 54.7 1 bridge_2.44 2.76 -0.20 -
9 0 0 90 1 bridge_2.44 2.76 -0.19 -
27 180 0 0 3 hollow_c3 2.70 -0.19 -
7 0 0 54.7 3 hollow_c3 2.76 -0.18 -
3 0 0 0 3 hollow_c3 2.76 -0.16 -
30 180 0 54.7 2 bridge_2.82 2.70 -0.14 -
34 180 0 90 2 bridge_2.82 2.70 -0.13 -
33 180 0 90 1 bridge_2.44 2.70 -0.09 -
16 90 0 54.7 0 ontop_Fe 2.49 -0.08 -
12 90 0 0 0 ontop_Fe 2.49 -0.07 -
25 180 0 0 1 bridge_2.44 2.70 -0.07 -
2 0 0 0 2 bridge_2.82 2.76 -0.06 -
35 180 0 90 3 hollow_c3 2.70 -0.05 -
31 180 0 54.7 3 hollow_c3 2.70 -0.03 -
24 180 0 0 0 ontop_Fe 2.70 -0.03 -
29 180 0 54.7 1 bridge_2.44 2.70 -0.03 -
32 180 0 90 0 ontop_Fe 2.70 -0.02 -
26 180 0 0 2 bridge_2.82 2.70 -0.02 -
38 0 90 0 2 bridge_2.82 3.50 0.01 -
28 180 0 54.7 0 ontop_Fe 2.70 0.03 -
37 0 90 0 1 bridge_2.44 3.50 0.04 -
21 90 0 90 1 bridge_2.44 2.49 0.07 -
36 0 90 0 0 ontop_Fe 3.50 0.12 -
23 90 0 90 3 hollow_c3 2.49 0.13 -
20 90 0 90 0 ontop_Fe 2.49 0.14 -
18 90 0 54.7 2 bridge_2.82 2.49 0.14 -
39 0 90 0 3 hollow_c3 3.50 0.16 -
22 90 0 90 2 bridge_2.82 2.49 0.17 -
13 90 0 0 1 bridge_2.44 2.49 0.18 -
15 90 0 0 3 hollow_c3 2.49 0.23 -
19 90 0 54.7 3 hollow_c3 2.49 0.31 -
14 90 0 0 2 bridge_2.82 2.49 0.35 -
17 90 0 54.7 1 bridge_2.44 2.49 0.40 -

vertical orientation. We considered the surface symmetries for the 
rotations around the z axis and chose three orientations equal to 
0◦ , 54.7◦ and 90◦ . For what concerns the vertical distance between 
the surface and the molecule, we decided to keep the screen-
ing_atom_distance and screeening_min_distance vari-
ables to their default values, i.e., 2 and 1.5 Å, respectively. We per-
formed the automatic identification of the adsorption sites through 
the xsorb -sites command. As shown in Fig. 2, the Fe(110) is 
a flat and symmetric surface, and the default settings were suffi-
cient to identify all the non-equivalent adsorption sites correctly.

A visual representation of the adsorption configurations gener-
ated for the on-top site can be seen in Fig. 5. Other 30 configura-
tions correspond to the other two adsorptions sites.

4.1.2. Preliminary screening and full geometrical optimization
After the generation of all the adsorption structures, we per-

formed the preliminary screening. The most relevant data obtained 
for each configuration are reported in Table 1. Regarding the ver-
tical distance between the reference atom and the surface, d, it 
is possible to notice that the program automatically moved the 
molecule upwards to satisfy the minimum distance requirement 
and avoid any overlap. Moreover, since this operation increased 
7

Fig. 6. Lateral (panel a) and top (panel b) representation of the adsorbed structure 
after the full geometrical optimization for the configuration with minimum energy 
(labelled 0). The different shades of colors for the Fe atoms represent the different 
depths of the atomic layers.

the vertical distance, it avoided the dissociation of hydrogen atoms 
which are too close to the substrate.

