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The development of scientifically substantiated
methods for studying the mechanisms of complex
reactions with the use of computer programs remains
a problem of considerable current interest to the inter�
national scientific community. Methods for construct�
ing the mathematical models of the mechanisms of
complex chemical reactions were described [1]. The
mechanisms of catalytic reactions were studied with
the use of graph theory methods [2, 3]. A theoretical
graph approach was also proposed [4] for determining
balance relationships between the kinetic equations of
biochemical systems. The DRGEP method for con�
structing a kinetic model and removing redundant
species from the mechanism was automated and
described [5]. The graph theory apparatus was also
used to describe chemical equilibrium in complex
chemical reactions [6, 7]. A theoretical graph
approach was used for abridging the system of chemi�
cal reaction networks [8]. To a larger degree, this is
due to the fact that currently available computer
technologies make it possible to obtain reliable
technological solutions and to develop a conve�
nient interface for specialists in the design of
chemical processes.

The inverse problems of chemical kinetics—the
determination of the rate constants of chemical reac�
tions based on kinetic measurements—occupy a spe�
cial position in the mathematical simulation of the
kinetics of complex chemical reactions [9]. The
absence of experimental information on intermediate
substances leads to the ambiguous solutions of the
inverse problems. The information content of kinetic

measurements was analyzed previously [10]. An algo�
rithm was constructed for the analysis of information
content based on the theory of implicit functions and
the functional Jacobi matrices. The problem consists
in the complexity of the test systems as a result of their
large dimensionality and the nonlinearity of mathe�
matical descriptions.

Spivak and coauthors [11, 12] posed the problem of
analyzing the information content of kinetic measure�
ments based on the decomposition (paralleling) of the
original problem into subproblems of smaller dimen�
sionality, which have a physicochemical interpreta�
tion. The system of independent routes became the
basis for the decomposition. Spivak and Ismagilova
[11] described a methodology for the analysis of the
information content of kinetic measurements. As a
result of the proposed algebraic interpretation, algo�
rithms were developed for the determination of the
number and form of independent nonlinear paramet�
ric functions of kinetic constants, which can be unam�
biguously evaluated based on the accessible kinetic
information.

The aim of this work was to develop methods for
the computer analysis of graphs that correspond to the
mechanisms of complex chemical reactions. This
mathematical support and software will become the
basis of the wide use of these algorithms.

Determination of the basis of routes in the mecha�
nism of a complex chemical reaction. The development
of computer analysis methods can be based on the the�
ory of steady�state reactions [13, 14]. In this case, the
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concept of the chemical reaction route is substantially
used.

The conversion of the same parent substances can
often lead to different products or the same products
but formed by different ways. The sets of reaction steps
that describe such transformations are different. In
this case, each step has its stoichiometric number [13].
Each set of the steps and stoichiometric numbers cor�
responding to a certain line of conversion is referred to
as the route of reaction. In other words, the route is a
vector, the multiplication of whose elements at a step
of the mechanism of a complex chemical reaction with
the subsequent addition leads to the overall reaction
equation, which does not contain intermediate sub�
stances.

According to the Horiuti rule [14], the number of
independent (basic) routes is P = S – J, where S is the
number of steps, and J is the number of independent
intermediate substances.

For determining the independent routes, Temkin
[14] considered the mechanistic graph of a complex
chemical reaction. Intermediate substances and steps
are the nodes and edges of the graph, respectively. The
edge is marked by the step number, and an arrow at the
number shows the direction of the step. This descrip�
tion of the graph is introduced for linear stages. For
describing nonlinear stages, secondary edges, which
are depicted as dotted lines on the graph, are intro�
duced.

In the general form, which includes the nonlinear
mechanisms of occurrence, a theoretical graph inter�
pretation was proposed [15]. The graph was intro�
duced for studying the properties of the solutions of
differential equations. The graph of a reaction mecha�
nism is an oriented bipartite graph in which the nodes
can be partitioned into reaction nodes and substance
nodes. If a substance is consumed in the reaction, the
edge has a direction from the substance node to the
reaction node. If a substance is formed in the reaction,
the edge has a direction from the reaction node to the
substance node. If a substance does not participate in
the reaction, the corresponding nodes are not con�
nected by an edge.

In the construction of an algorithm for the deter�
mination of routes from the Vol’pert graph [16], it was
necessary to introduce the concept of edge weight.
The edge weight is equal to the stoichiometric
coefficient.

