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The advances in density functional theory (DFT) made it possible to calculate the vibrational frequencies and peak inten-
sities of adsorbates on extended heterogeneous catalyst surfaces. However, the peak broadening that naturally appears
in experimental infrared spectra due to physical effects and instrumental limitations is usually not part of the quantum
mechanical modeling method. Here, a new user-friendly application, CaRIn (Catalysis Research with Infrared Spec-
troscopy), within the CaRMeN platform is proposed, in which the peak width can be approximated by means of Gaussian
functions. The peak broadening can be adjusted in real time and compared to both experimental and other simulated spec-
tra. The application integrates functionality for better visual comparability of different spectra and a database of spectra to
enhance workflow efficiency.
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1 Introduction and Motivation

Infrared (IR) spectroscopy is one of the most important
and powerful analytical methods in chemistry. Molecular
vibrations of the sample under investigation are excited by
interaction with electromagnetic radiation in the range of
2.5-25 um (IR light). Quantum mechanical selection rules
apply to the absorption processes. The selection rule states
that the molecule only interacts with the electromagnetic
wave if the dipole moment changes due to the excited molec-
ular vibration. The specific vibrational bands of a compound
are quantized and differ energetically due to the binding
energy, making them characteristic of that compound. It is
therefore possible to detect a compound qualitatively and, in
some cases, quantitatively [1, 2].

An essential application of IR spectroscopy in hetero-
geneous catalysis is the analysis of the composition of
gas-phase mixtures before, within, or after the catalyst to
assess its catalytic activity [3-5]. For this purpose, trans-
mission IR (TIR) is used, where a beam of IR light is
passed through the gas-phase mixture to detect and quan-
tify the components based on their characteristic absorption
spectra. To gain deeper insights into the catalyst itself, dif-
fuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) is employed. In this method, adsorbed molecules
on the catalyst surface are examined in situ. The catalyst
is characterized in a reaction atmosphere, which provides
information about the intermediates formed on the sur-
face. For example, for carbon monoxide (CO), one of the
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most prominent probe molecules, the C—O stretching vibra-
tional mode can be used to determine the bond strength
between adsorbate and metal (oxide), because the C—O
bond strength is influenced through the dative bond to
the surface (o donation) and back donation into the anti-
bonding mx-orbital [6]. In the case of CO adsorption on
oxide surfaces, electrostatic interactions also play a role [7].
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By detecting reaction intermediates, it is possible to obtain
information about reaction mechanisms. With the aid of
isotopic substitution, further insights into mechanisms can
be gained [8]. This is possible due to the high temporal
resolution of the method. These investigations are mainly
carried out on well-defined single-crystal surfaces [9-11].
However, substrate-adsorbate interactions vary depending
on the crystal plane. Therefore, the properties of a real cat-
alyst are often assumed to be a superposition of each of
the different planes, even if this assumption is invalid in
certain cases [12]. In contrast to the extensive IR reflection
absorption spectroscopy (IRRAS) studies on metals [13],
the application of IR spectroscopy to oxide single-crystal
surfaces is significantly hindered by intrinsic experimen-
tal challenges posed by dielectric substrates. Recently, some
of us have reported IRRAS investigations on various metal
oxide surfaces [14-16], utilizing an advanced ultrahigh-
vacuum system specially designed for IR experiments on
both single crystals and nanoparticles [7, 17]. Reliable refer-
ence data, obtained from well-characterized oxide surfaces
through the surface science approach that combines experi-
ment and theory [18-21], are essential for gaining profound
insights into the surface structure and chemistry of both
pristine and metal-deposited oxide catalysts.

Experimental IR techniques can be complemented by
computational methods such as the density functional the-
ory (DFT) to elucidate molecular mechanisms, investigate
adsorbate-catalyst interactions and simulate IR spectra. DFT
calculations are performed in order to find stable minima
of adsorbates such as CO on, e.g., transition metal surfaces,
which are characterized by forces on each atom that are close
to zero [22-24]. Vibrational frequencies of the adsorbate on
the catalyst surface can then be calculated easily by (par-
tial) Hessians, usually keeping the atoms of the surface fixed
at their optimized positions within the harmonic-oscillator
approach. After obtaining the vibrational frequencies and
normal modes of the system, the simulated IR spectra
can be generated [25, 26]. However, experimental spectra
exhibit broader peaks whereas theory gives one specific
value. This is due to a combination of instrumental limita-
tions (instrumental broadening) and physical phenomena.
First and foremost, these include natural broadening, due to
the uncertainty principle, which defines the minimum pos-
sible line width in the shape of a Lorentzian. Further effects
include Doppler broadening, caused by the Maxwell distri-
bution of relative velocities between atoms/molecules and
the observer, resulting in a Gaussian line shape, as well as
surface heterogeneity and adsorbate-adsorbate interactions
(proximity broadening). Overlapping due to broadening can
result in obscured peaks, shoulder features, and shifts in
peak maxima. As a result, the visual appearance of a DFT-
simulated spectrum can considerably differ from that of
an experimentally obtained spectrum, making comparisons
difficult [1, 27, 28].

