
1 
 

Combined graph/relational database management system for 
calculated chemical reaction pathway data 

 
Timur Gimadiev1, Ramil Nugmanov2, Dinar Batyrshin2, Timur Madzhidov2, Satoshi Maeda1, 

Pavel Sidorov1*, Alexandre Varnek1,3* 
 

1 Institute for Chemical Reaction Design and Discovery (WPI-ICReDD), Hokkaido University, Kita 21 
Nishi 10, Kita-ku, 001-0021 Sapporo, Japan 
2 Laboratory of Chemoinformatics and Molecular Modeling, Butlerov Institute of Chemistry, Kazan 
Federal University, 18, Kremlyovskaya str., 420008 Kazan, Russia  
3 Laboratory of Chemoinformatics, UMR 7140 CNRS, University of Strasbourg, 4, Blaise Pascal str., 
67081 Strasbourg, France 
*e-mail: pavel.sidorov@icredd.hokudai.ac.jp, varnek@unistra.fr  

Abstract 
Nowadays quantum chemical calculations are widely used to generate extensive datasets for 
machine learning applications, however, generally these sets only include information on 
equilibrium structures and some close conformers. Exploration of potential energy surface 
provides an important information on ground and transition states, but analysis of such data is 
complicated due to the number of possible reaction pathways. Here, we present RePathDB, a 
database system for managing 3D structural data for both ground and transition states resulted 
from quantum chemical calculations. Our tool allows to store, to assemble and to analyze 
reaction pathway data. It combines relational database CGR DB for handling compounds and 
reactions as molecular graphs with a graph database architecture for the pathway analysis by 
graph algorithms. Original Condensed Graph of Reaction Technology is used to store any 
chemical reaction as a single graph. 
 

Introduction 
Public and commercial chemical databases collect, curate and index thousands of chemical 

data records daily. They range from gigantic libraries like ZINC1 (over 700M 2D structure 
records, as of 2018) or CAS registry2 (over 163M small molecules) including purchasable 
chemical compounds, to smaller, more focused databases such as ChEMBL3 (over 1.9M 
structures with bioactivity records) or DrugBank4 (about 14 000 registered drugs, with 
biological targets and clinical information). Experimental reaction data is also quite abundant: 
CAS REACT5 includes more than 128 million reactions and synthetic preparations, while 
Reaxys6 has over 53M reactions. All these databases greatly assist organic and medicinal 
chemists, chemoinformaticians in their research.  

However, conventionally the databases deal with the relational tables of 2D molecular 
structures, since this format is more convenient to handle and most algorithms such as 
structural search etc., are well implemented only for 2D structures. Needless to say, the sources 
of 3D structures are also quite scarce – they can be obtained either via crystallographic studies, 
or by quantum chemical calculations.  

Datasets of 3D structures calculated by quantum chemistry have started emerging recently 
with the growing interest of application of machine learning methods to emulate QC. The most 
prominent QM7 and QM9 sets7 are based on GDB virtual database  which assembles 
combinatorially enumerated structures containing up to 7 or 9 heavy atoms, respectively. The 
PubchemQC8 dataset was created in a similar manner: it contains  extracted from Pubchem 
database structures for which the geometries and energies of the ground and excited states were 
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calculated using TD-DFT method. The largest available set of structures calculated by QC is 
ANI set9,10 containing > 5M structures. 

Accurate predictions of ground states, however, has limited applications, notably if it 
concerns single molecules. Exploring the potential energy surface (PES) of molecular 
ensembles could lead to better understanding of intermolecular interaction and, especially, 
chemical transformations. With the advancement in computational power, it is now possible to 
explore PES for ground and transition states in extensive QC calculations11–15 taking into 
account also the transformations occurring in molecular complexes. For example, recently 
developed Global Reaction Route Mapping (GRRM)16,17 approach for a given set of molecules, 
provides with multiple reaction pathways at DFT level. However, the analysis of such data is 
challenging due to the large number of both equilibrium structures and transition states, as well 
as intermediate points on the slopes of PES. Conventional relational databases architecture can 
hardly be used  for the storage and analysis of this information because (i) both 3D and 2D 
structures must be stored; (ii) equilibrium, transition and intermediate states should be stored 
in different relational tables; and, therefore, (iii) building reaction pathways would require 
multiple joinings of these tables. In this case, represent of the ensemble of data as a graph looks 
more convenient, because it allows to apply various graph theory algorithms (e.g., shortest path 
search) for the analysis of pathways. Recently, application of a graph database architecture for 
chemical data has been reported18 as a tool for merging data from ChEMBL abd DrugBank.  

