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RRK model of unimolecular surface reaction
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After the chemisorption of a polyatomic molecule on an active site of a catalyst, the adsorp-
tion energy is localized in the new, molecule-active site bond. Assuming the free flow of adsorp-
tion energy into the internal vibrations of the adsorbed molecules only, the Rice-
Ramsperger—Kassel (RRK) statistical theory of a spontaneous decomposition can describe the
surface reaction of these molecules. The mean vibrational energy of adsorbed molecules is
determined by the temperature of reactants in the gas phase, and by the heat of adsorption.
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1. Introduction

The unimolecular catalytic decomposition and the bimolecular reaction of ad-
sorbed molecules (either both adsorbed or one adsorbed and one from the gas
phase) represent the basic types of surface reactions. The theory of these processes
is based on an assumption of adsorption equilibria between gaseous reactants and
adsorbed molecules obeying the Langmuir adsorption isotherm. Usually, the theo-
ry of absolute reaction rates is applied in the description of surface reactions [1,2].
We suggest that in the case of unimolecular surface reactions, the rate can be de-
scribed using the concepts of the statistical (RRK) theory [3-5] of unimolecular
reactions.

As an example, let us consider the decomposition AB— A + B occurring on
active sites S on the surface of a catalyst. The reaction scheme of the reaction can be
described by

AB+S<—:—1+AB-S, (1)
d
AB-SEA+B+S, 2)

where AB - S is the molecule AB adsorbed on a site S, k, and k4 are the adsorption
and desorption rate constants and k; is the rate constant of unimolecular surface
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reaction. According to this scheme, the adsorbed molecule AB decomposes and
fragments of its decomposition desorb. Let us suppose that the unimolecular sur-
face reaction is the rate controlling step. The concentration of AB - S is determined
by the equilibrium of reaction (1). If both the adsorption and the desorption obey
the Langmuir model the concentration, nag.s, of adsorbed molecules on the surface
equals

nass = Noag, 3)

where N is the total number of active sites (both occupied and free) on a unit sur-
face area and the degree of coverage, fag, is given by

kapAB
_ faPAB 4
kapas + k4 “)

where pap is the partial pressure of molecules AB in the gas phase. The reaction
rate on a unit surface area is given by

Oap =

_ dnag _ kak:paB ( 5)
Sdt  kapap+ka’

where S'is the total surface area of the catalyst.

2. The mechanism of the surface reaction

The fate of the adsorption energy (heat) after the adsorption is the key point in
this consideration. If the adsorption energy is not transferred via the active site into
the solid phase the mechanism of a catalytic decomposition can be represented by
the following scheme:

. AB AB, AB,
AB4+S—5 |+ | — \/ —A+B+S. (6)
ki g *2 g S

X Y Z

Here the symbols X, Y, and Z denote the surface intermediates, * indicates the loca-
lization of adsorption energy, k1 and k_; are the adsorption and desorption rate
constants of the molecule AB and adsorbed molecule AB=S, respectively, k is the
rate constant of the energy transfer from the bond AB=S into the adsorbed mole-
cule AB and k_; is the rate constant of the energy flow from the adsorbed AB* mole-
cule into the bond AB-S (the process Y =X — AB + S represents a vibrationally
induced desorption [6]). Further, kj 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 pro-
ducts. The surface is covered by the intermediates X, Y and Z. Let us assume that
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the reaction Y — Z, i.e. the breaking of the bond in the adsorbed molecule AB*, is
the rate controlling step. Let #x and fy denote the degrees of surface coverages by
the intermediates X and Y. If the coverage by Z is neglected the total coverage
equals x + fy. Further, we suppose that the adsorption of AB from the gas phase
and the desorption from the ““hot”” bond containing AB~S are in the state of equili-
brium,

Ox/(1 — 0x — by) = kipas/k-1 (7

and the coverage by the intermediate Y equals a stationary coverage which follows
fromreactions 2 and 3 in scheme (6):

Oy = kabx/(ks + k_2) . (8)
Egs. (7)and (8) can be solved and the coverages expressed,

O0x = Kipas/[l + Kipas(a +1)], )

Oy = aKipas/[1 + Kipas(a+1)], (10)

Ox + 0y = Kipas(a+1)/[1 + Kipas(a +1)], (11)

where o = ky/(k_2 + k3). For k3 <k_5, eq. (11) turns into the simple Langmuir iso-
therm with the equilibrium constant K = KK, (where K; =k;/k_; and
K; = ky/k_,). However, also the form of eq. (11) is similar to that of the Langmuir
isotherm. The fraction fy/6x equals o = K, /(1 + k3/k_5). The resulting reaction
rate is controlled by the reaction of the intermediate Y,

r = ksbly = ksaKipas/[l + Kipas(a + 1)]. (12)

Now the RRK theory of unimolecular decomposition [3-5] can be applied for
the evaluation of the rate constant, k3, of the surface reaction Y —Z. The internal
vibrational energy, ¢, of the molecule AB in the intermediate Y equals the sum of
two components, € = €, + €, where the adsorption energy e, = g»/N, while ¢, is the
heat of adsorption (J/mol) and N is the Avogadro number, and the energy ¢ is the
vibrational energy of the molecule in the gas phase before the adsorption. We as-
sume a rapid (on the picoseconds time scale) randomization of the internal vibra-
tional energy over all vibrational degrees of freedom of the adsorbed molecule AB.
The rate constant, k3, corresponding to the breaking of the bond A-B in the ad-
sorbed molecule, follows from the RRK formula:

