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A B S T R A C T

We present the database of spectroscopic constants of diatomic molecules (DSCDM), a website dedicated to
the spectroscopic constants of ground and excited states of diatomics (https://dscdm.physics.stonybrook.edu).
The database can be improved based on community feedback: the community as contributors may upload
new data. Additionally, it counts on an Application Programming Interface (API) for molecular spectroscopy
data retrieval to make the search process more efficient. On the other hand, the website presents a machine
learning predictor of spectroscopic constants based on atomic properties and a new plotting tool to study the
statistical distribution of spectroscopic constants.
1. Introduction

Most quantum information sciences platforms based on ultracold
molecules, and the most interesting scenarios in cold and ultracold
chemistry, require molecules suitable for laser cooling, i.e., molecules
with diagonal Franck–Condon factors. Hence, it is key to have spec-
troscopy data for the ground and excited states of diatomic molecules
to find the most prominent candidates. On the other hand, we are living
in the Big Data era, and with it comes the time for cloud computing.
As a result, the current scientific paradigm is shifting towards data-
driven science. Indeed, within the umbrella of artificial intelligence,
data-driven science has irrupted in chemical physics, particularly in
spectroscopy [1–6]. Hence, the need for reliable data has proliferated.
A few databases relevant to molecular spectroscopy of diatomics have
been developed, as it has been recently reviewed in Ref. [7], such as the
Cologne Database for Molecular Spectroscopy [8], the NIST Diatomic
Microwave Database [9,10] or DiRef. [11].

In the case of spectroscopic constants of diatomic molecules, the
community counts on:

• The NIST chembook website [12], containing all spectroscopic
data from Huber–Herzberg [13].
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• The diatomic molecular spectroscopy database, a more recent
website, contains 173 heteronuclear molecules from Huber–
Herzberg [13], including ground state and at least one electronic
excited state spectroscopic constants [14].

Similarly, DiRef counts with a large selection of references where
users can find spectroscopic information on diatomic molecules. The
NIST website is very useful, although outdated, and does not support
direct data download, which makes it a robust but not user-friendly
website. On the contrary, the diatomic molecular spectroscopy database
incorporates most capabilities offered by modern websites, like an API,
and it is possible to download the whole database and the particular
data required. Furthermore, it provides Franck–Condon calculations
and plotting options. However, it only contains data on 173 diatomic
polar molecules.

Here, we present the database of spectroscopic constants of di-
atomic molecules (DSCDM), including spectroscopic information for the
ground state for 343 diatomic molecules–polar and homonuclear, and
236 of them count with information of the ground electronic state and
at least one excited electronic state. As a result, we deliver the most
extensive database for spectroscopic constants of diatomic molecules
up to date. The database is linked to a user-friendly website showing
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extra features: a general plotting tool for spectroscopic constants and a
machine learning predictor of spectroscopic constants based on atomic
properties, fueled by the study presented on Ref. [1]. Specifically, we
deliver an online tool dedicated to predicting spectroscopic constants
of diatomic molecules that can be used to identify potential good
candidates for different applications of diatomics, such as laser cooling.

2. Data bases for diatomic molecules

2.1. Data gathering and cleaning

In this project, the spectroscopic constants of diatomic molecules
have been gathered from various published books, papers, and on-
line accessible databases (e.g., The Diatomic Molecular Spectroscopy
Database [14] and NIST [12]). As an extension to the diatomic molec-
ular spectroscopy database, we inlcude the ground state spectroscopic
constants of 32 homonuclear and 54 extra heteronuclear diatomic
molecules from Refs. [12,13,15–84]. In particular, 340 excited states
of 53 molecules (As2, Au2, B2, Bi2, Br2, C2, Cl2, Cs2, Cu2, F2, H2, D2, T2,
He2, I2, K2, Kr2, Li2, Mg2, N2, Na2, Ne2, O2, P2, Pb2, Po2, Rb2, S2, Sb2,
Se2, Si2, Te2, Xe2 [13], AuF [15–20], CaD [13,21], CoF [23–28,85–87],
CrC [34], CrCl [13,88], CrF [32,88], InBr, InCl, InF [33], LiBe [36],
LiCa [38–41,89,90], LiCs [42–44,91], LiK [92], LiMg [48], LiNa [93],
MgCa [50,51], MgH [52], NaK [94], NaRb [56–58], SrI [13,66–71])
were gathered, including molecules containing deuterium (D) and
tritium (T). Most references are experimental studies, and some are
theoretical studies. Theoretical studies usually compare their results
with previously published experimental results, helping to find several
experimental studies regarding molecules of theoretical and experimen-
tal interest. Both experimental and theoretical studies that led us to
them are cited in this work.

