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A B S T R A C T   

In recent years, automatic generation of reaction networks for chemical processes has attracted considerable 
attention. However, most of the automatic generators focused on the construction of reaction networks by 
computer and are essentially dependent upon the predefined reaction rules or categories. The reaction rules for 
constructing reaction networks are derived manually based on the individual’s understanding of reaction 
mechanism equation as well as the corresponding experiences, which hinders the automatic generation of re-
action network directly from the complex reaction mechanisms or equations. In this article, we proposed a 
strategy to automatically identifies the reaction rules directly from the reaction equation using a Reaction Rules 
Topological Matrix Representation (RTMR) method. Taking the induction period of methanol to olefins (MTO) 
process as an example, we showed how to use RTMR to extract the information of reaction mechanism equation 
in the literatures, and then establish the reaction networks of the multiphase catalytic process. The results 
suggest that RTMR not only provides an effective approach for automatic reaction mechanisms equation 
extraction, but also demonstrates new reactions prediction ability after training with the literature information. 
It is expected RTMR can be promisingly implemented in knowledge-driven reaction network generation in 
multiphase catalytic processes.   

1. Introduction 

Reaction kinetic models have been used as a common practice in 
chemical engineering for process development and reactor design. 
Despite the differential–algebraic equations of related kinetic parame-
ters and thermodynamic data, reaction networks also constitute a key 
component in reaction kinetic models (Vernuccio and Broadbelt, 2019). 
Reaction network deals with the connections between reactant and 
product molecules, as well as various intermediates, via potential re-
actions based on the reaction mechanisms. Usually, for a complex het-
erogeneous catalytic reaction process, it is a non-trivial task even for an 
experienced chemical engineer to establish the reaction network as the 
hand-drawn reaction routines would not incorporate all the mecha-
nisms. Rapid development of computational power in recent decades 
makes it possible to automatically generate the reaction network of a 
complex reaction process by the computer (Froment, 2013; Suleimanov 
and Green, 2015; Thybaut and Marin, 2013; Unsleber, 2023; Unsleber 
and Reiher, 2020). 

The automatic reaction network generators have been continuously 
developed (Turtscher and Reiher, 2023), and typically systems such as 
NETGEN (Broadbelt et al., 1994), (De Witt et al., 2000), EXGAS (Buda 
et al., 2005), RING (Rangarajan et al., 2010), Genesys (Vandewiele 
et al., 2012), RNG (Karaba et al., 2013) (Zámostný et al., 2014), RMG 
(Gao et al., 2016), and CRN-ML (Wen et al., 2023), have been success-
fully applied to catalytic cracking, isomerization, combustion and other 
reaction systems. In addition, they are also used in heterogeneous cat-
alytic reactions (Steiner and Reiher, 2022) and automated reaction 
monitoring of complex chemical systems (Puliyanda et al., 2022). Most 
of the automatic generators focused on the construction of reaction 
networks by computer and are essentially dependent upon the pre-
defined reaction rules. The state of art of the reaction network con-
struction concentrates on the structural expressions of species and 
reactions using computer processible symbols on the one hand, and 
automatic reaction network generation algorithm on the other hand. 
Both linear symbols and graphical algorithms have been widely used as 
the representation methods. Linear symbols provide an effective way to 
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represent the structural formula of organic matters. For example, 
SMILES use simplified linear symbols to express atoms, charges, chem-
ical bonds, branch chains and rings in chemical structures (Weininger, 
1988; Weininger et al., 1989). SMART, an improved version of SMILES, 
allows for the use of wildcards to represent atoms and chemical bonds, 
and symbols to represent certain species (Vandewiele et al., 2012). SOL 
and InChI are also two frequently used linear symbols methods (Heller 
et al., 2015). Different from linear symbols, it is also possible to express 
the species using graph algorithm based on graph theory. The structure 
of species can be expressed by the adjacency matrix corresponding to the 
structural graph of species. Since this matrix is only composed of 0 and 
1, it is also called Boolean adjacency matrix or Boolean matrix (Clymans 
and Froment, 1984; Hillewaert et al., 1988). After using computer 
processible symbols to represent all possible species, it is possible to 
automatically generate reaction network according to the predefined 
reaction rules. 

