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ABSTRACT. Flow graphs used in physics and electronics have been applied to
chemical kinetics. The expressions of various concentrations of species involved in
various mechanisms have been described on the base of the signal flow graphs.
Flow graphs were constructed in agreement with the mechanism and differential
equations that characterize the time evolution of molecules or radicals involved, and the
characteristic determinants for the system. They were applied to substitution, enzyme
catalyzed and chain reactions.

INTRODUCTION

Although the steady-state approximation has been used for almost a century” in
describing complex mechanisms, the condition of constant concentration of the active
intermediates is never fulfilled. The method is said to entail setting to zero the first
derivative of the concentration of each intermediates involved in the reaction mechanism.
Even in the well-known mechanism of HBr synthesis, the bromine atom concentration
computed by steady-state approximation is in fact the one given by the dissociation
of bromine molecule, that is an equilibrium concentration. The less severe condition of
very small accumulation rate of intermediate as compared to the one of reactant
consumption or product accumulation is in fact the quasi steady state approximation.
It has been used for substitution reactions, non-equivalent redox reactions, chain
reactions, acid-base catalytic reactions, enzyme catalyzed reactions, or heterogeneous
catalyzed reactions. Several examples are discussed in this paper.

To show that, the consecutive reactions with reversible step is being chosen.
The reaction sequence for the net transformation of A to C via reversible formation
of intermediate B is:

Al =B, kl1k—1 B - C k2 (1)
The differential rate equations are:
—dA]
———==kq4[A] -k_4[B
o 1[A] —k4[B]
dB
4B = A1 -k y[B] k18] @
dcC
del_ ko[B]

dt
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In order to integrate them, the system can be simplified in certain circumstances
to a far more tractable form. It consist on setting d[B]/dt= 0. A situation is a common
one, and method finds wide application in many different chemical systems as
enumerated above. As one can see, that is an unduly strict statement of the condition,
which must be met to validate the method. Nonetheless, proceeding in this fashion
for the moment and equating d[B]/dt to zero, the steady state concentration is:

_ kqlA]
[Bls=+——— 3

It reveals that the concentration of B is not constant but depends on the
concentration of starting reactant A. As reaction proceeds, the starting material
decays and the steady-state concentration of the intermediate declines. By
substituting it to the rate expression of [A] consumption yields:

-dA K_1k1[A] _ kiks[A
[ ]=k1[A]— 1K1[A] _ kaka[A] @
dt k_1+k2 k_1+k2
and the accumulation of final product C is:
dcC kiko[A
[ ]:kz[B]z 1K2[A] ©)

dt Kq+ko

It results that the two rates -d[A]/dt and d[C]/dt are equal, as a consequence
of setting d[B]/dt = 0. The conservation of mass requires

[A] +[B] + [C] = [Ao

Actually, d[B]/dt is not zero. If it were, d[A])/dt would also be zero and no
reaction would occur. Thus it seems worthwhile to examine more closely the nature
of this approximation, so widely useful. It is necessary and sufficient condition for
the validity of the above relations that

[B] <<[A] +[C]
If it is so, from the material balance expressions
[A]=[Alo-[C] or [C]=[Al-[A]-I[C]

results the equality between the rate of consumption of A and accumulation of C.
Another approach to exploring the nature of the steady-state approximation is based
on the rearrangement of the rate expression of d[B]/dt to

kq[A]-d[B]/dt

B] = 6
(B == ©
By using this, the consumption of A is of the form

~dA] _ kako[A] , kyd[B]/dt -

dt k_1+k2 k_1+k2

This general equation contains a second term not found in steady-state
solution. Another view of the condition needed to reduce this general solution to a
simplified one resulting in steady-state approximation is:
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diB] __ kiko[A]
dt Ky

This is a condition” far less restrictive than the starting mathematical
statement d[B]/dt = 0.
For the system with mixed consecutive and parallel processes

A+BO=C klak-l; C+D->P kz;

where C is an active intermediate, the condition of steady-state validity is:

(8)

dcC k1k
a4 K12 i) ©
dit ky

These general rules were applied to various reaction systems as enumerated
above. It is often important to compare the form of an experimental rate law with
the one derived for the proposed mechanism. The rate law is expressed in terms of
the concentrations of reactants, products, and catalysts in the reaction mixture,
eliminating the concentrations of the reaction intermediates. The comparison is
needed to learn whether each postulated mechanism is consistent with the data.
For that reason one must develop some facility with the derivations.