In this work, we report a new reaction database management system combining relational 
and graph architectures which allow to consider both 2D and 3D objects. On one hand, all 3D 
structures calculated by QC are stored along with their energy and some other selected 
parameters. On the other, all conformations of a given reaction complex can be stored as a 2D 
molecular graph (or set of graphs), thus allowing to perform conventional structural or 
similarity searching. The treatment of chemical transformations is based on the Condensed 
Graph of Reaction (CGR) approach19. A CGR represent a single molecular graph resulted from 
superposition of related atoms of reactant and products. This graph contains both conventional 
chemical bonds and such called dynamical bonds and atoms characterizing chemical 
transformations (breaking, formation, change of order, etc.). This technology greatly facilitates 
the storage and analysis of chemical reaction data. In this work, we extend the CGR approach 
to three-dimensional space by encoding a given transition state structure by a 3D graph. Thus, 
resulting database accommodates 3D structures calculated by QC, related 2D structures 
together with reactions (CGRs) in a single graph. Special algorithms for a fast search of 
reaction paths between two selected species have been implemented. The developed database 
system is available as a Python library. 

Methods 
Condensed Graph of Reaction 
In silico handling of chemical reactions can be significantly simplified by the Condensed Graph 
of Reaction (CGR) approach19. In this framework, the structures of reactants and products are 
merged into a single molecular graph (Figure 1). The CGR edges correspond either to standard 
chemical bonds or to “dynamic” bonds describing transformations. Similarly, dynamic atoms 
may also be designated as atoms that change a property (e.g., formal charge) during the 
transformation.  In such a way, one can consider a CGR as a pseudomolecule for which some 
types of molecular descriptors can easily be computed followed by their application in data 
analysis and statistical modeling tasks.20 This approach has been successfully applied to 
various tasks, such as similarity search in reaction databases,19,21 building quantitative 
structure-reactivity models,22–25 assessment of tautomer distributions,26,27 prediction of activity 
cliffs,28 classification of enzymatic transformations,29 prediction of reaction conditions30,31. 
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Here we use recently developed CGRtools Python library32 as a base for storage and analysis 
of compound and reaction data. 

 
Figure 1. Traditional depiction of reaction equation (left) and the corresponding Condensed Graph of 
Reaction (right), exemplified by an esterification reaction. In addition to conventional bonds of different 
orders, CGR contains dynamical bonds (forming and breaking during the transformation), indicated 
here by green and red color, respectively.  

Global Reaction Route Mapping and Artificial Force-Induced Reaction 
The exploration of reaction pathways as parts of PES are performed here by Global Reaction 

Route Mapping program, version 2017 (GRRM17), with the Artificial Force-Induced Reaction 
(AFIR) methodology. AFIR methods introduces a special force to make slight deformations on 
the molecular structure in order to rapidly analyze the reaction pathways including both 
equilibrium structures and transition states. The calculations are performed using user-defined 
computational level (semi-empirical, DFT, etc.).  