A common approach to improving the comparability
of simulated and experimental spectra is to artificially
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broaden the calculated peaks by convoluting the calculated
spectra with Gaussian functions. The width of these Gaus-
sian functions is typically expressed as the half-width at
half-maximum (HWHM). In the case of the Gaussian\16
software, a state-of-the-art program for electronic struc-
ture modeling, the HWHM is set to a constant value of
135.00 cm™! and cannot be adjusted [29].

However, one significant challenge in this field is the
difficulty of finding appropriate experimental spectra for
the specific systems being studied. The complexity of het-
erogeneous catalysis often results in experimental data that
are either scarce or not directly comparable to the systems
modeled in simulations. Therefore, having access to large
amounts of simulated and experimental spectra would be
of great benefit to the scientific community. Not only the
quantity but also the quality of the data is of great impor-
tance. To utilize the benefits of research data management
(RDM), the FAIR (findability, accessibility, interoperability,
and reusability) principles suggested by Wilkinson et al. [30]
should be followed. This can be achieved by providing com-
prehensive and standardized metadata. RDM offers multiple
advantages, including improved data integrity, quality,
preservation, and security [31]. Tools such as Adacta place
an additional emphasis on traceability, to ensure reusability
of data already produced [32]. The CaRMeN platform
provides a database for experimental data along with their
metadata and enables a direct comparison with simulation
data in an automated fashion [33-36]. With the Novel Mate-
rials Discovery (NOMAD) project, an extensive database
and analysis tool for computational data in material science
is freely available [37]. IR spectra for organic compounds
are publicly available through the Spectral Database for
Organic Compounds (SDBS), the NIST Chemistry Web-
Book, or various other substance databases [38, 39].
However, to our knowledge, there exists no such database
in heterogeneous catalysis for experimental spectra of
adsorbates.

In this paper, a novel software application is pre-
sented that enables the direct comparison of experimentally
obtained IR spectra with DFT calculations with real-time
adjustment of the peak broadening. The application follows
the strategy development within the CaRMeN platform and
is freely accessible through the browser [33, 35, 36, 40].
Furthermore, the new tool consists of a database of exper-
imental and simulated IR spectra, with a strict separation
between public and private data and with clearly defined
metadata. Implementing the application accelerates the
workflow of validation of DFT against experimental data.

2 Overview of Features
2.1 Database
This new application can be accessed by a web browser

[35, 36]. Every registered user can upload their own spectra
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Figure 1. Screenshot of the overview page, where all personally uploaded spectra can be accessed. To improve accessibility, data can
be filtered via tags or atoms and searched for with a full-text search engine.

as comma-separated values (CSV) files into the application
through an import wizard. These files are parsed and con-
verted into a standardized format, while the original data is
preserved for traceability. By default, read and write access is
restricted to the original creator of the data. However, users
have the option to make individual spectra publicly acces-
sible within the application. Once data is made public, all
users, including unregistered ones, gain read access, while
the original creator retains exclusive rights to modify the
content. This same framework applies to entire projects and
workspaces, referred to as “views”, which will be elaborated
further in the following section.

The database is designed following the FAIR guiding
principles for scientific data management and stewardship
[30]. Obligatory metadata for every spectrum, includ-
ing digital object identifiers (DOI) for published data,
user details, and atomic composition, is complemented
by optional metadata, which are molecular details, user-
defined tags, images, and free-text description. Spectra can
be filtered by tags and atoms and searched for with a full-text
search engine [41], and previews of the spectra are rendered
inside the user interface (Fig. 1).