The reaction rules predefined for constructing reaction networks are 
normally derived manually based on the individual’s understanding of 
reaction mechanism and experiences, which is only suitable for specific 
reaction systems and hinders the automatic generation of reaction 
network directly from the complex reaction mechanisms. For unknown 
reaction systems, the reaction network constructed via the aforemen-
tioned way might be incomplete as hardly all possible reaction rules can 
be implemented solely based on the researcher’s personal judgment. 
Automatic extraction of reaction rules is necessary. For instance, Gupta 
and Vlachos developed an automated first-principles reaction rule gen-
eration framework which learns the reaction rules from DFT data by 
generating molecular graphs of common subgraph from reactants to 
products and defining all bonds that could change during a reaction 
(Gupta and Vlachos, 2021). Despite that the reaction mechanism study is 
time-consuming and laborious for a given reaction process, in real 
practice the reaction process indeed contains many elementary reaction 
steps that have been previously discovered elsewhere. In this sense, the 
reaction rules based on reaction mechanism for a given reaction process 
can be mined from available knowledge based on the available knowl-
edge in published literature. However, automatic generation of reaction 
rules based on the available knowledge has seldom been studied in the 
automatic generation of reaction networks (Clymans and Froment, 
1984; Gupta and Vlachos, 2021; Heller et al., 2015; Hillewaert et al., 
1988; Weininger, 1988; Weininger et al., 1989). 

In this study, we proposed a knowledge-driven computer-assisted 

automatic generation of heterogeneous catalytic reaction network 
approach for the zeolite-catalyzed methanol to olefins process. In 
particular, the reaction mechanism information available in the litera-
ture (or from researcher’s experiences) such as elementary reactions and 
transition state changes was collected and expressed as species matrix, 
namely Reaction Rules Topological Matrix Representation (RTMR), to 
represent the reaction rules. Thus, a reaction network can be generated 
according to the extracted reaction rules via RTMR. It will be shown that 
RTMR is an efficient carrier of reaction rules, which can be extracted 
from reaction mechanism knowledge from the open literature rather 
than solely relying on the past experiences of researchers. It is expected 
RTMR can be promisingly implemented in knowledge-driven reaction 
network generation in multiphase catalytic processes. 

2. Species matrix and operations definition 

2.1. Species matrix 

In this work, all species involved are represented by a species matrix, 
which includes a sequence of elements and an adjacency matrix (in 
Fig. 1). The process of using species matrix to represent a specified 
species consists of numbering the atoms, groups or clusters, obtaining 
the element vector sequence, and establishing the adjacency matrix of 
the species. The sequence of elements is a list of symbols that correspond 
to atoms, groups, or clusters in the molecular structure of the species (for 
example, the symbol “Z” is used to describe molecular sieve clusters). 
The adjacency matrix represents their connection information (“1” for 
single bonds, “2” for double bonds, and “0” for unconnected bonds). 
Considering the isomorphism of molecular graph, species are stan-
dardized to ensure the one-to-one correspondence between species and 
adjacency matrix (Golender et al., 1981; Walters and Yalkowsky, 1996). 

2.2. Operation definition of species matrix 

2.2.1. Contragradient transformation 
Note that the representation of a specified species with species ma-

trix might lead to several different species matrices if, for example, the 
numbering of atoms starts with different atoms, in this work we also 
define contragradient transformation operation. Thus, after contra-
gradient transformation the species matrices, if representing the same 
molecule, can eventually become a unified matrix. 

Fig. 1. A schematic representation of “Z-CH3” by species matrix.  
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In contragradient transformation, we exchange the corresponding 
rows or columns of the species matrix according to the predefined atom 
number sequences. The contragradient transformation can be written as 

M2 = ĈT (M1, a, b) (1) 

or 

M2 = ĈT (M1, seq) (2) 

where ĈT refers to the contragradient transformation operator, M1 is 

Fig. 2. Definitions of the operators of species matrices and corresponding transformation.  
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the original species matrix and M2 is the transformed species matrix. In 
the Equation (1) two variables a and b are used, which denotes that in 
the contragradient transformation the row and column corresponding to 
the atom a will exchange with that to atom b. Equation (2) is another 
formula of Equation (1), in which a vector seq representing the elements 
sequence of M2 is instead used. In Fig. 2a we showed an example for the 
contragradient transformation with atom 1 and 2 being exchanged, 
which is the same transformation that sets seq to (2,1,3,4,5). 