The algorithm of the determination of the basis of
routes described by Spivak et al. [16] is based on the
analysis of an incidence matrix, which unambiguously
describes the graph of the mechanism of a complex

chemical reaction. More recently, this algorithm was
automated [17], and the program structure was
described [18].

The question frequently arises that the basis of
routes, each of which has its own physicochemical
interpretation, should be specially chosen. In this con�
text, the rate of inclusion of a substance into the course
of reaction provides important special information.
This is of importance in the analysis of the information
content of kinetic measurements in the solution of the
inverse problems of chemical kinetics for the non�
linear mechanisms of complex reactions [19].
Therefore, the question of the construction of
algorithms for recognizing routes based on infor�
mation on the node indices of the reaction mech�
anism graph [15].

An algorithm was constructed for searching the
basic routes and writing the overall equations of com�
plex chemical reactions based on the characteristics of
node indices [20].

(1) Construction of the Vol’pert graph for the
mechanism of a complex chemical reaction.

(2) Indexing of the Vol’pert graph nodes [15].

(3) Determination of a cycle based on the matrix of
indices. A (S × n2) matrix whose elements are the
graph node indices of a complex reaction taken with
the – sign for the parent substances of elementary
reaction or with the + sign for reaction products,
where S is the number of steps, and n2 is the number of
intermediate substances, will be considered the matrix
of indices H = (hiq) (1 ≤ i ≤ S, 1 ≤ q ≤ n2). If a substance
does not participate in the given step, the correspond�
ing element in the matrix of indices is designated by
the symbol ∞. Thus, the rows and columns corre�
spond to elementary reactions and intermediate
substances, respectively.

Cycles are found from the matrix of indices in
accordance with the following rule: A search for cycle
is started from the column that designates the sub�
stance node. A transition from (Wi1, Yq1) to (Wi2, Yq1)
of opposite sign (1 ≤ i1 ≠ i2 ≤ S) and then from (Wi2, Yq1)
to (Wi2, Yq2) of opposite sign (1 ≤ q1, q2 ≤ n2), etc., is
performed. The process is continued until we arrive at
(Wi1, Yq1), from which the motion was started. In
going to the next element of the matrix of indices, we
memorize the address of the previous. Comparing the
sequence of matrix elements with the graph of the
mechanism of a complex chemical reaction, we obtain
a cycle, i.e., the sequence of the reaction nodes and
substance nodes involved.

(4) Validation of the balance relationships of equa�
tions corresponding to the found subgraphs. The sum
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of the weights of the outgoing and entering edges at an
intermediate substance node should be zero. Other�
wise, a coefficient should be chosen upon multiplica�
tion by which this condition is satisfied.

(5) Determination of measured substance nodes Xj

(1 ≤ j ≤ n1), where n1 is the number of parent sub�
stances and reaction products) incident to reaction
nodes Wi (1 ≤ i ≤ S) for each cyclic subgraph.

(6) Writing of the overall equation. Calculation of
the sum of the weights of all edges incident to the Xj

node in the test cyclic subgraph. If the found value is
negative, the substance Xj enters into the process of
chemical transformation (reactant). If the sum of
weights is positive, Xj is formed as a result of chemical
interaction (product).

An application program was developed for solving
the problem of the determination of the number and
type of independent routes based on information on
the indices [21].

Automation of the algorithm for the determination
of the basis of routes. The theoretical graph algorithm
for the determination of the basis of routes from the
matrix of indices was implemented in C++ using
Embarcadero RAD Studio XE2. Theoretically, the
program is capable of correctly working with graphs
consisting of several tens of nodes, which correspond
to the real mechanisms of complex chemical reac�
tions. The program was tested with practically impor�
tant catalytic reactions, including the reactions that
form the basis of industrial processes.

The graphic program interface is a window with
fields and tables for data input and with buttons for ful�
filling calculations and obtaining the results. The input
data set by the user are the number of steps in the
mechanism, the total number of participants, the
number of intermediate substances, the stoichiomet�
ric matrix, the chemical formulas of reactants, and the
mark of reaction reversibility/irreversibility.

The graph of the mechanism of a complex chemi�
cal reaction is unambiguously described by the matrix
of stoichiometric coefficients; this makes it possible to
index the nodes of the graph.