Here, as a case study we consider the Wohler’s urea synthesis pathways data resulted from 
GRRM17 calculations33. The data set consists of >850 equilibrium structures and >5000 
approximate and optimized transition states calculated at DFT level with ωB97X-D basis set 
(cf. original paper33 for details). 
Database management 

All new types of entities in this project (see “Results and Discussion” section) are 
implemented as extensions of Neo4J database34 (v. 3.3) nodes, via neomodel Python library (v. 
3.3.2). CGRdb and CGRtools (v.4) Python libraries have been used for storing and 
management of molecular structures, encoding reactions as Condensed Graphs, and 
substructural and similarity searches. CGRdb is based on PostgreSQL. As the developed library 
requires an extended list of external DB tools to be properly installed and set up, it is also 
available as a Docker container.  

Feeding the data to the database requires Neo4J, CGR DB to be launched on the server, and 
the following command to be run with appropriate information (hosts, ports, etc.): 
python -m repathdb  
-pg POSTGRES_CONNECTION_INFO ("//user:port@host:port/table")  
-nj BOLT_CONNECTION_INFO("bolt://login:pass@host:port") 

populate -f FOLDER -s FILE_TYPE 
“Populate” command above will launch he script that will search the specified folder (-f 

option) for files (-s option) and will parse these files to extract 3D coordinates and the energy 
of structures. Please note that the parser has been implemented specifically for the output files 
created by GRRM/AFIR software, so different formats will require the development of a new, 
specific parser. 
Web interface 

Web interface is implemented with Plotly Dash framework35 as it is the most convenient 
modular framework that can include a wide variety of widgets on a web page. MarvinJS web 
plugin (v.20.2.0, 2020, ChemAxon, http://www.chemaxon.com) is used for the search query 
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editor. 3D structure visualization is implemented as a custom JavaScript widget based on the 
3DMol.js library36. 

Results and discussion 
RePathDB architecture 

The developed database and database management system combines two architectures – a 
relational database for molecular graphs (for both compounds and reactions) and related 
properties, implemented using CGR DB library, and a graph database to represent the 
relationships between the entities, built using Neo4J.  

As a DBMS developed specifically for dealing with chemical reactions using the CGR 
concept, the purpose of CGR DB in here is two-fold. First, CGRtools library serves as the base 
of CGR DB and allows to parse a variety of chemical formats, including XYZ format storing 
3D coordinates of all atoms of the system. Second, it is used to perform fast search by chemical 
structures (substructural or similarity search) for both molecules and reactions, represented as 
molecular graphs.  

On the other hand, the relationships between entities in RePathDB are managed by a graph 
database, rather than by the conventional “key-attribute” paradigm of a relational table. This is 
especially convenient when the nature or the number of relations for each entity is not known 
beforehand. Another advantage is the accessibility of graph algorithms. The set of pathways of 
a reaction can be imagined as a graph, therefore, such architecture facilitates the exploration 
and analysis by graph algorithms. For example, the shortest path between a reactant and a 
product can be easily found via a graph.  

To implement the graph architecture (see the schematic view on Figure 2), we introduce 
entities (graph nodes) of the following types: 

1) Molecule (M) represents an individual chemical compound (e.g., NH3, H2O, etc.). 
Molecules are stored as 2D molecular graphs.  

2) Complex (C) describes an ensemble of species involved in a system investigated by 
quantum calculations and consists of one or several M stored as 2D molecular graphs. Since 
the order of atoms may vary from one C to another one, a special tool assures atom-to-atom 
mapping of a given M into related C. 

3) Reaction (R) encodes a transformation of one C to another one by a Condensed Graph 
of Reaction (CGR). Atom-to-atom mapping of two Complexes C1 and C2 participating in R is 
stored. For each pair of related Complexes, two Reactions are considered: from C1 to C2, and 
vice versa (see Figure 1). 

4) Equilibrium structure (S) is a particular 3D configuration of C corresponding to a 
minimum on the PES. Since several geometries may correspond to local minima, one C can be 
related to several S. Atomic coordinates and energy of every S as well as atom-to-atom 
mapping of S into C are stored in the database. 

5) Two types of Transition state (TS) are considered: true or approximate ones. Each TS 
relates two S. In 2D perspective, TS corresponds to a CGR of encoding a given Reaction. 3D 
atomic coordinates and energies of transition states are stored in the entities. 