2.2.2. Combination of species matrices 
We define the combination operation for two species matrices, which 

refers to the merging of two species matrices into one matrix, as shown 
in the Fig. 2b. The combination of two species matrices can be written as 

M12 = Ĉom(M1,M2) (3) 

where M1 and M2 are two species matrices, and M12 is the species 
matrix after combination. 

2.2.3. Addition and subtraction of species matrices 
For two species matrices with same matrix dimension and same 

atomic sequence, we define addition or subtraction operation, as shown 
in the Fig. 2c. The addition and subtraction of two species matrices can 
written as 

M3 = M1 ⊕ M2 (4)  

M2 = M3 ⊖ M1 (5)  

where M1, M2 and M3 are three species matrices with same matrix 
dimension and same atomic sequence. 

2.2.4. Topological distance in species matrix 
Here we define the topological distance between two atoms in a 

molecule as the number of atoms of shortest distance in between these 
two atoms. The definition of topological distance can be written as 

ma,b = T̂d(M1, a, b) (6)  

where ma,b is the topological distance between atoms a and b in the 
matrix M1. (see more details in the Supplemental material). 

2.2.5. Extraction of species matrix 
In this work, we define an extraction operation to establish a new 

species matrix based on the specified sequence in an existing species 
matrix, as shown in the Fig. 2d. It can be expressed as 

M2 = Êxt(M1, seq) (7)  

Here M1 is the initial species matrices, seq is the specified sequence of 
atoms in M1 and M2 is the species matrix extracted from M1 according to 
seq. 

3. RTMR model 

The automatic generation of reaction network includes three steps: 
using species matrix to describe species and reactions, representing re-
action rules through RTMR, and generating reaction network based on 
reaction rules. 

3.1. Representation of reactions by species matrix 

For the elementary reaction process, it can be classified into 

Fig. 3. The corresponding transformation of species matrices for an example of bimolecular reaction “Z-CH3 + CH3OCH3 → Z-CH2OCH3 + CH4”. a: reaction formula; 
b: species matrices transformation of this reaction (omitting “0” in the matrices). 
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monomolecular, bimolecular and multi-molecular reactions according 
to the number of molecules enclosed in the reacting species. In this work, 
only monomolecular and bimolecular reactions are considered: F1 → P1; 
F1 → P1 + P2; F1 + F2 → P1 + P2; F1 + F2 → P1 (here F1 and F2 are re-
actants, and P1 and P2 the products). 

Taking the reaction formula “Z-CH3 + CH3OCH3 → Z-CH2OCH3 +

CH4” shown in Fig. 3a as an example, we can find in this bimolecular 

reaction there are two reactants F1 and F2, which are respectively Z-CH3 
(with Z representing the active site of the molecular sieve) and CH3-O- 
CH3, and the two product molecules formed during reaction P1 and P2, 
which are respectively Z-CH2OCH3 and CH4. As shown in Fig. 3b, the 
matrices of the reactants F1 and F2 are first combined via the operator 
F12 = Ĉom(F1, F2). In the same way, matrices of the products P1 and P2 

can also be combined via P12 = Ĉom(P1, P2). The transition state that 

Fig. 4. Searching algorithm for..TS p  
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defines the reaction is described by the change of the matrix TS f to 
TS p, where TS f = F12. The matrix TS p is derived through a search 
algorithm (This algorithm will be introduced later in this section). 

Some methods have been proposed in the literature for reaction 
mapping, for example, maximum common subgraph between reactants 
and products (Raymond et al., 2002), minimum reaction energy by 
weighted maximum common edge subgraph energy (Apostolakis et al., 
2008; Korner and Apostolakis, 2008), and integer linear optimization for 
identifying a mapping with the fewest number of bond changes (First 
et al., 2012). In this work we use a relatively simple semi-exhaustive 
algorithm to get TS p, inspired by the maximum common subgraph 
method (Raymond et al., 2002). As shown in the Fig. 4, The algorithm 
for obtaining TS p includes the following steps: 

(1) Based on the species matrices of reactants F1 and F2 (as shown in 
Fig. 3), we can obtain the combination F12 = Ĉom(F1,F2), and get TSf =

F12. Then we get the sequence of TS f , which can be denoted as 
Seq(TS f). According to the order of Z-C-O-H, we rearranged the 
sequence of TS f and obtained a new sequence which is denoted as 
Seq(TS f′) shown in Fig. 4b). Then, we further derived the new species 
matrix TS f′ via TS f′ = ĈT(TS f , Seq(TS f′)). 