Experimental data from cited books, papers, or online accessible
databases could contain errors. Therefore, a careful reading of the text
describing the raw data is required. For instance, footnotes from the
book of Huber and Herzberg helped to curate the data and initiate
a search to find more recent experimental results. In this search, we
encountered cases in which different experimental values were reported
for the spectroscopic constants of the same molecule. For example,
in the case of AuF, we found two values for 𝜔𝑒: Saenger et al. re-
ported 𝜔𝑒 = 560 cm−1 in 1992 [20], while Andreev et al. reported
𝜔𝑒 = 448 cm−1 in 2000 [16]. Similarly, for 30 years, there was a
discrepancy in the value of 𝜔𝑒 of ZnBr. Gosavi et al. reported 𝜔𝑒 ≈ 319
cm−1 in 1971 [95]. Next, Givan et al. reported 𝜔𝑒 ≈ 198 cm−1 in
1982 [96]. Finally, Burton et al. experimentally reported 𝜔𝑒 = 284 cm−1

in 2019 [75]. After finding these situations, we designed a strategy
based on looking into theoretical studies to gain insight into the most
probable value of a given spectroscopic constant. As a result, the data
is clean to the best of the author’s knowledge.

During the development of this work, we have realized that, histor-
ically, uncertainties about the dissociation energy experimental values
had restrained the development of data-based studies concerning D0
and have led several authors to focus their efforts on the 𝜔𝑒 and
𝑅𝑒 due to the availability of [97–99]. The database of spectroscopic
constants of diatomic molecules (DSCDM) is primarily collected from
Huber and Herzberg’s constants of diatomic molecules, first published
in 1979 [13]. However, unlike experimental values of 𝑅𝑒 and 𝜔𝑒, since
1980, a significant number of 𝐷0 values have been updated [100].
To name a few, MgD, MgBr, MgO, CaCl. CaO, SrI, SrO, TiS, NbO,
AgF, AgBr, and BrF all have their experimental values updated with at
least ±2.3 kcal/mol difference from their values in Huber and Herzberg
[13,100]. Moreover, the uncertainties in 𝐷0 experimental values are
not within chemical accuracy for some molecules. For instance, MgH,
CaCl, CaO, CaS, SrH, BaO, BaS, ScF, Tif, NbO, and BrF have uncertain-
ties ranging from ±1 kcal/mol up to ±8 kcal/mol [100]. The authors
are working in a parallel effort to update the dissociation energies of di-
atomic molecules, in which the active thermochemical database [101]
could be very relevant, and it will be published elsewhere.
2

Fig. 1. The infrastructure of the website.

3. Database structure

The structure of the database is centered around the molecule
table, which uses a non-null integer ‘‘mol_id’’ as the primary key for
identifying individual molecules. The name and electronic state of
each molecule are stored as variable character strings in the‘‘molecule_
name’’ and ‘‘electronic_state’’ columns, respectively. Each molecule’s
reduced mass is saved as a floating point number under the ‘‘re-
duced_mass’’ column. The complete data structure is shown in Ta-
ble 1.

The spectroscopic constants (𝑇𝑒, 𝜔𝑒, 𝜔𝑒𝑥𝑒, 𝐵𝑒, 𝛼𝑒, 𝐷𝑒, 𝑅𝑒, 𝐷0, 𝐼𝑃 ) can
either be floating point values or NULL. Information about the data
source is also stored in the database, including the original reference
as a text string in the reference column and the reference date stored as
a variable character string in ‘‘date_of_reference’’. Hence, the user can
check the data accuracy and experimental techniques employed.

4. Website structure

The web platform is powered by Red Hat Enterprise Linux 9.0,
Apache HTTP Server, MySQL, PHP, and Flask framework for back-
end operations. The front-end development employs Hypertext Markup
Language (HTML), Cascading Style Sheets (CSS), and JavaScript, fa-
cilitating the creation of responsive and user-friendly websites with
modern interfaces. The infrastructure of the website is shown in Fig. 1.
The platform is designed to adapt to the user’s device screen size,
optimizing the layout accordingly. On larger screens (max-width is
larger than 868px), all features, including tooltips and detailed dia-
grams designed for larger screens (Fig. 4) are displayed to provide
comprehensive information. Conversely, larger icons and simpler lay-
outs are employed on smaller screens like mobile devices to enhance
user experience.

