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Modeling a complex heterogeneous catalytic reaction involves consideration of 
each elementary rate or equilibrium step. In principle, each step can be modeled 
with an analog reaction. For example, first order Langmuir-Hinshelwood kinetics 
can be modeled by combining two analogs, one for adsorption and one for surface 
rearrangement. The result is the sum of two Hammett-type relations. A linear 
free energy relation, which must be empirically established, proves the validity of 
the model and thereby elucidates the details of the catalytic process. The recent 
work of Mochida and Yoneda is discussed to demonstrate the important utility of 
linear free energy modeling procedures in the study of heterogeneous catalytic 
reactions. 

Few correlations exist between reactant 
structure and activity in heterogeneous 
catalysis, but many cataIys&structure 
correlations appear in the literature (1). 
Complex catalyst systems can be under- 
stood by comparing them with simpler sys- 
tems and with systems about which in- 
formation is available. Modeling is an 
important scientific technique. Linear free 
energy relations, so useful in studying 
structural effects in homogeneous reactions, 
can find general utility in modeling any 
chemical reaction system with a simpler 
analog reaction. The basic empirical prin- 
ciple is that free energy quantities in anal- 
ogous systems are linearly related. Simi- 
larity can indeed be proven by the existence 
of a linear free energy relation. Once simi- 
larity is established comparison of the 
complex system with the model is valid. 

Information can also be obtained through 
the quantitative parameters which de- 
scribe the linear correlation. Often physical 
significance can be assigned to each param- 
eter. For example, Hammett’s p describes 
the reaction’s electron demand while m is 
attributed to the electronic influence of the 

side chain substituent. Comparisons of such 
parameters within a reaction series or from 
one series to another provide information 
on the structural and reaction variables. In 
the case of reactions following the Hammett 
relation, they are all modeled by the ioni- 
zation of benzoic acid. Comparisons of p 
constants between reaction series give in- 
formation on the relative electron demand 
of each reaction series; while u compari- 
sons provide information on the relative 
electron-withdrawing power of different 
substituents. 

Heterogeneous catalytic systems repre- 
sent a complex sequence of chemical steps 
which can be elucidated with linear free 
energy relations. Recently important con- 
tributions in this area have appeared in the 
literature. Kraus (2) has successfully cor- 
related many heterogeneous catalytic reac- 
tions of the olefin-forming elimination-type 
with the Taft relation. Thus, structural 
effects in a homogeneous reaction system 
(actually two systems in the Taft re- 
lation) appear to model this heterogeneous 
catalytic series. Dissimilarity between any 
heterogeneous reaction and a homogeneous 
model might be expected because of the 
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free energy changes of chemisorption. Ap- 
parently it was not the case here, and the 
homogeneous model was successful. Mochida 
and Yoneda (3, 4) used linear free energy 
relations to test a model of the proposed 
rate-limiting step in the cracking of alkyl- 
benzenes. Carbonium ion formation was 
suspected to be rate-limiting. A linear re- 
lation between calculated enthalpy changes 
of this elementary step and the apparent 
activation energies confirmed this mecha- 
nism. This provides a dramatic demon- 
stration of how linear free energy relations 
can be used to elucidate the details of 
catalytic processes. 

THEORY 

The recent work demonstrates the use of 
linear free energy relations in certain het- 
erogeneous catalytic systems but does not 
give a clear picture of the general applica- 
bility of this technique. For this it is 
necessary to follow the theoretical foun- 
dations of linear free energy relations as 
formulated for homogeneous systems and 
apply them to heterogeneous systems to 
include adsorption effects. It appears suf- 
ficient to use the development of Wells (6) 
rather than the more detailed considerations 
of Leffler and Grunwald (6). No conflict 
exists between these views since the dif- 
ference is one of detail. The independent 
reaction variables of Wells are regarded by 
Leffler and Grunwald as dependent vari- 
ables which can be expressed in terms of 
independent group variables. 