(2) Follow the same method, we rearranged the sequence of P12 

according the to the order of Z-C-O-H. And obtained a new sequence 
which is denoted as Seq(TS p′) shown in Fig. 4b). Then, we further 
derived the new species matrix TS p′ via TS p′ = ĈT(P12, Seq(TS p′)). 

(3) Based on the species matrix TS p′, we performed a full arrange-
ment of the sequences of each element, that is, for each element there 
might be different sub-arrangement of atoms of this element. In this 
case, the number of sequence matrices Seq(TS p″) is m (for example, 
m = A1

1A3
3A1

1A9
9 in Fig. 4b), and we can obtain each potential species 

matrix TS p″ via TS p″ = ĈT(TS p′, Seq(TS p″)). 
(4) For each TS p″, obtain the reaction matrix through TS p″⊖ TS f′, 

and count the number of bond formation and bond breaking, recorded as 
n. 

(5) Find the smallest n over all TS p″, and take the TS p″ corre-
sponding to the smallest n as TS p. 

3.2. The establishment of RTMR model 

The extraction and operation of RTMR is critical for reaction network 
generation. The reaction described in Fig. 5 is “Z-CH3 + CH3OCH3 → Z- 
CH2OCH3 + CH4”. The set of atoms (or a group of atoms “Z”) involved in 
the bonding or breaking reaction in the reactant molecule is defined as 
the reaction center. The definition of topological distance: ma,b =

T̂d(M1,a,b). RTMR distance refers to the minimum topological distance 
to any atom in the reaction center. The RTMR range is determined after 
selecting the RTMR distance, which is the sum of all atoms less than or 
equal to the RTMR distance (including the reaction center, the RTMR 
distance of the reaction center is 0). When d = 1, which means RTMR 
distance = 1, the range of the RTMR contains adjacent atoms of the 
reaction center (in the dotted green line in the figure); similarly, when d 
= 2, the RTMR contains the blue region, and when d = 3, it contains the 
purple region. 

As an example of the bimolecular reaction “Z-CH3 + CH3OCH3 → Z- 
CH2OCH3 + CH4” in the previous section, Fig. 6a shows the TS p matrix, 
in which the transformation from TS f to TS p is marked with special 
colors (bond formation, bond breakage, reaction center). Fig. 6b is the 
structure of RTMR, which includes three parts: structure1, structure2, 
and Reaction-Mat. The two topological matrices on the left represent the 
substructures of the reactants, including the reaction center and the 
substructure scope. The Reaction-Mat on the right is reaction matrix 
which describing the reaction process, the bond formation and bond 
breaking process of the transition state. The RTMR structure to Fig. 6b is 
extracted based on the TS p corresponding to Fig. 6a. The extraction 
process is: (1) Select the RTMR distance. In the example in the figure, the 
RTMR distance is selected as 1; (2) Find the substructure range, which 
means RTMRrange, RTMRrangeF1 = (1, 2, 3, 4, 5), RTMRrangeF2 = (6, 8, 

Fig. 5. The definition of RTMR distance.  

Fig. 6. Reaction rules base on RTMR (a: details of the bond breaking and connection process in the reaction; b: the components of RTMR).  
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9, 10, 11) , RTMRrange = (1, 2, 3, 4, 5, 6, 8, 9, 10, 11); (3) Extract the 
substructure in TS p (the substructure is the intersection of the reactant 
and the RTMRrange, structure1 = Êxt(F1,RTMRrangeF1), structure2 =

Êxt(F2,RTMRrangeF2)); (4) Extract the Reaction Mat by Reaction Mat =

Êxt(TS p ⊖ TS f ,RTMRrange). 
In particular, the order of the substructures in RTMR does not affect 

the reaction rules. The RTMR in Fig. 6b corresponds to a bimolecular 
reaction, and the RTMR corresponding to a single-molecule reaction 
process will only have two parts, i.e., structure-1 and Reaction-Mat. 
RTMRs with the same reaction center are defined as the same reaction 
rules, so when the extracted reactions have the same reaction center, 
they are all stored in the different RTMR but the same reaction rule (see 
Figure S3 in Supplemental material). As can be seen from Fig. 7, the 
reaction rule may contain multiple RTMRs, and each RTMR contains 
complete substructures and Reaction-Mat. 