HTML, PHT, and JavaScript power the dynamic elements of the
website. In addition, critical features like user authentication and file
uploads are implemented using PHP to ensure robust database security.

4.1. Search

The website’s search function includes two pages: a homepage for
entering the search query and a result page to display the retrieved
spectroscopic constants. In Fig. 2, a zoomed-in screenshot of the search
home page and result page shows the main features. Users can enter a
molecule name manually or select from the drop-down list. Before pro-
cessing the user’s input, the code checks whether the entered molecule
name meets a specific pattern since the chemical formula of molecules
is case-sensitive. The corresponding result will only be retrieved if the
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Table 1
Main database structure.
Parameter Units Identifier Description

Molecule name – molecule_name Name of the molecule
Electronic state – electronic_state Electronic state
Molecule ID – mol_id Unique integer identifying the molecule
Reduced mass amu reduced_mass Reduced mass
𝑇𝑒 cm−1 Te Minimum electronic energy
𝜔𝑒 cm−1 omega_e Vibrational harmonic frequency
𝜔𝑒𝑥𝑒 cm−1 omega_ex_e First anharmonic correction
𝐵𝑒 cm−1 Be Equilibrium rotational constant
𝛼𝑒 cm−1 alpha_e First correction of the rotational constant
𝐷𝑒 cm−1 De Centrifugal distortion constant
𝑅𝑒 Å Re Equilibrium internuclear distance
𝐷0 eV D0 Binding energy
𝐼𝑃 eV IP Ionization potential
Reference – reference Reference of the data
Date of reference – date_of_reference Date of the reference
Fig. 2. Screenshots of the database search page.
input molecule name consists of all characters in the correct order,
including uppercase and lowercase letters, as shown in Fig. 3.

To enhance security, the website employs additional precautions:

• Utilizing prepared statements for SQL query execution helps pre-
vent SQL injection attacks.

• Implementing regular expressions to validate user input aids in
thwarting potential threats like Cross-Site Scripting (XSS).

These measures contribute to a robust, efficient, and user-friendly
searchable database interface.

The search page presents a statistical analysis of the whole database.
The results are presented as a pie chart or a bar plot, as shown in Fig. 4.
Panel (a) displays the number of molecules with 1𝛴+ ground state as an
example. Indeed, the list of molecules is updated once the user hovers
over a different slice of the pie chart. A bar plot is shown in panel (b) of
the same Figure, where molecules are classified based on the value of
𝛬 of the ground electronic state. This information helps identify what
kind of molecules should be further included in the database to have
a better sample of the diatomics. For example, having more 𝛷 ground
3

Fig. 3. Flowchart of the search_php.
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Fig. 4. Statistics section of the search page. These two graphs employ the electronic state properties of the diatomic molecules to classify the database.
state molecules may help to understand the spectroscopy of diatomics
since we only count on a handful of them.

4.2. API

Our server provides an Application Programming Interface (API)
for molecular spectroscopy data retrieval. It offers an efficient, direct,
and secure method for accessing the spectroscopic constants of various
molecules. The page is well structured with sufficient guidance that
introduces user query commands. Users can obtain JSON output with
their desired schema using three commends and setting two parame-
ters. Furthermore, users can click the copy button of any commands
and paste them into the query box.

General scheme

• accessed: An ISO 8601 timestamp indicating when the data was
accessed.

• n_records: A numerical representation indicating the number of
records retrieved.

• data: An array containing the actual data records, with each
record being a JSON object. The structure of the objects within
this array depends on the query made.

List molecules endpoint

• id_molecule: The unique identifier of a molecule.
• chemical_formula: The chemical formula of the molecule.

Here is the output format:

{
" accessed " : " ISO-8601-DATE " ,
" n_records " : INTEGER,
" data " : [

{
" id_molecule " : INTEGER,
" chemical_formula " : " MOLECULE_NAME "

},
...