Proceeding according to Wells, any 
change of free energy, whether free energy 
of activation or standard free energy change 
of reaction, can be expressed as a function 
of independent reaction variables. Thus, 

AF= f(z,y . . -) 

When only one variable changes due to a 
small change in reactant structure 

dAF = (c3AF/ax) dx 

If the change in x is slight the term aAF/ 
ax remains constant so that 

AAF = (aAF/ax) Ax 
In terms of rate constants for the two 

structures i and 0, within a reaction series 
A, 

If another reaction series B is similar to 
the extent that changes in structure within 
the series could lead to the same change in 
x without affecting other variables then 

(aAF/ax)B T, 
R = (aAF/ax)a Tu 

In Ici 
0 ko A 

The quantities (aAF/az), vary with sen- 
sitivity of AF to changes in x and thus 
depend on the nature and conditions of the 
reaction. The terms TA and TB refer to 
the temperature of reaction for series A 
and B. The collection of terms, 

(aAF/ax)B TA E G AB 
(aAF/ax)A T, = 

will be constant if (aAF/aX) A and (aAF/ 
ax), remain constant over the range of 
structural change. Considering the standard 
free energy changes of reaction as well as 
activation energies gives 

ln 0 5 K- 
= GzAB In -2 

0 
k. 

k0 B K 
or GzAB In 2 

0 A 0 k 0 A 

The above equation in terms of equilibrium 
constants is the same as the Hammett re- 
lation. Reaction series A in the Hammett 
relation is the ionization of substituted 
benzoic acids, and reaction series B in- 
volves substituted benzene compounds with 
a reactive side chain. Reaction A is the 
model and involves reactants which are 
very similar in structure to reactants in 
series B. Strict requirements for structural 
similarity in the Hammett relation ap- 
parently allows considerable freedom in the 
reaction nature; hundreds of different re- 
action series have been correlated using 
the Hammett relation. 

The complexity of heterogeneous cataly- 
sis is often successfully handled by assuming 
that adsorption equilibrium of the reactants 
precedes a rate-limiting, first-order surface 
rearrangment. This Langmuir-Hinshel- 
wood formulation provides reaction rates 
in terms of external phase concentrations, 
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adsorption equilibrium constants, and sur- 
face reaction rate constants. For a single 
adsorbed reactant A with weak adsorption 
of products or impurities, 

v = kKRPR/(l + KRPR) 

with weak reactant adsorption 

and for strong reactant adsorption 

where v is the reaction velocity, Ic is the 
surface rate constant, Ic’ is the apparent 
rate constant, and K, is the adsorption 
equilibrium constant for reactant R. The 
general case is more complicated, however, 
because of a kinetic model involving a 
sequence of several steps, any of which 
may be rate-limiting or in equilibrium. Thus 
the general heterogeneous rate expression 
involves many rate and equilibrium con- 
stants. No method has been found to meas- 
ure these adsorption constants independ- 
ently because they apply only to the active 
sites. This difficulty in separating surface 
rearrangement rate c0nstant.s from ad- 
sorption equilibrium constants appears un- 
avoidable, and any linear free energy re- 
lation or reaction model must take this 
aspect into account. 

Linear free energy relations are applicable 
to both rate con&ants and equilibrium 
constants, and t,he possibility exists of 
applying them to each of the constants. 
For example, considering a unimolecular 
reaction following Langmuir-Hinehclwood 
kinetics such that 

1’ = kKRPR 

two influences of reactant structure are 
possible. 

(1). The free energy of chemisorption 
may change. 

(2) The free energy of activation of the 
rate-limiting surface rearrangement may 
change. 

These two effects are quite different and it 
should be possible to model each of them 
with a different reaction. Two linear free 

energy relations, derived from two models, 
are required in this case. 

No criteria can be given regarding the 
choice of model reactions. Some general 
aspects of choosing models can be stated 
however. 