The last step in studying hexene adsorbed on Fe(110) is the 
full geometrical optimization of specific configurations. In partic-
ular, we selected the five configurations with lower energy from 
the screening. The final optimized adsorption energies are also re-
ported in Table 1, and the fully optimized structure corresponding 
to the global energy minimum is represented in Fig. 6. This adsorp-
tion configuration, labelled by 0, with −1.83 eV energy, presents 
the hexene double bonded C-C group anchored between the 3-fold 
and the on-top sites, and the rest of the molecule shifted upwards 
from the Fe(110) surface.

The preliminary screening method consisting of a partial struc-
tural optimization was in this case very effective in predicting the 
configuration associated with the energy minimum after the full 
optimization. Indeed, the ordering of the energies in the screen-
ing is almost identically reproduced after the optimization (with a 
single swap between configuration 8 and configuration 1).

The computational cost of the screening was also quite con-
tained, since for almost all configurations (with only three excep-
tions) the number of ionic steps in the screening was between 2 
and 5, while the full optimizations of this system required between 
70 and 120 ionic steps.

4.2. Hexene on reconstructed C(001)

We considered hexene physisorption on the reconstructed 
C(001) surface as an example of a more complex surface due to 
its rough morphology compared to the flat Fe(110).

For this case, we chose the reference atom for the molecule and 
the molecule_axis in the same way as for the Fe(110) calcu-
lations. We also considered similar molecular rotations, apart from 
the 54.7◦ rotation around the z axis, which we neglected due to 
the different surface symmetry of C(001) compared to Fe(110). We 
also excluded and the 90◦ rotation around the molecular axis (x
axis), since all the configurations which included this rotation were 
the least energetically favorable in the Fe(110) screening.

Regarding the molecule-surface distance, we left the screen-
ing_atom_distance and screening_min_distance vari-
able to the default values, which were sufficient to avoid any dis-
sociation of hydrogen atoms.

Following the same procedure employed for the Fe(110) sub-
strate, the adsorption sites were identified, obtaining the correct 
number of sites by reducing the surface_height variable to 
0.5 Å. This change was necessary to avoid that the C atoms just 
below the surface dimers had been included as top sites, resulting 
in the wrong identification of the bridge and hollow sites. For the
symm_reduce parameter, instead, the default value was sufficient 
even for a rough surface such as the reconstructed C(001). This 
example shows the effectiveness of Pymatgen in identifying the 
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Fig. 7. Adsorption configuration for hexene on reconstructed C(001) for the preliminary screening. The reference atom is positioned at the on-top site, and all the selected 
molecular rotations are represented. Other 20 configurations are explored by positioning the reference atom in bridge and hollow sites.

Table 2
Data relative to the study of hexene physisorption on the reconstructed C(001) sur-
face. The data reported in each column correspond to the numerical label of the 
configuration, rotations in degrees along x (xrot ), y (yrot ) and z (zrot ) axis, the in-
dex and the symmetry of the adsorption site, the distance (d) between the reference 
atom and the surface (in Å) and the adsorption energies (Eads) of the preliminary 
screening and of the full optimization, in eV. The systems are sorted according to 
their screening adsorption energy.

