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Abstract 

Two models of surface unimolecular reaction are considered: 1) the model with a rapid redistribution of adsorption energy 
within the degrees of freedom of the adsorbed molecule as well as of the solid phase, and 2) the model with a blocked energy 
flow into the solid phase. It is shown that lowering of the apparent activation energy of the reaction by blocking the energy flow 
into the solid phase could be observed for small and moderate molecules with sufficiently large adsorption energy. 
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1. Introduction 

In the process of chemisorption, the new, 
adsorbed molecule-adsorption site bond is 
formed and the adsorption energy is released. It is 
plausible that this energy is, immediately after the 
adsorption, accumulated in the newly formed 
bond. In the classical texts on the theory of adsorp- 
tion and surface reaction [ 1,2], it is tacitly 
assumed that the adsorption energy is rapidly ran- 
domized in the whole system, i.e. it freely flows 
into the adsorbed molecule as well as into the bulk 
of the solid phase. According to this idea, the 
adsorbed molecule and the solid phase have the 
same internal (vibrational) temperature. 
Recently, we postulated that the adsorption site 
blocks, in some cases (adsorption on heavy met- 
als) , the energy flow into the solid phase and the 
adsorption energy is randomized in the adsorbed 
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molecule only [ 31. This postulate is based on the 
results of experiments and theoretical calculations 
suggesting that the heavy atom represents a seri- 
ous barrier to the intramolecular energy flow in 
chemically activated molecules [4-81 and it is 
also supported by the interpretation of the width 
of fundamental and first overtone spectral lines of 
the acetylenic C-H stretch in ( CH3) ,CC=CH and 
(CH,),SiC=CH molecules [ 91. In this paper we 
discuss the measurable consequences of the block- 
ing of free intramolecular energy flow into the 
solid phase by the adsorption site. 

2. Model of surface unimolecular reaction 

We shall consider a unimolecular decomposi- 
tion of a molecule AB to products A and B on a 
catalyst with active sites S. In the first step, the 
molecule AB is adsorbed on an active site S and 
the adsorption energy is released. Then the 
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Scheme 1. 

adsorbed molecule decomposes to the adsorbed 
products A and B and these desorb into the gase- 
ous phase. The reaction occurs when the energy 
greater than the threshold energy e. accumulates 
in the critical bond (oscillator) A-B of the 
adsorbed molecule AB. The fate of the adsorption 
energy is the key point in following considera- 
tions. 

lator). The rate constant k3 is therefore given by 
the formula 

k3 = w.exp( - colkBTs) 

In the first limit case, the adsorption energy is 
transferred through the adsorption site S mostly 
into the bulk of the solid phase, and it is rapidly 
randomized there. The activation energy for a cat- 
alyzed reaction is then provided by the lattice 
vibrational modes of the catalyst and ‘..energy 
transfer takes place through surface atoms to the 
adsorbed entities that are prepared to react: each 
surface atom is more or less efficient channel 
through which vibrational quanta can pass’ [ lo]. 
The corresponding reaction scheme is Eq. 1 
(Scheme 1) in which * indicates the localization 
of adsorption energy, Yi is the surface complex 
with the adsorption energy randomized in the solid 
phase, kl and k_ 1 are the adsorption and desorp- 
tion rate constants, respectively, k2 is the rate con- 
stant of the energy flow from the intermediate X 
into the solid phase, k--2 is the rate constant of the 
energy flow from the solid state into the bond AB- 
S and k4 is the rate constant of the desorption of 
products A and B. The probability of accumula- 
tion of energy greater than the threshold dissoci- 
ation energy, eo, in the critical bond A-B is equal 
to the equilibrium probability, exp( - c,JkBTs) , 
where T, is the temperature of the solid phase (the 
solid phase represents a large heat bath which is 
in the continuous contact with the critical oscil- 

where the value of the preexponential term o is 
the frequency of intramolecular energy redistri- 
butions and it is usually assumed of the order of 
1013 s-l. 

In the second limit case, the adsorption energy 
is not transferred via the active site into the solid 
phase and the mechanism of a catalytic decom- 
position can be described by Eq. 3 (Scheme 2) 
[ 31. (The generalized model of a molecule with 
oscillators divided into sets, where a rapid energy 
exchange exists within these sets, although 
between the separate sets there is no such 
exchange, was proposed already in the sixties 
[ 111) . In Eq. 3 ( Scheme 2)) * indicates the local- 
ization of adsorption energy, k, and k_, are the 
adsorption and desorption rate constants of the 
molecules AB and the adsorbed molecules 
ABLS , respectively, k5 is the rate constant of 
the energy transfer from the bond AB-Sinto the 
adsorbed molecule AB and k_5 is the rate constant 
of the energy flow from the adsorbed molecule 
AB* into the bond AB-S. Further, k6 is the rate 
constant of the breaking of the A-B bond in the 
adsorbed molecule AB* and k4 is the desorption 
rate constant of the products A and B. Applying 
the concepts of the RRK theory of unimolecular 
decomposition [ 12,131, the formula for the rate 
constant, b, of the decomposition of the adsorbed 
molecules was derived [ 31: 

k. AB k, AB- k, A B k, 

(2) 