2.2 Plotting

Imported spectra can be quickly plotted into a so-called
“view”, i.e., a workspace where multiple spectra can be mod-
ified and compared (Fig. 2). When a spectrum consists of
less than 50 data points, it is assumed to be simulated and
is therefore plotted as a bar chart. Because this is an arbi-
trary boundary, the user can freely swap between bar and
line plot. Wavenumbers are set as the standard x-axis and
cannot be changed in the current version. However, since
IR spectra typically utilize either absorbance or transmit-
tance on the y-axis, adjustments to the y-values of individual
plots are often necessary. This is especially the case for sim-
ulated spectra, where absolute intensities may not align with
experimental data. Adjustments such as inversion, addition
of a constant (with an auto-adjustment function available),
or multiplication by a constant can be made.

Moreover, basic features for organizing the views are
implemented. For example, each plot can be renamed,
zoomed, or hidden. These settings persist in the database,
but users can utilize a reset function to revert to the orig-
inal settings upon opening the view. Finally, users have the
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Figure 2. Screenshot of the “view” feature. One DFT spectrum (green) and two experimental IR spectra of CO adsorbed on oxidized
(blue) and reduced (red) CeO,-(100) surfaces by Yang et al. [15] loaded into a view. The peak broadening for the DFT spectrum is
adjusted to fit one of the experiments. On the right-hand side, available chart settings are displayed.

option to export the view in CSV or PNG (portable network
graphics) formats. In particular, the CSV data is convenient
to generate publication-ready figures.

Views, like individual spectra, can also be made public
within the application. Other users can access these public
views and utilize the available functionalities to adjust them.
However, any modifications made by these users will not be
saved and will only be visible during their session.

2.3 Peak Broadening

To simulate the effect of peak broadening for DFT-generated
spectra, a Gaussian curve of the same standard deviation o
is calculated for each peak (characterized by its center y; and
intensity I;). The sum of all Gaussian curves is plotted into
the view together with the bars. A schematic representation
of this process is illustrated in Fig. 3. The user is provided
with the flexibility to conveniently adjust the standard devi-
ation (o) with a slider for precise control over the peak shape
to match experimental data.

For each peak (y;, I;) of a calculated spectrum, a Gaussian
function is calculated as

1 (i)
fi(0)=TI-e*\~ M
Because a slider is used to change the standard deviation,

it is important to ensure that the underlying calculations
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resulting from swift changes in o are computationally effi-
cient. Otherwise, the performance loss would cause a non-
responsive user interface. The sum of all Gauss functions is
then calculated as

fi ('D) lf fl (ﬁ) > Ii,min

g)=">Y e 2)
i 0 lf _fl (U) f Ii,min
Normal distributions
0.81 II'\‘ Sum of norm. dist.
1 \ —-=—- Experiment
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Figure 3. Schematic representation of the peak broadening
effect applied to a DFT spectrum.
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In this equation, a constant I; i, (presently set to 0.001)
representing the minimum intensity is introduced in the
application for performance reasons, as it allows to recal-
culate g(0) faster in the event that the spectra contain
many low-intensity peaks that are not important for the
visualization. To further increase the speed of recalculating
g(0), the threshold is defined in terms of ¥ not f(0). This
optimization avoids computationally expensive calculations
such as division, exponentiation, and square roots for each
adjustment of o. Therefore, the condition [ fi(0) > Lyis] is
reformulated as

(wi+o-L>0]A[pi—o0 L < D] (3)

The formula checks if ¥ lies within a specific range cen-
tered around ;. The range extends from [u; + o - L > 0] to
[i — o - L < O]. If O is within this range, the formula eval-
uates to true; otherwise, it evaluates to false. L is calculated
once for each peak and does not need to be recalculated for
each adjustment of o

L= |—2mn (I“;> @)

In the user interface, the user can set the step size, denoted
as h, for 0. The function g(0) is then calculated and plot-
ted for each y; as well as every U within the specified
range and with intervals of h. The idea is for the user
to roughly adjust o with a slider, maintaining a respon-
sive user interface due to low calculation times of the
low-resolution curve, and then reduce the step size, yield-
ing a smoother higher-resolution curve for fine-tuning the
standard deviation.

3 Illlustrative Example

In general, a common approach for evaluating DFT data
is the comparison of the numerically predicted data with
experimental IR spectra. However, there are several chal-
lenges involved in this process, which the software presented
in this paper overcomes. The first challenge is finding suit-
able experimental data, as this requires extensive literature
research or conducting experiments themselves. Although
literature data is readily available, it is often not in a stan-
dardized format. This necessitates manual data processing,
which can be time-consuming and difficult.

The second challenge is performing the comparison
between the simulated and experimental data. It is often the
case that the intensities of the simulated spectra must be
scaled, and peak broadening has to be considered, in order
to visually compare the two spectra.