(1) Detailed knowledge of the adsorp- 
tion and surface rearrangement processes 
may provide a clue in choosing models. 

(2) Proposed mechanisms can be con- 
firmed by obtaining a linear free energy 
relation using a model reaction which is 
known to proceed according to the same 
mechanism. A linear relation serves as a 
proof of similarity. 

(3) Simpler model reactions provide more 
information than complex model reac- 
tions because they are more thoroughly 
understood. 

The second statement follows from Wells’ 
development as outlined previously. Simi- 
larity is defined in terms of the common 
reaction variable x and the constancy of the 
%@/a~: terms over a range of x. Ruling out 
the chance that dissimilar reaction series 
may display a linear free energy relation 
over given structural ranges does not ap- 
pear possible. Thus, absolute proof of simi- 
larity can probably not be established 
without additional evidence. 

It follows from the third statement that 
homogeneous reaction models would pro- 
vide more information than heterogeneous 
catalytic reactions. Thus to model the sur- 
face rearrangement step with a hetero- 
geneous reaction or even to model one 
heterogeneous reaction with another will 
not provide much detailed information. 
Knowing they are similar may be useful, 
but the nature of their similarity cannot be 
extracted without much detailed knowledge 
of the model reaction. 

Consideration of structural effects on 
adsorption and surface rearrangement leads 
to some rules in choosing between homo- 
geneous or heterogeneous models to investi- 
gate a first order Langmuir-Hinshelwood 
reaction series. 

(1) Aclsorption can be modeled by a 
heterogeneous catalytic reaction if the 
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structural change affects only the adsorp- 
tion equilibrium of the model and not the 
surface rearrangement. 

(2) Adsorption can be modeled by a 
homogeneous reaction if the homogeneous 
reaction involves a bond similar to the 
chemisorption bond. 

(3) Surface rearrangements can be mod- 
eled by similar heterogeneous catalytic 
reactions if structural changes affect only 
the surface rearrangement of the model and 
not the adsorption. 

(4) Surface rearrangements can be mod- 
eled by homogeneous reactions. 

(5) The overall process may be modeled 
by a single heterogeneous catalytic reaction 
whenever the structural changes cause 
similar effects on both adsorption and sur- 
face rearrangement processes. 

(6) The overall process may be modeled 
by a single homogeneous reaction if struc- 
tural changes do not alter the adsorption. 

If a single heterogeneous or homogeneous 
reaction models the entire first order proc- 
ess (rules 5 or 6) a two-parameter, pa-type, 
linear free energy relation results. In terms 
of Wells’ formulation 

[GzAM In (2) ] 
0 M heterogeneous or homogeneous model 

Above, A refers to the reaction series whose 
reactant structure effects are under inves- 
tigation; M refers to the model reaction. 
When separate models are used for the 
adsorption and surface rearrangement the 
linear free energy relation takes the form 
of a summation of two free energy changes. 
Thus, 

AAFtital = AAFadsorption 
+ AAFsurfaw rearrangement 

or in terms of Wells’ formulation 

Equilibrium constants from model reac- 
tions may be used instead of rate constants. 

Since linear free energy relations can be 
written in terms of ratios of rate and equi- 
librium constants it is sufficient to make 
measurements of these ratios. In principle 
reaction rate expressions of considerable 
complexity can be handled. It should be 
possible to model any ratio of rate or equi- 
librium constants. Bimolecular reaction 
rates which follow the expression 

kK,K,P,P, 
’ = 1 + K,P, + I&P, 

can be analyzed by using competitive 
methods to measure relative rates. For 
example, if only the structure of reactant 
2 is changed from 0 to i the relative rate 
becomes 

vi k’i k&i -=-=- 
2’0 k'0 h-o&o 

and the problem thus becomes equivalent 
to the unimolecular case already discussed. 
Even reactions which are limited by de- 
sorption can be studied by competitive 
techniques to yield the ratios of individual 
rate or equilibrium constants (7). Modeling 
of these ratios using linear free energy 
relations can then be attempted to learn 
something about the details of the ele- 
mentary processes. 