Label xrot yrot zrot Symm. site d Screen. 
Eads

Opt. 
Eads

3 0 0 0 3 bridge_1.38 2.76 -0.54 -
5 0 0 0 5 bridge_3.66 2.76 -0.31 -0.51
22 180 0 90 4 hollow_c4 2.70 -0.28 -0.59
8 0 0 90 2 bridge_2.52 2.76 -0.24 -0.54
11 0 0 90 5 bridge_3.66 2.76 -0.23 -0.65
7 0 0 90 1 hollow_c4 2.76 -0.19 -0.41
20 180 0 90 2 bridge_2.52 2.70 -0.19 -
9 0 0 90 3 bridge_1.38 2.76 -0.17 -
23 180 0 90 5 bridge_3.66 2.70 -0.13 -
6 0 0 90 0 ontop_C 2.76 -0.12 -
1 0 0 0 1 hollow_c4 2.76 -0.10 -
10 0 0 90 4 hollow_c4 2.76 -0.07 -
28 0 90 0 4 hollow_c4 3.50 -0.02 -
29 0 90 0 5 bridge_3.66 3.50 -0.02 -
16 180 0 0 4 hollow_c4 2.70 0.02 -
17 180 0 0 5 bridge_3.66 2.70 0.11 -
13 180 0 0 1 hollow_c4 2.70 0.28 -
14 180 0 0 2 bridge_2.52 2.70 0.32 -
2 0 0 0 2 bridge_2.52 2.76 0.34 -
19 180 0 90 1 hollow_c4 2.70 0.36 -
27 0 90 0 3 bridge_1.38 3.50 0.44 -
0 0 0 0 0 ontop_C 2.76 0.48 -
12 180 0 0 0 ontop_C 2.70 0.52 -
4 0 0 0 4 hollow_c4 2.76 0.55 -
26 0 90 0 2 bridge_2.52 3.50 0.55 -
15 180 0 0 3 bridge_1.38 2.70 0.58 -
25 0 90 0 1 hollow_c4 3.50 0.60 -
21 180 0 90 3 bridge_1.38 2.70 0.76 -
24 0 90 0 0 ontop_C 3.50 0.79 -
18 180 0 90 0 ontop_C 2.70 0.83 -

Fig. 8. Lateral (panel a) and top (panel b) representation of the adsorbed structure 
after the full geometrical optimization for the configuration with minimum energy 
(labelled 0). The different shades of colors for the C atoms represent the different 
depth of the atomic layers.

non-equivalent adsorption sites, even for more complex surfaces, 
as long as there are no dopants that break the surface symme-
tries. A representation of the generated adsorption configurations 
for the on-top site can be seen in Fig. 7. The results of the prelim-
inary screening are reported in Table 2, together with the relevant 
information for each configuration.

Finally, we optimized a subset of configurations to identify the 
most stable one. In particular, we chose the first five configura-
tions starting from the one with minimum energy, excluding the 
configuration labelled by 3. We avoided optimizing this configura-
tion since it was the only one where the hexene was chemically 
bonded to the surface, being the goal of this example the study of 
physisorption configurations.

We report the results of the adsorption energy after the full 
optimization in Table 2, and the fully optimized structure corre-
sponding to the global energy minimum in Fig. 8. All the op-
timized structures exhibit a similar planar disposition, with the 
molecule parallel to the surface. We identified that the most sta-
ble physisorption configuration is the one with label 11, with ph-
ysisorption energy equal to -0.65 eV. In this configuration, hexene 
8
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is placed between two dimer rows, with the first C atom of the 
molecule (labelled by 1 in Fig. 4) turned downwards. Between the 
five fully optimized structures, the two with lower energy were 
both placed above the trenches between two dimer rows. The 
other three configurations were instead above a dimer row, either 
oriented parallel or perpendicular to it. These five configurations 
are thus quite representative of all the possible orientations of hex-
ene over C(001) the surface. It is, therefore, reasonable to conclude 
that the physisorption in the trench between two dimer rows is 
the most favorable one and that it is very unlikely that other not 
fully optimized configurations would reach lower physisorption en-
ergies.

As for the previous surface, the computational cost of the pre-
liminary screening was not prohibitive. The number of optimiza-
tion steps ranged between 0 and 15 for all the configurations, 
being below 6 steps for one-third of them. The number of steps 
for the full relaxation ranged instead between 50 and 90. For both 
the studied surfaces, the configurations that reached a larger num-
ber of ionic steps in the screening were often those with lower 
energy. Therefore, in many cases, computational resources are not 
wasted, since the final positions after the partial optimization are 
used as starting positions for the full relaxations.

5. Summary

In this work, we present Xsorb, a Python-based code that au-
tomatically generates molecular adsorption configurations, guides 
the user in the identification of the most relevant ones, which are 
then fully optimized. The code relies on well-established Python 
libraries, and on an open-source package for density functional 
theory calculations. As an example of application, we presented 
the study 1-hexene adsorption on both the Fe(110) and the recon-
structed C(001) surfaces. This approach can significantly reduce the 
workload usually associated with the study of molecular adsorp-
tion and can help the users, even non-expert, to quickly identify 
the most favorable adsorption configuration, thanks to a user-
friendly Python interface and automatized imaging.
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