]
}

Retrieve all spectroscopy constants endpoint

• chemical_formula: The molecule’s chemical formula.
• state: The electronic state of the molecule.
• Multiple keys representing different spectroscopy constants, such

as 𝑇 𝑒, 𝜔 , 𝜔 𝑥 , etc.
4

𝑒 𝑒 𝑒
Here is the output format:

{
" accessed " : " ISO-8601-DATE " ,
" n_records " : INTEGER,
" data " : [

{
" chemical_formula " : " MOLECULE_NAME " ,
" state " : " STATE_NAME " ,
" Te " : FLOATING_POINT_OR_NULL ,
" omega_e " : FLOATING_POINT_OR_NULL ,
...

},
...

]
}

Retrieve specific spectroscopy constant endpoint

• id_molecule: Unique identifier.
• chemical_formula: Chemical formula of the molecule.
• reference: Reference source for the spectroscopy constant.
• reference_date: Date associated with the reference.
• state: Electronic state.
• mass: Reduced mass of the molecule.
• name_of_spectroscopy_constant: Name of the specific spectro-

scopy constant requested.
• value_of_spectroscopy_constant: Value of the specific spectro-

scopy constant.

Here is the output format:

{
" accessed " : " ISO-8601-DATE " ,
" n_records " : INTEGER,
" data " : [

{
" id_molecule " : INTEGER,
" chemical_formula " : " MOLECULE_NAME " ,
" reference " : " REFERENCE " ,
" reference_date " : " DATE " ,
" state " : " STATE_NAME " ,
" mass " : FLOATING_POINT_OR_NULL ,
" name_of_spectroscopy_constant " : "

↪ CONSTANT_NAME " ,
" value_of_spectroscopy_constant " :

↪ FLOATING_POINT_OR_NULL
},
...

]
}
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Fig. 5. User interface for our plotting tool.

Error handling

• error: A boolean value set to true.
• message: An error message detailing the reason for the failure.

Here is the output format:

{
" error " : true,
" message " : " ERROR_MESSAGE "

}

The program handles different queries with three API endpoints.
These endpoints have been designed to accommodate user-specific
needs, from fetching a comprehensive list of available molecules to
detailed constant-specific information. Here are the five possible com-
binations of queries and the results:

1. List All Molecules:
Users specify the query type as list_molecules:

{ " query ": " list_molecules " }

The output provides a list containing all molecules available in
the database.

2. Get Spectroscopy Constants for All Molecules:
By sending the query get_all_spectroscopy_constants
without a specific molecule_name:

{ " query ": "
↪ get_all_spectroscopy_constants " }

The output provides all spectroscopy constants for all listed
molecules.

3. Get Spectroscopy Constants for a Specific Molecule:
The query type get_all_spectroscopy_constants,
along with a specified molecule_name:

{ " query ": "
↪ get_all_spectroscopy_constants " ,
↪ " molecule_name ": "
↪ molecule_name_here " }

The output provides all spectroscopy constants related to the
specified molecule.

4. Get a Particular Constant’s Value for All Molecules:
Users can specify the query
get_specific_spectroscopy_constant with a defined
constant but without the molecule_name:

{ " query ": "
↪ get_specific_spectroscopy_constant
↪ " , " constant ": " constant_name_here "
↪ }

The output provides only the specified constant data of all
molecules.
5

Fig. 6. Output of the plotting tool. The input to generate this specific plot is shown
in Fig. 5.

5. Get a Particular Constant’s Value for a Specific Molecule:
The user specify both the constant and molecule_name:

{ " query ": "
↪ get_specific_spectroscopy_constant
↪ " , " constant ": " constant_name_here
↪ " , " molecule_name ": "
↪ molecule_name_here " }

The response provides the value of the mentioned constant for
the given molecule.

4.3. Plotting tool

The website provides a plotting tool to quickly visualize the spec-
troscopic constants of the ground electronic state of diatomic molecules
(𝑇𝑒 = 0 cm−1) available in our database. The plots provided by our tool
are generated using the Python package Matplotlib [102]. There are
two options for data visualization using this tool:

• By clicking the ‘‘Plot’’ buttons next to the menu attached to
each of the spectroscopic constants, as displayed in Fig. 5, users
can request a histogram plot, along with the mean and standard
deviation, of a particular spectroscopic constant (𝑅𝑒, 𝜔𝑒, 0, 𝐷𝑒,
𝜔𝑒𝑥𝑒, 𝐵𝑒, 𝛼𝑒, and IP). These histograms show the distribution of
the spectroscopic constants, which may be helpful for those not
acquainted with these constants and their typical values.