In the first row W1 of the matrix of stoichiometric
coefficients, we determine negative elements, which
carry information on the parent substances for the first
step of the mechanism. We assign the index 0 to these
substance nodes as well as to the reaction node W1. We
assign the index 1 to the products of the first step of the
mechanism, for which the stoichiometric coefficients
are positive. We turn to the following stoichiometric
matrix row W2. If all of the substance nodes corre�
sponding to the negative values of this row have an

index, an index equal to the maximum index for all of
the initial substance nodes in this step is ascribed to the
corresponding reaction node. Otherwise, the index 0 is
assigned to the parent substances having no index, and
an index is ascribed to the reaction node in the manner
described above. Then, an index greater by one than
the index of the test reaction node is ascribed to all of
the substance nodes formed in the step, which have no
index, etc. Thus, all of the graph nodes of the chemical
reaction mechanism become indexed.

All values of indices are written in a table—the
matrix of indices. We assign an arbitrarily high value,
for example, 100, which will be reflected as the symbol
∞, to zero values in the matrix. The indices of reagents
and products in the matrix are given with the – and +
signs, respectively.

We start a search for the cycle with the column that
designates a substance node, with the cell whose value
is other than 100. We find an element opposite in sign
in the column for the selected element. Then, we turn
to the element whose value is different from 100 in the
row. Then, in the column, we go to the element oppo�
site in sign etc. We continue the process until we arrive
at the element with which the search was started.
Comparing the sequence of matrix elements with
the graph of the chemical reaction mechanism, we
obtain a cycle of reaction nodes and substance
nodes.

Among the sequences of reaction nodes and sub�
stance nodes, it is necessary to select those corre�
sponding to independent cycles in the matrix of indi�
ces, i.e., only those corresponding to one cycle but
starting with different nodes. For this purpose, a func�
tion that compares the lengths of sequences is used. If
the lengths of sequences coincide, match process�
ing with the displacement of elements is carried
out. In the case of the coinciding sequences, we
consider only one of them, which corresponds to
one cycle.

Next, each sequence is converted into a vector, the
ith coordinate of which is taken equal to 1 if the ith
step is included in the test sequence or otherwise 0.

To separate the basis from the entire set of vectors,
we use the Gauss method—we reduce the matrix
formed from the found vectors to triangular form. The
vectors corresponding to the nonzero rows of the
matrix form the basis.

In the derivation of an overall equation, it is neces�
sary to find stoichiometric coefficients. For this pur�
pose, let us examine the transposed part of the matrix
of stoichiometric coefficients of the reaction mecha�
nism, which corresponds to the intermediate sub�
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stances Y T. For each basis vector V = (vij), we solve the
system of equations Y T ⋅ V T = 0—a search for com�
ponents with which the overall equation does not con�
tain intermediate substances. We obtain a basis of the
routes of the chemical reaction mechanism. Multiply�
ing basic routes by the transposed part of the matrix of
stoichiometric coefficients, which corresponds to the
parent substances and the products of chemical reac�
tion X T, we obtain overall equations.

The computer program affords the basis of routes,
corresponding overall equations, a graph of the initial
mechanism, and cyclic subgraphs. Data on a particu�
lar mechanism can be saved, and previously studied
mechanisms can be opened; the results can be saved as
a report (in MS Word).

Example. Let us consider the mechanism of the
oxidation of carbon monoxide by nitrogen(II) oxide
on a silver catalyst:

1) NO + Z ↔ ZNO,

2) ZNO + NO → N2O + ZO,

3) ZO + CO → Z + CO2,

4) N2O + Z ↔ N2 + ZO.

In this reaction, the concentrations of five sub�
stances are measured with an error ([NO, N2O, CO,

CO2, N2] = [X1, X2, X3, X4, X5]), and the concentra�
tions of intermediate substances are not measured
([Y1, Y2, Y3] = [Z, ZNO, ZO]). The steps of the reac�
tion mechanism are designated as Wi (1 ≤ i ≤ 4). Fig�
ure 1 shows the main window of the program for deter�
mining the basis of routes and the corresponding over�
all equations. Figure 2 gives the results obtained by the
program.

Thus, we determined the two basic routes M1 =
(1 1 1 0)T and M2 = (0 0 1 1)T and the corresponding
overall equations 2NO + CO = N2O + CO2 and N2O +
CO = N2 + CO2.

CONCLUSIONS

Thus, in this work, we described the mathematical
support and software for the determination of inde�
pendent routes and corresponding overall equations
based on the graphs introduced by Vol’pert. The
indexing of the graph nodes of a mechanism of com�
plex chemical reaction makes it possible to determine
independent routes, which can be individually inter�
preted in terms of physical chemistry; this forms the
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basis of a method for the decomposition of the mech�
anism of complex reaction.
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