CaRlIn (Catalysis Research with Infrared Spectroscopy)
[35, 36] addresses these challenges by providing a user-
friendly interface that allows for easy access to a large
database of experimental IR spectra. The spectra are cat-

egorized using metadata that includes, e.g., atoms, tags,
DOI, images, and the importing user, making it easy to
search for specific data. The second challenge is addressed
by providing tools that allow users to conveniently com-
pare simulated and experimental spectra, including options
to scale intensities and adjust peak broadening, all while
providing immediate visual feedback.

An illustrative example serves to showcase the new soft-
ware by describing the workflow with a typical paper from
the literature. In the study on the CO/CeO, system by Yang
et al. [14, 19] and Lustemberg et al. [18, 42], the individual
single-crystal surfaces of ceria were systematically investi-
gated via IR/SLIR (surface-ligand IR) with CO as the probe
molecule [43]. Powder ceria materials are the most impor-
tant form of ceria in industrial applications. The different
facets of the crystal system exhibit very different structures
and therefore chemical activities. Additionally, the oxidative
or reductive potential of the reaction atmosphere further
influences adsorbate-catalyst interaction through vacancy
formation [19]. Depending on the oxidation state of the
surface and the facet, a blue shift of existing CO bands
or an appearance of additional CO peaks takes place in
the typical wavenumber range above 2143 cm™'. However,
due to the weak bond between the oxide and CO, the
vibrational modes are very close to each other, with a max-
imum of 2176 cm™". In the study, six experimental spectra
were obtained for CO adsorbed on CeO, surfaces, specif-
ically on the (100), (110), and (111) facets, in both reduced
and oxidized forms [18]. Furthermore, a novel hybrid DFT
approach, using mixtures of DFT(GGA) (generalized gra-
dient approximation) and Hartree-Fock exchange energies
(HSEO06 functional), was developed to better simulate the
CO-CeO; interactions [18]. This paper is representative
of the described situation often found in the literature: It
contains high-quality data but does not offer them in a
machine-readable format, e.g., as supplemental material. In
the following, we lay out the steps required to work with
such data.

A researcher conducting further DFT calculations may be
interested in the experimental data contained in the paper to
validate their simulations. However, because the paper only
contains the data in the form of a figure, the spectral data
must be pulled out using data extraction software tools such
as Datathief [44]. Even if the raw spectrum had been made
directly available, e.g., as supplementary material, it would
likely still have to be converted into a standard format such
as CSV, with properly calibrated axis units.

Because the six experimental IR spectra of CO on the
(100), (110), and (111) facets of ceria in both reduced and
oxidized forms, along with the corresponding simulated
spectra, were uploaded to the application, they were auto-
matically converted into a standardized format and made
searchable. By using the search engine and filtering by tags
such as “CeO,,” “Experimental,” the specific catalyst surface
(e.g., “(100)”), and the adsorbate “CO,” the available spectra
are already narrowed down to two (Fig. 4).
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Figure 4. Screenshot illustrating a filter example: All available spectra are filtered by four tags (CeO,, (100), Experimental, CO) inside

the search bar. As a result, only two spectra are shown.

From the viewpoint of an experimentalist attempting to
establish a new post-treatment for CeO,, they might wish
to investigate whether their probe aligns more closely with
the reduced or oxidized state of the catalyst. They might
either find the simulated data by Lustemberg et al. [18, 42]
within the application’s database or access another service
such as NOMAD ([37]. Subsequently, several of the DFT
spectra are loaded into a single view, alongside with their
experiment. Given that there will be most certainly differ-
ences between their experimental setup and those of others,
the peak broadening effect observed in their spectra will
change as well.

For instance, in a reduced state, the CeO,(110) surface
exhibits an intense peak at 2175 cm™! and a smaller peak
at 2170 cm™!, whereas on the oxidized catalyst surface, the
peak at 2170 cm™' has a higher intensity. If the broaden-
ing effect is sufficiently pronounced, the two peaks will
merge, making it challenging to distinguish between the
reduced and the oxidized state (Fig. 5). By adjusting the
peak width for the DFT spectra while comparing them to
the experimental spectrum of the researcher’s own sample,
it is possible to determine the state of reduction or oxida-
tion of the catalyst. This will be even more pronounced if
the wavenumbers themselves are slightly off and it becomes
challenging to differentiate between the various cases due to
the smaller peaks being obscured by the larger ones in the
form of shoulders.