• Users can request scatter plots between particular functions of two
spectroscopic constants–𝑥𝛼 , with 𝛼 ∈ [−6, 6] and ln (𝑥), displaying
their relationship in log–log, log–linear, or linear–linear scale.
This tool may be helpful to those who wish to investigate the
possible relationships between the spectroscopic constants. To use
this option, the user needs to click one of the possible X-values
and select the function to represent. Then, a possible Y-value
and a function must be chosen, and finally, push the button
plot underneath, as displayed in Fig. 5. An example output using
𝜔1∕3
𝑒 as the X-value and 𝑅𝑒 for the Y-value is shown in Fig. 6.

The results are displayed in linear scale as default. However, it
is possible to change this by typing yes on the pertinent box
representing the X or Y axis scale (see Fig. 5), as the user requires.

4.4. Machine learning tool

The website provides predictors for the internuclear equilibrium
separation 𝑅𝑒, harmonic frequency 𝜔𝑒, binding energy 𝐷0, and the first
anharmonic correction 𝜔𝑒𝑥𝑒 to the harmonic frequency, as shown in
Fig. 7. To retrieve the 𝑅𝑒 prediction, the user only needs to type the
chemical formula. The same applies to predicting 𝜔𝑒, although it is
necessary to provide the value of 𝑅 . On the contrary, the user must
𝑒
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Fig. 7. Spectroscopic constants predictor page.

provide the chemical formula, 𝑅𝑒, and 𝜔𝑒 for the prediction of 𝐷0 and
the first anharmonic correction 𝜔𝑒𝑥𝑒.

The featurization of our machine learning models for 𝑅𝑒, 𝜔𝑒, and
𝐷0 follows Ref. [14]. However, in the present case, apart from Gaussian
process regression (GPR) models, we employ neural-networks (NN) and
develop a predictor for 𝜔𝑒𝑥𝑒.

4.5. Contributions

Users are allowed to upload new molecule data into our database
after registration. Users who intend to contribute new data will be
redirected to the upload page, as Fig. 8 displays. By completing the
form and typing in any additional message, all information will be sent
to the administrator for review. Once new data are approved, we will
update the main database and machine learning models.

5. Machine learning

GPR is a non-parametric fitting model approach that assumes no
prior functional form of the target and learns the mean function and
covariance [103], so every predicted result has attached a confidence
interval. Specifically, GPR aims to predict target value(s) by learning
the relationship between inputs (features) and outputs (targets) using
a training data set–GPR learns the probability distribution of the target
value(s) conditioned on the features and the training data.

For three of our predictors, 𝑅𝑒, 𝜔𝑒, and 𝜔𝑒𝑥𝑒, we also provide
predictions made by neural networks (NN). Neural networks are a
popular machine learning model type with vast and varied applications,
such as in data-driven regression tasks [104]. NN models have param-
eters arranged in a series of layers, each with a variable number of
neurons, as depicted in Fig. 9. This Figure displays the neural network
architecture for the 𝑅𝑒 predictor: 21 layers with a variable number of
neurons. Each neuron contains a set of parameters to perform a linear
transformation on its inputs; the result of this transformation is sent to
a non-linear activation function to produce a neuron’s output. All of
the activations produced by a layer’s neurons are sent to the following
layer, where the same process is repeated until the final layer is reached
and delivers the final output, which, in our case, is the result of the
regression.

The featurizations between the two model types (NN and GPR) for
a given spectroscopic constant are similar. In the case of NN, some
extra adjustments are necessary to ensure permutational invariance of
the chemical formula since the location of features in the input vector
matters. On the contrary, GPR easily learns to treat permutations,
6

Table 2
Featurizations for the different models. The rows are the model types, Gaussian process
regression (GPR) or neural network (NN), and the columns represent a spectroscopic
constant supported by our predictor. 𝑔𝑖 and 𝑝𝑖 stand for the group and period of the
𝑖th atom, respectively, and 𝜇 is the reduced mass. ‘‘…’’ denote the features used in
learning 𝑅𝑒 when employed on the prediction of other spectroscopic constants. Note
that there is no NN for predicting 𝐷0 values, and the features are absent.