AB+Sqf-+ I* +f+ dA+B+S 
-1 S -5 (3) 
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Scheme 2. 
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k6= v. [(Ea+E’-EEo)/(Ea+E’)]S-’ 

( E’/kgT)S-’ .exp 

( - E’lkgT) de’lT(s)k,T (4) 

In Eq. (4)) v is the frequency constant of the order 
of 10” s-‘, Emin = 0 for E, > ??0 and Emin = ??0 - E, 
for E, < 6, e. is the threshold (dissociation) 
energy of the A-B bond, E’ is the vibrational 
energy of the molecule AB in the gas phase, E, the 
adsorption energy ( E, = qJN, where qa is the heat 
of adsorption in J/m01 and N is the Avogadro 
number), s the number of representative oscilla- 
tors of the adsorbed molecule AB, kB the Boltz- 
mann constant and T the temperature of the 
molecules AB in the gas. 

The function (c’lk,T)“-‘exp( - E’/k,T) has 
the maximum at the point E’,,, = (s - 1) k,T. Sub- 
stituting this value for E’ in the term 
[(E,+E’--~)/(E~+E’)]~-~ we obtain (for 
E~<E,+(s- l)k,T) 

k6=v.[1-~O/(~a+(s-l)kBT)]“-‘-v 

*exp[ -•o/(k,T+ea/(s- l))] (5) 

3. Overall rate constant and the apparent 
activation energy 

The overall rate constant of the catalyzed 
decomposition AB + A + B for the first model is 

r= -dNABlSdt=k3L(Y,) =k3LO(Y,) (6) 

where NAB denotes the number of the molecules 
AB in the gas phase, S is the total surface of the 
catalyst and O( Y, ) is the surface coverage by the 
intermediate Y1 ( O(Y,) =L.(Y,) /L, where L is 
the total number of active centers per surface unit 
and L( Y 1 ) is the number of centers occupied by 
the intermediate Y1 per surface unit). Assuming 
the Langmuir type of adsorption-desorption equi- 
libria and neglecting the surface coverage by prod- 
ucts, O(Z) , we can derive the rate equation 

r=k&,K2W~BI[ 1 +K,N,,( 1 +&)I (7) 

where Ki= k;lk_+ The low pressure limit 
(NAB-O) ofEq. (7) is 

r = k3K, K&NAB = kN,, (8) 

where k is the low pressure limit of the overall rate 
constant. The constant k3 is given by Eq. (2)) the 
product K,Kz is const. exp( ea/ksT). Therefore the 
apparent activation energy is 

r= -k,dlnkld(l/T) =eo-ea (9) 

and it is independent of the temperature T. 
The overall rate constant of the catalyzed reac- 

tion AB -+ A + B for the second model is 

r= -cW,,lSdt=k&(Y,) =k,LO(Y?) (10) 

Assuming the Langmuir type of adsorption- 
desorption equilibria and neglecting the surface 
coverage by products we can derive the rate equa- 
tion in the form 

r=k6K1KSLNABI[1+K,NAB(1+K5)] (11) 

The low pressure limit of this equation is 

r = k6K1 KsLNAB = k’NAB (12) 

The constant k6 is given by Eq. (5), the product 
K,Ks is approximately equal to const. ( 1 + E,/ 
sk,T)” (in the classical approximation 
k,=w.[l-((~-~a)/~)“] and 
k_,=o[(~-~a)/~]“, where c=skBTfQ. 
Therefore the apparent activation energy is (for 
moderate values of s) 

e&p = - k,dlnk’ld( 1 IT) 

=E~/[E,/(s- l)k,T+ l] 

](c,-•~o)/(s- l)kBT 

+ l] - E,/( 1 + e,/sk,T) (13) 

and it generally depends on the temperature T. For 
very large s the apparent activation energy natu- 
rally limits to co - E,. The low temperature limit 
of.6 app is equal to zero. The high temperature limit 
is E’ aPP + e. - E,. The lowering of the apparent 
activation energy by blocking the energy flow into 
the solid phase could therefore be observed at low 
pressures and low temperatures for small and 
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moderate molecules with sufficiently large 
adsorption energy. Let us note that the preexpo- 
nential factor of the constants k’ and k is v and w, 

(21 G.C. Bond, Catalysis by Metals, Academic Press, New York, 
1962. 

respectively and it is in both cases of the order of 
lOI s-l. 
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