When the reaction rules established by RTMR are used, it is necessary 
to determine whether the reaction species contains the topology struc-
ture of corresponding structure 1 and structure 2 to the RTMR of the 
reaction rule (see Figure S4 in Supplemental material). In particular, 
bimolecular reactions are not affected by the order of each other, 
because the matrix of reactants (F1 and F2) can exchange with each other 
and the outcome of the reaction would not be influenced. If so, ac-
cording to the corresponding relationship of the topological structure, 

we can obtain TS p by Reaction-Mat, and then obtain the species matrix 
of the product (P1 and P2) through contragradient transformation and 
matrix separation; if not, the reaction species cannot react accordingly. 
(more details in Supplemental material). 

F̂(X) =
{

Y,X ∈ Ω
∅,X ∕∈ Ω (8)  

Y = X ⊕ R (9) 

The use of RTMR in describing the reaction rules can be abstracted as 
mathematical functions. As shown in the Fig. 7, for a well-established 
reaction rule, species X (the species matrix of species reactant1 and 
species reactant2 is combined, if it is a single molecule reaction, then X 
= reactant1, no reactant2) as an independent variable. In Eq. (8) and (9) 
The reaction rule is denoted as Y =F̂(X), and the domain of F̂(X) is 
denoted as Ω, which represents substructure and other information of 
the RTMR (if the independent variable species X contains the corre-
sponding block, it belongs to the domain). The independent variable X 
that belongs to the domain can have an output, otherwise, it outputs ∅. 
R is the reaction matrix of the RTMR, and Y is the product, which is 
obtained by adding the independent variable X to the reaction matrix of 
the RTMR. The whole process in the picture is the realization form of a 
reaction rule. 

Fig. 7. Extraction and use of reaction rules.  
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Fig. 8. Procedure for reaction network construction (a: Once-Reaction-Network; b: Cyclic-Reaction-Network).  

Fig. 9. Verify of extraction and generation of existing reaction networks.  
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3.3. Reaction networks based on RTMR 

According to the reaction rules extracted from RTMR, a reaction 
network can be established. The automatic generation of reaction net-
works is divided into two methods according to whether the new species 
generated by the reaction are used as reactants. As shown in Fig. 8a 
reaction network: first, the initial species were input and successively 
selected from the initial species library as reactants, and the corre-
sponding products were generated according to the reaction rules (skip 
when there is no corresponding reaction). These reaction processes were 
recorded simultaneously, and new species and reaction correspondences 
were added to the species library and reaction library. When the entire 
initial species library is traversed, the program is completed, and the 
reaction network for this process can be obtained. However, for the 
reaction network shown in Fig. 8b, the newly generated species of the 
reaction can again be used as reactants until the program ends when all 
species have been traversed. The left side was defined as the Once- 
Reaction-Network and the right side as the Cyclic-Reaction-Network. 

3.4. Verification 

In order to check the effectiveness of the method, a few typical cat-
alytic reactions were selected for verification. Note that catalytic re-
actions occurring at acidic sites, such as protonation, deprotonation, 
methylation, alkylation, β-scission, and so on, should go through the 
elementary steps of carbenium. The reaction rules of these reactions can 
be transformed into species matrix through the aforementioned method, 
and finally converted to RTMR. 

Fig. 9 shows an example, in which five reactions including proton-
ation, protonation, methylation, alkylation and β-scission were consid-
ered. These five reactions were selected as initial reactions and used to 
extract reaction rules that were represented by RTMR. Here the five 
reactions were automatically classified into four categories, since the 
reaction centers for methylation and alkylation were both carbenium 
and alkene. Then all the species involved in the five reactions were 

further used as initial input species for prediction. Based on the obtained 
RTMR, we applied the Once-Reaction-Network method to the initial 
input species and can automatically generate the reaction network 
showing on the right side of Fig. 9 as output. As can be seen, the output 
reaction network can not only completely cover that the initial five re-
actions, but also generate some new reactions such as the alkylation 
reaction “ZCH3 + CH3CH = CH2 → ZCH2CH(CH3)CH3 (Z means the 
active center of molecular sieve […Si-O-Al…])”. Apparently, the RTMR 
can effectively store the reaction rules which in fact contains the 
essential characteristics and features of reactions of interests. 