Graphs and diagrams of various types have been used to depict reaction
mechanisms in chemistry as chain processes, catalyzed processes, and enzyme-
catalyzed processes®*. Temkin®’ and Segal® have proposed a convenient version
of cyclic graphs. These graphs incorporate only intermediate species as vertices
and not starting materials and main or secondary products. They were used to deduce
- in a quite simple way - the concentration of reactive intermediates and the overall
reaction rate®™*. Inspired by the flow graphs used in electronics, physics and
engineering'>™"’, we show in this work how to use flow graphs to associate them with
reaction mechanisms in order to obtain some kinetic characteristics of any reaction
scheme. Besides the intermediates, these graphs incorporate also the starting chemical
species, the main and secondary products. At the same time, we associated determinants
to chemical change and constructed graphs on this base. Our approach has the
advantage of offering the opportunity to calculate the concentration of any species
involved either being in a quasi-steady-state or a transient concentration.

In dealing with complex reaction kinetics we have applied signal flow
graph®®. A flow graph is a diagram that represents a set of simultaneous differential
equations connecting the system variables which could be solved by using Cramer
method™*. It consists of a network in which vertices or nodes, representing
chemical species involved in the mechanism, are connected by edges acting as
signal multipliers. These signal flow graphs (SFG) depict the flow of signals from
one point of the system to another, give the relationships among signals and yield
the determinants of the systems. We consider here the flow graphs for several
examples where the steady state has been applied above in order to see how
simple is this way to reach the steady-state concentration of intermediates or to
find the rate law.

The basic principles of flow graphs, their properties, their algebra along
with several applications have been presented previously*®.
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APPLICATIONS

Monomolecular nucleophilic substitution. A classical example is the Syl
mechanism for substitution in organic or inorganic chemistry. The replacement of
H,O from complexes MLg(H,O)" by an anion Y™ has been found to be essentially
first-order in both complex and substituting anion over a large range of conditions.
Experiments of this kind are not entirely satisfactory with positively charged
complexes because of complications brought about by ion-pair formation. To avoid
this, anionic complexes were used. The concentration of Co(CN)5H202' has been
found to conform to a Sy1 mechanism?:

Co(CN)5H,0%" 0= Co(CN)Z" +H,0  ky,k»
Co(CN)2™ +Y ™ [0 - Co(CN)5Y 3" ks

with Y~ being Br, I, CN’, CNO’, OH". The steady-state concentration for pentacoordinate
intermediate is:

(10

[CO(CN)Z ] = <alCoCN)sH 0] (11)

ko +k3[Y ]

and the rate law:
d[Co(CN)5Y37] _ kqk3[Co(CN)sH,OI[Y ]
dt ko +ka[Y ]
The apparent first-order rate coefficient expression can be rearranged in a
linear form. From various k.ps determined under various experimental conditions a

various incoming ligands, a value of k;=1.6x10° s™ has been found.
For this system the flow graph is depicted bellow™:

@ ki[Co(CN)H,07] : Ka[Y'] -[2]

ko

Fig.1. The global flow graph

(12)

where "S" represents the source of the interested species (B) or the input node, "B”
is Co(CN)s>, "C” is Co(CN)sY* and "A" refers to Co(CN)sH,O. It is observed that
the reactant Co(CN)sH,0O” take place to the source and in the same time as an
output node because it is formed in the first reversible reaction. The transmittances
are the pseudo-first-order rate constants with respect to Co(CN)s> (B).

[Co(CN)é_] _ Theformati qn deter mi n ant (13)
The consumption det er minant

The formation flow graph results from the main graph in which the interested
species (B) becomes the target (the output node):
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2.
@ kl[CO(CN)Hzo ]: B

Fig. 2. The formation flow graph of the species B

DAtormation = kl[Co(CN)HZOz_] (14)
From the consumption determinant a graph (the consumption flow graph) is

derived, which indicates the flowing from the transitional species to the output
nodes and is obtained from the main flow graph eliminating the source:

A ko . ka[Y'] c

Fig. 3. The consumption flow graph

The value of the consumption determinant results from adding the
transmittances of the independent ways to obtain a products™™":

Aconsumption = k2 + k3[Y_] . (15)
It results that
kq[Co(CN)H,0 2]

ko +K3[Y ]
which is the same with that obtained above (11).