𝑅𝑒 𝜔𝑒 𝜔𝑒𝑥𝑒 𝐷0

GPR (𝑔1 , 𝑔2 , 𝑝1 , 𝑝2) (… , 𝜇, 𝑅𝑒) (… , 𝑒−𝑅𝑒 , ln (𝜔𝑒)) (… , 𝑅𝑒 ,
1

𝑅12
𝑒
−

1
𝑅6

𝑒
, ln (𝜔𝑒))

NN ( 𝑔1+𝑔2
2

,
√

𝑔1𝑔2 ,
𝑝1+𝑝2

2
,
√

𝑝1𝑝2 ,
min(𝑔1 , 𝑔2),
max(𝑔1 , 𝑔2),
min(𝑝1 , 𝑝2),
max(𝑝1 , 𝑝2))

(… , 𝑅𝑒 , 𝜇) (… , 𝑒−𝑅𝑒 , 𝜇, ln (𝜔𝑒))

such as HCl versus ClH, equally because it uses the distances between
inference points and training points to make predictions.

All machine learning models are trained on the maximum amount
of data available in the database for a given task except for GPR
predictions for heteronuclear molecules’ 𝑅𝑒 values, for which a model
trained on a subset of heteronuclear molecules performs better. Using
all of the relevant data in our database limits the amount of test data
available but also provides the models with more information, which
generally leads to better predictions. In the case of GPR, our predictors
return the mean of the predicted Gaussian distribution with plus or
minus one standard deviation.

Featurization and user workflow

The complete set of features used across all seven models in our
spectroscopic constant predictor tool is provided in Table 2. The 𝑅𝑒
predictor is the simplest in terms of featurization: it only uses atomic
properties. It should be noted that since this predictor, as well as all
others, use the groups and periods of the constituent atoms as features,
the predictors are restricted to making predictions for molecules that do
not contain lanthanides or actinides, for the sake of simplicity, although
it can be included in more complex models [1,2,14].

We present two models for the 𝑅𝑒 predictor. One of these predic-
tions uses GPR, and the other a feed-forward NN, whose structure is
displayed in Fig. 9. Due to the simplicity of this model’s featurization,
it is the first model presented to the user (the top-most one) as shown
in Fig. 7. All this model requires is for the user to submit the chemical
formula of the diatomic molecule. This model is presented first such
that users can use its prediction in later predictors. For example, if one
wishes to predict 𝜔𝑒 for a molecule that does not have a measured 𝑅𝑒,
they would first need to use the 𝑅𝑒 predictor to get a value of 𝑅𝑒 for
the 𝜔𝑒 predictor.

The second predictor makes inferences for the harmonic frequency
𝜔𝑒 of diatomic molecules based on atomic properties and the molecule’s
𝑅𝑒 value. All the user needs to enter is the chemical formula of the
molecule and its 𝑅𝑒 in Angstroms, and two predictions are provided:
one made by a GPR model and the other by a feed-forward NN.

The third predictor makes predictions for the binding energy 𝐷0 of
a given diatomic molecule. Unlike the previous predictors, this model
provides just one prediction made by a GPR model. This model requires
the user to input the molecule’s chemical formula, its 𝑅𝑒 value in Å, and
its 𝜔𝑒 value in cm−1.

The fourth and final model of the database’s machine-learned spec-
troscopic constant predictor makes two predictions for 𝜔𝑒𝑥𝑒: one from a
GPR model and a second from a neural network. To make a prediction
for 𝜔𝑒𝑥𝑒 the user needs only to input the molecule’s chemical formula,
its 𝑅 in Å, and its 𝜔 in cm−1.
𝑒 𝑒
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Fig. 8. The upload form and message box.
Fig. 9. Neural network architecture. Scheme of the feed-forward neural network model architecture used to make predictions for 𝑅𝑒 values.
Model performance

Figs. 10 and 11 show the website predictor’s performance on a
small number of diatomic molecules not present in the database. The
associated root mean square deviation (RMSD) errors are provided in
Table 3, showing the model’s performance on molecules for which it
has no previous data. The small number of test points provided here
can be explained by the lack of experimental data or the difficulty
of finding molecules not already in the database for which sufficient
data is available. The ‘‘actual’’ data for evaluating the machine learning
predictions was gathered from the NIST chemistry webbook, Ref. [12],
for all spectroscopic constants except 𝐷0. The ‘‘actual’’ 𝐷0 data was
gathered from Ref. [105], except for Al2, taken from Ref. [106].