4 Methodology/Technical Implementation

The presented software is a TypeScript-based web appli-
cation. Data is managed in the backend in a Structured
Query Language (SQL) database, ensuring efficient and
secure information storage. Raw files are kept in an S3
(simple storage service)-compatible global object storage.
The backend exposes a GraphQL application programming
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interface (API) to facilitate efficient queries from the client
side, which utilizes the React and Relay frameworks to pro-
vide a responsive and user-friendly interface. Authentication
and authorization mechanisms are enforced using JavaScript
Object Notation (JSON) Web Tokens, with access levels
managed both in the frontend and within the GraphQL
resolvers. The application includes unit tests for key func-
tions, focusing on critical logic and high-risk areas to
prevent regression and bugs. The application is hosted on
the edge [45], leveraging a network of globally distributed
servers to minimize latency and improve scalability.

Building on this technological foundation, API, SQL
schemas, and the user interface were utilized, modified and
extended to support metadata (Fig. 6), intricate search func-
tionalities, and data sharing. Additionally, plotting, import-
ing, and exporting tools were tailored for the comparison of
experimental and DFT spectra.

5 Summary and Outlook

In this paper, we have shown the effectiveness of being
able to adjust peak broadening for simulated IR spectra
with real-time feedback through a new user interface, the
app CaRln, which is freely accessible through the browser
[35, 36]. Furthermore, the proposed application includes
a FAIR database feature that enables researchers to search
and retrieve spectra from a shared repository, with a clear
distinction between published and private data. In con-
trast to the peak broadening, the usefulness of the database
feature is dependent on the network effect, because the
more populated the database is, the easier it will be for a
researcher to find significant spectra through the proposed
search functionalities. However, this will come with the risk
of low-quality data being introduced into the dataset, which
will require continuous stewardship. Especially for experi-
mental data, sample quality is often unknown and depends
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Figure 5. Experimental spectra of CO adsorbed on oxidized and reduced Ce0O,(100) single-crystal surfaces [14, 15]. Underlying vibra-
tional modes are shown as bars. Peak broadening effects lead to obfuscation of distinct vibrational features associated with the CO
molecules.

tabular_data atom molecule
metatdata_id uuid molecule_id uuid name text
symbol text — — created_at datetime
id uuid quantity integer id uuid
created_at datetime I
tabular_data_id : 7
= id uuid
+ ==
|
tabular_data_id uuid 1 |
doi text |
doi_specification text — +
description text 1 HEESS
created _at datetime tag parent_id Ll
id e tag text dataname text
color_id integer type text
updated_at datetime created_at datetime Figure 6. SQL diagram of the
Junction Tables id uuid id i metadata entity that is linked to
each spectrum (tabular data).
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on its history, which is seldom recorded [37]. Novel tools
like Adacta, by creating a digital twin of an experimental
setup, produce a traceable history of all samples [32]. Cou-
pling such tools to the platform CaRMeN, our application
could offer researchers a comprehensive approach to man-
aging and analyzing experimental spectra, enhancing the
reliability and utility of the generated data.

In theory, signal processing algorithms in combination
with a sufficiently populated database could be used to auto-
matically identify unknown materials or specific features of
IR spectra [46, 47]. However, this objective is beyond the
scope of this work; the same applies to automated fitting of
peak broadening, which could be implemented via a math-
ematical optimization with the objective function, trying to
minimize the difference between the newly created curve of
overlapping Gaussian curves and the experimental function
within a certain wavenumber range. If needed by the com-
munity, these features could be implemented in the future.
Finally, we would like to make you aware of the fact that sci-
entifically based understanding of data is required, because
manipulating the spectra through chart settings features can
significantly decrease the scientific validity of the original
simulation or experiment.
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Symbols Used

fi [-] Gaussian function
g [-] sum of all Gaussian functions
I; [-] peak intensity
Limin ~ [-] minimum threshold for intensity
L [cm™] peak distance threshold
Greek symbols
o [cm™!] standard deviation
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Wi [em™] peak center
v [cm™!] wavenumber
Sub-/superscripts
i (-] peak
Abbreviations
API application programming interface
CSv comma-separated values
DFT density functional theory
DOI digital object identifier
DRIFTS  diffuse-reflectance infrared Fourier transform
spectroscopy
FAIR findability, accessibility, interoperability, and
reusability
HWHM  half-width at half-maximum
IR infrared
JSON JavaScript Object Notation
NOMAD Novel Materials Discovery
S3 simple storage service
SDBS Spectral Database for Organic Compounds
SQL Structured Query Language
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