[s.0)
ks=A [ [(ea+é—e)/leate)) f(¢)de, (13)

€min
where ¢ is the threshold energy necessary for the internal conversion (dissocia-
tion) of the adsorbed molecule AB (in general, it is not identical with the threshold
energy of decomposition of the molecule in the gaseous phase) and the term
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[(ea + € — €)/(€a +€)]"" is the probability that in the system of s oscillators
(vibrational modes of the molecule AB) with the total energy ¢, + ¢’ an energy
greater than ¢y will be concentrated in a particular (critical) oscillator. Further,
€min = 0 for €, > ¢ and eyin = € — €, for €, <. The product f(€¢') d¢’ represents the
probability, that the total vibrational energy of the molecule AB in the gas phase
ise toe +de: f(¢) = (¢/knT) " exp(—€/kaT)/I'(s)kaT (kg is the Boltzmann
constant and I'(s) is the gamma function). The adsorption energy ¢, and the stick-
ing probability are considered independent of internal energy, ¢, of the molecule
AB before the adsorption. Therefore, the density f(€') is at the same time the den-
sity of adsorbed molecules with the internal energy €, + €. The constant 4 is the
preexponential term of the RRK high-pressure rate constant and its value is of the
order of 1013 s~1. After substitution for f(¢') we obtain the expression for the rate
constant of the surface reaction:

kamd [ leatd — )/ (eat ) hnT)"

€min

x exp(—€ /ksT)/I'(s)ksT (14)

with the limits k3 = 4 exp(—e¢y/kgT) for e, =0 and k3 — 4 for €, > c0.

Assuming €, > ¢ and large values of s, the expression for k3 can be written in
approximation (taking the value of the term [(e, + € — €9)/(€a + €)]° ~! at the max-
imum of the function (¢/ksT)" ' exp(—¢ /ksT), i.e. at emax = (s — 1)kgT, and
approximating this value by an exponential term) in the form

k3=AexP(_ea/(s—€10)+kBT)' (15)

According to eq. (15), the apparent activation energy, eapp, of the surface reaction
increases with increasing temperature of the gas: enpp = —kg[dInks;/d(1/T))]
= €o/[ea/ (s — 1)ksT + 1]*. The mean vibrational energy of molecules AB in the gas
phase is skg T and in the intermediate Y itis skg T + €,; the latter value corresponds
to the apparent vibrational temperature T’ = T + €,/sks (according to eq. (15),
the apparent temperatureis T + €2 /(s — 1)kg = T").

The value of the order of 1012 s~! should be expected for the constant k, because
the flow of energy from the excited bond to the rest of the molecule is accomplished
on the picosecond time scale [7-10]. The value of the constant k_, may be esti-
mated on the basis of the following considerations: The system AB-S can be repre-
sented by s oscillators of AB and one oscillator corresponding to the bond AB-S,
i.e. by s + 1 oscillators. The ratio of the number of surface molecules AB- S having
an energy greater than ¢, localized in the bond AB-S to the number of AB-S hav-
ing that energy lower than ¢, is approximately equal to [¢'/(¢’ + €a)]’. Therefore,
Ox /0y = k_2/ky = [€/(€ + €a)]’ and k_, = ks[€'/ (¢ + €)]". We can expect o> 1 in
egs. (9)-(11).




M. Solc / RRK model of surface reaction 181

In preceding considerations, the energy flow across the bond AB-S into the
solid phase (into the nearest neighborhood of the active site S) was neglected. This
simplification is justified to some extent in the case of adsorption on heavy me-
tals, as a heavy atom blocks the intramolecular transfer on vibrational energy [11-
14]. The adsorption site is therefore considered an immobile structureless point
and the temperature of the solid phase is of no importance. The mean energy of the
system AB-S is determined by the temperature of gas phase and by the adsorption
energy only. If we abandon this concept and permit the rapid energy flow via the
active site to and from the solid phase, the latter acts as a large heat bath (thermo-
stat) of temperature T, and the system AB-S reaches the thermal equilibrium
with it. At equilibrium the probability of accumulation of energy ¢ to € + de in the
critical bond of adsorbed molecule AB is equal to exp(—e/kgT) de/kg T. The prob-
ability that there is accumulated an energy greater than ¢ is then
[ exp(—e€/ksT) de/ksT = exp(—eo/ksT). The rate constant of the surface reac-

€
tionis proportional to the latter probability,

k3 =V exp(—eo/kBT) . (16)

The temperature T in eq. (16) is the temperature of the thermostat, i.e. the tem-
perature of the solid phase. The activation energy —kg[dInks;/d(1/T)] = € is inde-
pendent of the temperature 7. This model is an equilibrium one, and it does not
enable any closer interpretation of the constant ». However, it can plausibly be
assumed that the molecules with an energy greater than the threshold energy in the
critical oscillator decompose with the rate constant of the order of the vibrational
frequency of the critical bond, i.e. v ~ 103 s~!. The theory of absolute reaction
rates offers for the rate constant of a unimolecular surface reaction a formula iden-
tical with eq. (16) in which v = kgT'/h (h is the Planck constant), provided that the
partition function of the activated complex is approximately the same as the parti-
tion function of the adsorbed molecule[1,2].
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