[Co(CN)52] =

(16)

Enzymatic reactions. An representative example of enzymatic reaction is:

S+E = X1 ki, Ko

X1+S- P+E ke
X1 = X ks, K3 17)
Xo - X3+E ks

with the rate law: r = Ko[S][X1].
By applying the QSSA, we obtain:

2
(= kik2[SI“[Elo 18)

ki[S]+ ko[ +kq + akslS] , Kska
k_3+k4 k_3+k4
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The same results were obtained by King and Altman* using a schematic
method of deriving the rate laws for enzyme catalyzed reactions, and also by Segal
and co-workers®*° using the graph method. In the case of enzymatic reaction, the
global signal flow graph is the perfect image of the mechanism:

‘. KiS] ks

OAG XY

Fig. 4. The global flow graph for enzymatic reaction

The enzyme balance is [E]+[X.]+[X;] = [E]o- The consumption of each
species leads to the formation of the others species, so the consumption determinant
could be written as a summation of three determinants® resulting from the flow
graphs, characterized by the propriety that every species becomes the target
species (the output node):

kq[S] ks

G @ X2

kq[S]

: KatholS] @ /@

Fig. 5. The consumption flow graphs of the implied specie
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Using the algebra properties of the flow graph™™*"?! the consumption is:
Dconsumptin=Ky ks + (K3 Kk + (K3 +kg) (K- +ko[F) +kak4(19)

The formation flow graph for the intermediary "X,” is:

kq[S]

Fig. 6. The formation flow graph for the species X;

"S" is the source or input node and represents, in this case, the initial
concentrations of the involved species. The value of the formation determinant is:

Axy1 = Eoky[Slk4 + Egky[Sk-3 = Egky[S](k-3 + k4) (20)
[Xq] = Axy  _ Eokq[SI(k—3 +kg)
Aconsumption  K1[SIkg +(k_3 +kg)kq[S] +(k_3 + kg )(k_1 +k3[]]) +k3zky
(21)
Knowing that the rate law is I = Ko[S][X1] we obtain:
2
(= kik2[S“[Elg 22)

alS] +kolS] +k g+ BAT Kok
k_3+k4 k_3+k4

which is the same result as that given by King and Altman* andE.Segal®*°.

Chain Reactions. The application refers to gas decomposition of ethanal.
The main reaction is:

CH3CHO - CH,+ CO (23)

and exhibits a fractional order 1.5 on ethanal. Trace quantities of C,Hg and H, were
also detected in the products. Consider the following chain mechanism?*:

Initiation CH;CHO - CHjy +CHO Ky
CHO - CO+H ks, (24)
CH3;CHO + H - H,+ CH;CO K3

Propagation CHsz+ CH;CHO - CH,4 + CH;CO K4
CH;CO - CHsy + CO Ks

Termination 2 CHy - CyHg Ks
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The formyl radical produced in the initiation reaction does not enter the
chain reaction but gives the rise to secondary products. Making the steady state
approximation, in order to eliminate the intermediate concentrations, one can
derive the rate law:

O[Cd:b’] = kq[CH3CHQ ~ k4[CH3CHQ[CH3] +ks[CH3CO] - 2kg[CH3]% =0
—d[cd:'o] = ky[CH3CHO] - k )[CHO] = 0
dH] _ _
ek ko[CHO] - k3[H][CH3CHO] = 0 (25)
H
d[C_dfCO] = k3[H][CHaCHO] + k 4[CH3][CH3CHO] — ks[CH3CO] = 0
Addition of the steady-state conditions for the intermediates gives the result:
2k [CH3CHO] = 2kg[CH3]? ; [CH3lg = m (26)
6

and the rate is:

1/2

H4CH

_W = 2k4[CH3CHO] + k 4[:—1j [CH,CHOP®'? 27
6

This result is in agreement with the experimental rate law, provided the
second term is much larger than the first. For long chain approximation, meaning
that the substrate is consumed mainly in propagation step, this holds. Therefore,
the experimental rate constant is:

k 1/2
Kooy = k“[k_lj (28)
6

The global flow graph of the equation system is a perfect image of the
reaction mechanism™:

)G oG
ksa
k]_a

Fig. 7. The global flow graph of system (24)

where "S" represents the reactant CH;CHO. The transmittances are the pseudo-
first order rate constants with respect to the intermediate species; "a" means
[CH;CHO] and "x" is [CH3].
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The consumption flow graph is obtained from the system flow graph
eliminating the source (input node):

e G s S O
Kg

Fig. 8. The consumption of the radical specie flow graph

Aconsumption = kz'ksa'k5'2kex (29)

The formation flow graphs are drawn considering the species of interest as
target nodes (output nodes). Their values are the product of the transmittances,
starting from the source to the target species.