The molecules used for testing the performance of the 𝑅𝑒 models
are the following: HCl, HBr, HI, AsH, HSn, KO, OF, Ca2, and Al2. For
evaluating the 𝜔𝑒 models’ performance, all of the molecules mentioned
above except HSn are used. For 𝜔𝑒𝑥𝑒 models, the following molecules
were used: HCl, HBr, HI, Al2, OF, and Ca2, and the results are shown in
Figs. 10 and 11, and the associated errors of the models are presented in
Table 3. The 𝑅𝑒 and 𝜔𝑒 models’ results indicate relatively accurate pre-
dictions (GPR predictions are more accurate than NN), so users should
expect that generated predictions are close to actual measurements
for molecules similar to those in our database. On the contrary, the
performance of the 𝜔𝑒𝑥𝑒 predictor varies. In this case, the NN model
for 𝜔𝑒𝑥𝑒 performs much better than GPR. Admittedly, the performance
of the GPR model for 𝜔𝑒𝑥𝑒 is lacking for select test molecules.

The molecules used for the 𝐷0 model evaluation are HCl, HBr, HI,
Al2, Ca2, KO, and HSn. The results of the model evaluation can be
found in Fig. 11, and the associated errors of the model are presented in
7

Table 3
Root mean square deviations (RMSD) of the different machine learning models’
predictions in comparison to available data. All of these evaluation points are done
on molecules absent from the database and the training data set. When applicable,
both the error results of neural networks (NN) and Gaussian process regression (GPR)
are shown.

Model 𝑅𝑒 (Å) 𝜔𝑒 (cm−1) 𝜔𝑒𝑥𝑒 (cm−1) 𝐷0 (eV)

GPR 0.0788 155 9.65 0.510
NN 0.169 79.1 2.62

Table 3. The 𝐷0 model makes accurate predictions for most molecules.
It should be noted that for the prediction of 𝐷0 of HSn, a predicted
value of 𝜔𝑒 from our 𝜔𝑒 predictor’s NN model had to be used due to the
absence of experimental data. However, the 𝐷0 model fails on certain
molecules, which we can consider outliers in performance.

These outliers in performance could represent instances in the test
data that are too different from training data to expect decent results,
specific regions in the feature space where there are faults in the
predicting model, errors in the data, or potentially combinations of
these. Explanations for faulty model performance on some molecules
could include the lack of sufficient and representative training data,
as is typical for poor ML models, and insufficient hyperparameter
optimization. Additionally, improvement may be found by developing
multiple models that are tailored to specific kinds of molecules, such
as a homonuclear 𝐷0 model separate from a heteronuclear 𝐷0 one,
because the relationship between features and targets may be more
apparent to the models when the data is meaningfully separated.
However, that separation may be more complex than heteronuclear
versus homonuclear molecules [2].
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Fig. 10. Machine learning predictor performance. Actual versus predicted data for different spectroscopic constants. The blue dashed line represents the 𝑦 = 𝑥 graph, and the data
(red dots) would fit on the dashed line for a perfect predictor. Panels (a), (b), and (c) represent prediction data for the GPR models, whereas panels (d), (e), and (f) represent
prediction data for the same constants as (a), (b), and (c), respectively, except with results for the NN models.
Fig. 11. 𝐷0 from our predictor on a set of molecules not included in the database nor
in the model’s training data set. The blue, dashed line represents the graph of 𝑦 = 𝑥
and a perfect model would place every data point on said line.

6. Conclusions

We have presented ‘‘The database of spectroscopic constants of
diatomic molecules (DSCDM)’’, including new capabilities and a more
extensive database than others to maximize the user’s experience.
The database, containing 344 diatomic molecules with spectroscopic
constants and 236 with at least one excited electronic state, is the
back-end of a modern website. The website shows a general plotting
tool, allowing the user to plot all the data in the database (for ground
electronic state properties) in different ways. On the other hand, the
website shows a spectroscopic constant predictor using GPR and NN
machine learning models based on the current database. Despite some
prediction flaws on specific molecules, our machine learning predictors
offer a user-friendly way to supplement the database by allowing users
to generate accurate predictions for select spectroscopic constants when
the corresponding experimental data is absent from our database.

Any data from the database can be searched via an API and through
the search engine incorporated into the website. Similarly, all the spec-
troscopic information can be downloaded in the user-friendly .csv for-
mat. In addition, users can contribute to the database after a screening
8

by the website manager. In this way, we aim to deliver a community-
driven database.

Finally, it is worth emphasizing that this database contains only
4.9% of the possible diatomic molecules. As a result, the need for
more spectroscopic data is evident for a better understanding of di-
atomic molecules, the basic building block of larger and more relevant
chemical complexes.
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