6) Molecular formula (B) represents the full atomic composition of the studied system 
and is the same for all pathways considered in the given study. These pathways can be viewed 
as different parts of the same PES. 

7) Single system (explored PES for one reaction or one reaction mapping) may include 
hundreds of single transformation paths and, therefore, will accommodate many connections 
C – R – C – R – C …, etc. Schematically, the architecture of the database for a single 
transformation is shown on Figure 2. 
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Figure 2. Schematic representation of the RePathDB architecture for transformation of one Complex to 
another one. Molecule nodes (M) represent individual chemical compounds. Complex (C) is a 
combination of several molecules. Each Complex is represented by one or several equilibrium structures 
(S). Transformation of one complex C to another corresponds to Reaction (R), stored as a Condensed 
Graph of Reaction. For each pair of related Complexes, both forward and backward reactions R are 
considered. From 3D perspective, each R is associated with one or several Transition states (TS), each 
connecting two S. The arrows show atom-to-atom mapping M to C, S to C and TS to R. Any entity with 
the same atomic composition is also connected to the corresponding Molecular formula node (B), the 
connections are not shown here for easier reading. 

3D structure parsing 
Typical output of quantum chemical calculations contains a list of atoms together with their 
Cartesian coordinates, without any information concerning chemical bonds. The existence of 
a chemical bond is usually deduced from related interatomic distance. In order transform a 3D 
structure into molecular graph a bond type assignment (single, double, etc.) is also required. In 
order to determine both chemical bonds and their types for a given structure, the following 
rules have been applied: 

1. A single bond between atoms i and j is assigned if related interatomic distance Dij < 
1.25(Ri+Rj), where Ri and Rj are covalent radii of the corresponding atoms. Notice that 
all hydrogen atoms are explicitly accounted for. 

2. All atoms are then checked for full valence (implementation by CGRtools library).  
3. An atom failing the full valence check searches connected neighbors for other non-full 

valences. If found, related bond order is changed to double or triple. 
4. If the valence check still fails and there are no neighboring atoms with vacancies, 

formal atomic charges are assigned instead. 
 

Related software tool (XYZ parser) has been implemented in CGRtools library. The log file 
parser used to extract an information from the GRRM/AFIR output files is specialized for this 
format only. The parser searches files with specific headers and processes them only if they 
have, at least, three structures: initial and final equilibrium states, and the maximum energy 
point (real or approximate transition state). The parser checks the existence of transition state 
(maximum energy) and ignores the files lacking this information. For other data formats and 
purposes, the parser can further be customized.  
 
Reaction pathway search 

The main advantage of mapping 3D structures to 2D molecular graphs is the simplification 
of the underlying data structure. A single GRRM run may result in thousands of isolated 
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equilibrium states and even more paths and transition states connecting them. Performing a 
shortest path search on such an extended graph becomes extremely cumbersome. Furthermore, 
as the number of nodes grows up, especially in the case of merging information from many 
different runs, an application of standard search algorithms becomes hardly possible. Several 
tests performed on some 200 000 nodes gathered from four different runs, demonstrated that 
the search could not be resolved in reasonable time.  

The aggregation of several 3D structures with the help of corresponding 2D structure (either 
a molecular complex, or a CGR) significantly reduces the number of nodes in the final graph 
(see Figure 3). The search for the reaction pathway connecting two molecules for the reduced 
graph is implemented in RePathDB. Technically, a search can be launched using either 
command line or web interface. When web interface is used, a query involving given initial 
and final structures can be prepared with the MarvinJS structure editor. Structural keys 
(fragments) implemented in CGR DB are used in substructure and Tanimoto similarity 
searching algorithms.   