4. Results and discussion 

4.1. Induction period in methanol-to-olefins process 

Methanol-to-olefins (MTO), which is a complex reaction process, is 
considered as an important route for light olefins production from no-oil 
resources such as coal, natural gas and biomass. Typically, MTO process 
includes three stages: the induction, autocatalytic and deactivation 
stage. The induction stage refers to the initial adsorption of methanol to 
the first carbon–carbon bond generation, as well as the generation and 
accumulation of hydrocarbon pool species (Hadi and Farzi, 2022; Standl 
and Hinrichsen, 2018; Tian et al., 2015; Wu et al., 2018; Yarulina et al., 
2018). The second process is the autocatalytic step. The methanol reacts 
with the formed hydrocarbon pool species to generate low carbon olefin. 
Finally, the polycyclic aromatic hydrocarbons such as anthracene, 
phenanthrene and pyrene begin to appear in the hydrocarbon pool 
species and eventually form coke, resulting in the deactivation of the 
catalyst (Chowdhury et al., 2018). Many researchers have studied the 
induction phase and the dual-cycle process of MTO, and speculated the 
relevant reaction mechanisms and routes. They found that MTO con-
tains a variety of different elementary reaction types, such as alkylation, 
β-scission, etc., and there are thousands of possible species and 
elementary reactions. In this part, taking the induction period of 
methanol to olefin as an example, reaction networks based on RTMR 

Fig. 10. Number of reactions, RTMR, and reaction rules in chronological order (a: number of reactions with the number of literatures, b: number of rules with the 
number of literatures, c: number of RTMR with the number of reactions, d: reactions rules vary with the number of reactions). 
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were established. 
A total of 138 reactions were found in 19 literatures (Brogaard et al., 

2014; Chowdhury et al., 2016; Chowdhury et al., 2018; Comas-Vives 
et al., 2015; Hutchings et al., 1987; Lesthaeghe et al., 2006, 2007; Li 
et al., 2014; Liu et al., 2016; Olsbye et al., 2015; Plessow and Studt, 
2017; Stocker, 1999; Wang and Hunger, 2008; Wei et al., 2016; Wei-
ninger et al.; Wu et al., 2018; Wu et al., 2017; Yamazaki et al., 2011, 
2012) available for MTO induction period, and amongst 111 were suc-
cessfully extracted, with the extraction success rate reaching 80 % (see 
Table S1-S4 in Supplementary material). According to the chrono-
logical order of publications, new reactions emerge as green in Fig. 10a. 
The blue line in Fig. 10b represents the cumulative value of new re-
actions, with a total of 54 non-repeated reactions. As mentioned earlier, 
the reactions were transformed into topological matrixes representation, 
and the transition state transformation process of each reaction equation 
was inverse deduced. 

As can be seen from Fig. 10c, the number of reaction rules and cor-
responding RTMR of each reaction rule increase with the increase of the 
initial reaction number of inputs, and the total number of all reaction 
rules reaches 21. Note that the emergence of so many reaction rules is 
mainly due to the fact that we consider reactions in molecular sieves as 
well as that in the gas phase (see Table S4 in Supplementary material). 
However, as can be seen from Fig. 10d, it can be found that the reaction 
rules were not necessarily increased by increasing the initial reaction 
number, but may also be a supplement to the existing reaction rules. So, 

the features of these new reactions will be stored in different RTMR in 
the existing reaction rules. 

4.2. Chemical reaction space of methanol-to-olefins process 

RTMR is first applied to generate chemical reaction space. Chemical 
reaction space, which refers to a large set of all possible species and 
reactions, has been increasingly used in machine learning to accurately 
predict some important molecular properties (Stocker et al., 2020). The 
formation of chemical reaction space is helpful for routes identification 
and mechanism discovery. For MTO induction period process, the 
Cyclic-Reaction-Network method can be used to obtain the reaction 
space under the condition of existing reaction rules from RTMR. 

As mentioned above, the related algorithm was used to identify the 
characteristics of each group of reactions, and the reactions were 
divided into 21 groups according to the reaction center atoms, bond 
forming and bond breaking types. Then, 21 groups of RTMR and 21 
groups of corresponding relations were established according to 21 
types of reaction characteristics (here, the corresponding relations 
included the transformation rules of reactants to products and the 
definition domain of the transformation rule ‘F̂(X)’). 