DISCUSSION 

Mochida and Yoneda (3, 4) have used 
modeling techniques with linear free energy 
relations to investigate heterogeneous cata- 
lytic dealkylations of alkylbenzenes. It is 
interesting to see how their work is related 
to the general considerations discussed here. 
It involves actually three linear free energy 
relations : 

(1) Modeling an effect of reactant struc- 
ture with the heats of formation of the 
rate-determining carbonium ion. 

(2) Modeling an effect of reactant struc- 
ture with the Hammett relation. 

(3) Modeling an effect of catalyst struc- 
ture with a heterogeneous catalytic reaction. 

The first relation demonstrated how a pro- 
posed reaction mechanism can be verified 
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using a model reaction. The rate-deter- 
mining step for this first order dealkylation 
cracking reaction was thought to be the 
formation of the alkyl carbonium ion. 
Heats of formation of these alkyl car- 
bonium ions had already been calculated. 
Application of the Polanyi relation gave a 
linear relation between free energies and 
enthalpies. Overall rate constants for vari- 
ous alkylbenzenes were correlated by the 
relation 

where a! is the proportionality constant in 
the Polanyi relation. The correlation was 
successful and thereby proved almost con- 
clusively that the carbonium ion formation 
is indeed rate-limiting. Indirectly the cor- 
relation also demonstrated that the alkyl 
group structural changes had essentially no 
effect on the adsorption equilibrium, since 
the ratio (KJK,,), must be unity, 

The second relation demonstrated the use 
of a homogeneous reaction through the 
Hammett relation in modeling the influence 
of a second alkyl group on the removal of 
the first alkyl group. Again the structural 
change had apparently no influence on the 
adsorption equilibrium. The third relation 
involves the use of a heterogeneous cata- 
lytic reaction to model the effect of catalyst 
structure. Thus isopropylbenzene dealkyla- 
tion is used to characterize the catalyst 
effect. It is not immediately apparent that 
Mochida and Yoneda’s relation is equiva- 
lent to the relations discussed here, but 
this can be readily seen. The total change 
in AF is written as 

AAPt,,,, = AAFenta~yst + AAFR 

where R refers to the change in alkyl group 
previously correlated by carbonium ion 
heat of formation. In terms of rate con- 
stants and cnthalpy changes 

This relation should be valid for any cata- 

lyst change 0 to i as long as the mechanism 
does not change. In the form presented by 
Mochida and Yoneda 

where Mochida and Yoneda’s constant 
K(r) is equivalent to the terms ( -GR 
cu~Hi + b) . It has been shown in a previous 
communication (8) that K(r) is indeed 
linearly related to the carbonium ion heats 
of formation. 

Kraus (2) in his extensive review of 
published reaction rate data found the Taft 
equation can be used to correlate those 
dealkylation reactions which Mochida and 
Yoneda correlated with carbonium heats 
of formation. The question arises, which 
correlation should be used, one based on a 
proposed rate-limiting step or one of the 
established correlations? The answer de- 
pends on the objective. If the objective is 
to test a proposed reaction sequence then 
models of the proposed rate-limiting step 
should be compared using linear free en- 
ergy relation techniques. The advantage is 
clear. Had Mochida and Yoneda used sim- 
ply the Taft equation little information 
would have been gained. Even if an excel- 
lent correlation were obtained it would 
have been meaningful only when the Taft 
parameters U* and p* could be compared 
with those for other reaction series. Instead 
they modeled the proposed rate-limiting 
step specifically and thereby verified the 
mechanism. Linear free energy techniques 
appear to be powerful tools in discerning 
the nature of heterogeneous catalysis and 
it appears fruitful to look beyond the 
Hammett and Taft equations when using 
them. 
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