Once both reactant and product molecules are detected, the graph database will find the 
most optimal path between them. The optimality metric is estimated as the sum of all energy 
barriers along the path, i.e. the differences of energies between a transition state and the 
preceding equilibrium state are summed up to form the score. Only the nodes belonging to the 
reduced graph are considered (see Figure 3). In this case, the lowest energies among 
corresponding 3D configurations are used to assess the energy barriers. Alternatively, each 
barrier can be ranked along the way, so that the lowest is selected at every step. A test search 
for the shortest path between two given molecules among 200 000 nodes corresponding to four 
different runs (therefore, four different atomic compositions) resolved in less than 5 minutes 
using a server with Intel Xeon 12-core processor and 64 GB RAM. Current implementation of 
the web interface shows five most optimal paths from reactant to product, their scores and the 
related energy diagrams to the user. 

 

  
Figure 3. Full reaction pathway graph obtained from GRRM studies (a) and related reduced graph (b). 
Nodes in the full graph correspond to the equilibrium states discovered in QC calculations, edges 
correspond to true or approximate transition states. In the reduced graph, the nodes correspond to the 
2D structure of the complexes (objects C in Figure 2), whereas the edges to reactions (objects R in 
Figure 2) linking two complexes. This allows to reduce the number of nodes from 852 in the full graph 
to 20 in the reduced graph, which leads to significant acceleration of the reaction pathways search. 
Graphs are visualized with D3.js library. 

 
Transition states as 3D CGRs 

GRRM/AFIR calculations allow to extensively explore the PES to find numerous transition 
states of a given system. The number of these TS may be great: e.g., for Wohler’s urea synthesis 

(a) (b)
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pathways 152 true TS (representing slow processes like chemical bond rearrangements) and 
over 5000 approximate TS (representing fast processes like conformational changes) were 
found. On the other hand, they represent a smaller number of actual transformations (R in 
Figure 2). In the database, all reactions are encoded into Condensed Graphs of Reactions (CGR). 
Ensemble of transition states (TS) associated with a given R are simply different 3D geometries 
corresponding to the same transformation, and thus can be represented by a single 3D CGR 
(see example on Figure 4). 

A special extension for 3D CGR has been developed and implemented into CGRtools 
library (also available in web interface as 3Dmol.js widget). The information about bond types 
in 3D CGR is not deduced from the atomic coordinates but is taken directly from 2D CGR. 

 

 
Figure 4. Examples of reactions along the urea synthesis pathway (left), corresponding 2D CGR 
(center) and related 3D CGR (right) describing the lowest-energy conformer of the transition state of 
each reaction. Notice that molecules are retained in the formal reaction equation whenever they are a 
part of the transition state structure. Conventional, forming and breaking bonds are shown in black, 
green and red, respectively. Superposition of red and black sticks corresponds to a double-to-single 
bond transformation.  

Conclusions 
In this paper we present a new database architecture for storage and analysis of 3D chemical 
structures calculated by quantum chemistry. While the management of data related to single 
molecules is possible with conventional relational databases, they are less suitable for chemical 
reaction data. Specifically, the pathway of chemical transformations during the exploration of 
PES is more easily understood as a graph. Therefore, we propose a database system that 
combines the graph and relational architectures and all their advantages. 
Since the number of 3D structures obtained via the exploration of PES even for one reaction 
system may be overwhelming, our tool circumvents this by relating all equilibrium structures 
to molecular graphs, and all transition states to Condensed Graphs of Reactions. This allows to 
reduce the computational cost of searches and pathway scoring significantly. Furthermore, 
CGR concept allows to represent the 3D structure of a transition state in a new way, actually 
showing the transformations happening during the reaction. The developed system is 
implemented as a Python library. 



8 
 

Code availability 
Described Python library is freely available at GitHub: https://github.com/icredd-
cheminfo/RePathDB. We also use following freely available libraries: CGRtools 
(https://github.com/cimm-kzn/CGRtools), CGR DB (https://github.com/stsouko/CGRdb),  
Neo4J Graph Database (https://neo4j.com/neo4j-graph-database/), Plotly Dash 
(https://plotly.com/dash/), D3.js (https://d3js.org).  

Data availability 
Data used to illustrate the functionality of RePathDB were taken from reference33, and are 
available from the authors on demand. 
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