The formation flow graph for CHs' is:

NSl
kia / 3

Fig. 9. The formation of CHgz' radical flow graph

Arcnz = kaakoksaks + Kiakoksaks = 2 kjakoksaks (30)
[CHa] = X = Atchz /Dconsumption @Nd results:
k1[CH3CHO]

kq[CH3CHO] = kg[CH3]?> ; [CH3]= >
6

(31)

which is the same result as discussed above.
The formation flow graph for H' is:

GEG Gy

kia

Fig. 10. The formation of the H' flow graph
AfH =k 1a'k2'k5'2k6X (32)
Inserting the intermediate concentration obtained from the ratios of
determinants into the rate law, gives:
1/2
d[CH3CHO k
—MZZM[CH 3CHOJ + k4(k—1 [CHLCHO]®/? 33)
6
which is identical to that obtained by applying the classical QSSA.
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When one becomes accustomed to the flow graph all the formation or
consumption determinants can be written directly from the global graph scheme
and their concentrations calculated straightforward. The overall rate is immediately
deduced. It avoids the need of detailed calculations with QSSA.

Acknowledgement.
The authors greatly acknowledge CNCSIS for financing this work by Grant
no.4/164, 2003.

REFERENCES

M.Bodenstein, Z Physik. Chem., 1913, 85, 329.

H. S. Jo h nston Gas Phase Reaction Rate theory, Ronald Press, New-York, 1969,

329-332.;L.Volk,W.Richardson, K.H. Lau, M.Hall S.H. Lin, J.Chem.

Educ., 1977, 54, 95.

J.A.Christiansen,Adv. Catalysis, 1953, 5, 311-353.

E.L.King, C. Altman, Phys. Chem., 1956, 60, 1375

M.I.Temkin, Dokl. Akad. Nauk SSSR, 1963, 152, 156-159.

M. I. T emkin, Dokl. Akad. Nauk SSSR, 1965, 165, 615-618.

M. I. T e m k i n, Mechanism and Kinetics of Complicated Reactions, S. Z. Roginski,

Moscow, 1970, p. 57.

8. E.Segal, Ann. Univ. Bucuresti, 2003, 12(1-2), 257.

9. E.Segal, Progress in Catalysis, 1997, 6, 135-141.

10. E. Segal, Progress in Catalysis, 1998, 7, 1-4.

11. OON.Temkin,D.G.Bonchev,J.Chem. Ed., 1992, 69, 544-550.

12. A.V.Zeigarnik,O.N.Temkin, D.G.Bonchev,AVZeigarnik,J.
Chem. Inf .Comput .Sci, 1995, 35, 729-737.

13. A.V.Zeigarnik,O.N.Temkin,D.G.Bonchev,J. Chem. Inf. Comput. Sci,
1996, 36, 973-981.

14. A.V.Zeigarnik, Kinet .Katal.,1996, 37, 372-385.

15. K. O g a t a, Modern Control Engineering, Prentice Hall International, New Jersey,
1995.

16. N. S. Nic e, Control System Engineering, Addison-Westley Publishing Company, 1995,
p. 240-260, 268-275.

17. R.C.Dorf, R. H.Bihop, Modern Control System, Prentice Hall International, New
Jersey, 2001, p. 66-80,118-158.

18. M.Socol, l.Balde a, Studia Univ. Babes-Bolyai, Chem. 2003, 48(1), 109.

19. A. C. Aitk e n, Determinants and Matrices, Oliver and Boyd, Edinburgh, 1939, Chap.
2.

20. AHaim W.K. Wilmarth, Inorg. Chem.,1962, 89, 573; R.G.Pearson,F.
Basolo, J.Am. Chem. Soc., 1956, 78, 4878.

21. T.lon e s cu, Grafuri. Aplicatii. Vol 1. Ed. Didactica si Pedagogica, Bucuresti , 1973,
p. 198- 207.

22. J.W.Moore,R.G.Pearson,Kinetics and Mechanism, 3-rd Ed. Willey, New York,

1981; J. H. E s p e n s 0 n, Chemical Kinetics and Reaction Mechanisms, McGraw-Hill

Book Co. New-York, 1981, p. 137.

N =

Noos~w

110