As shown in the Fig. 11, the reaction network in the induction period 
of MTO was established, and reactions were carried out successively by 
importing species. Only when the species satisfy the domain of RTMR, 
the reaction can be carried out. For example, the acidic central reaction 

Fig. 11. Automatic generation of total reaction networks space of MTO induction period.  
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between methanol and molecular sieve was described in rule-8. After 
standardization of the new species [P1] ZCH3 [P2] H2O was obtained, 
they were added to the end of the species library, and the reaction of 
rule-8 “[S1] CH3OH + [S2] ZH → [P1] ZCH3 + [P2] H2O” was recorded. 
Under certain constraints, when all species participate in the reaction 
and no new species were generated in the species library, the whole 
cycle was completed, and finally all possible species and the reaction 
process in each RTMR of all rules were obtained. 

Taking RTMR distance as 1, the reaction networks of MTO initial 
process based on 21 reaction rules can be obtained by the above algo-
rithm. As shown in Fig. 12, unit circle reflected the topological space of 

reaction network; small red circles represented species; purple circles 
represented reactions; green lines represented reactions by automati-
cally generated; blue lines represented initial reactions. The final reac-
tion space contained a total of 845 species, 3748 reactions, a total of 21 
categories. 

4.3. Prediction of reaction routes of methanol-to-olefins process 

RTMR can predict and connect chemical reaction routes. Finding 
simple and efficient reaction routes in complex chemical reaction space 
is usually a non-trivial task for chemical engineers (Kim et al., 2018). As 

Fig. 12. Species and reactions of total reaction networks space (Some typical species and reactions are highlighted), small red circles represent species; purple circles 
represent reactions; green lines represent reactions by automatically generated; blue lines represent initial reactions). 

Fig. 13. Prediction of reaction routes of methanol-to-olefins process (a: Initial reaction networks in 19th articles; b: Predicted reaction networks).  
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the efficiency of RTMR depends on training samples, which is similar to 
machine learning and chemical engineers can easily implement it in the 
automatic reaction network generation. 

As stated above, in MTO induction period process shown on Fig. 10b, 
there were 21 types of reactions based on the information accumulated 
in 12 articles, and the subsequent reactions supplemented were essen-
tially the same type. Here, reactions following the reaction mechanism 
presented in the first 18 articles were now selected as training set for 
RTMR. By using the Once-Reaction-Network generation method and 
taking the reaction species and intermediates in 19th article as input 
files, we can generate a reaction network via reaction rules with the 
trained RTMR. In total 21 reaction rules from the first 18 articles were 
generated and stored in RTMR. Then all species in the 19th article were 
selected as input to automatically generate reaction network, including 
2 reactants, 1 product and 7 intermediates (see Table S6 in Supple-
mentary material for details). Fig. 13a is the initial reaction networks 
in 19th articles (see Table S2 in Supplementary material), and 
Fig. 13b shows the final predicted reaction network, which is consisting 
of 45 species and 63 reactions (see Table S7 and Table S8 in Supple-
mentary material). By comparison, it can be found that the final pre-
dicted reactions completely cover the initial reactions, demonstrating 
the predictability of RTMR. 

5. Conclusions 

In this work, a strategy to automatically establish reaction networks 
directly from the reaction mechanisms using a Reaction Rules Topological 
Matrix Representation (RTMR) method was proposed. The reaction space 
of a system can be easily obtained according to the RTMR model after 
training. New reactions and routes can also be predicted by adding the 
necessary reactants and intermediates. Taking the induction period of 
methanol to olefins (MTO) process as an example, we showed how to use 
RTMR to extract the information of reaction mechanism presented in the 
literatures. It is expected that this strategy can extract reaction charac-
teristics through a small amount of existing and representative reaction 
knowledge, which can be of interest for the automatic exploration of 
multiphase catalytic reaction mechanism via a knowledge-driven 
approach. 
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initial reactions from literatures, reactions successfully extracted from 
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sification. The Supplementary material includes the statistics of 
quantity of species and reactions of reaction networks of MTO induction 
period in Section 3.2. The Supplementary material includes the details 
in Section 3.3: all species from literature-19, and the species and re-
actions of reaction networks from automatic generation. Supplementary 
data to this article can be found online at https://doi.org/10.1016/j.ces. 

2023.119461. 
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