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Kinetics of two-step catalytic sequence on nanoclusters with limited 
cluster occupancy 

Dmitry Yu. Murzin 
Åbo Akademi University, Henriksgatan 2, 20500 Åbo/Turku, Finland  

A B S T R A C T   

Two-step catalytic sequence was considered for cooperative kinetics of heterogeneous catalytic reactions on nanoclusters with a limited number of adsorbed species 
due to size restrictions allowing for derivation of the corresponding rate expressions. Dependence of the kinetic parameters on the number of adsorbed species was 
considered for different models of biographical (intrinsic) and induced non uniform surfaces. Explicit expressions were derived for the rates on evenly nonuniform 
surfaces exhibiting a linear decrease in the Gibbs energy with site occupancy. An expression for the apparent activation energy was obtained for the two step 
sequence with both irreversible steps. Simulations were performed for several expressions for the forward reaction rate in a two-step sequence with different number 
of maximal adsorbed species. The analysis illustrated that the reaction rates in the forward direction pass through maxima even without any competition of both 
reactants. Strong nonuniformity or lateral interactions make the rate maxima less prominent. Larger clusters, which can accommodate more adsorbed intermediates 
per cluster, exhibit rather wide maxima in the rates expanding over a broad range of concentrations. 

The experimental data on resazurin reduction with hydroxylamine over gold clusters bearing 15 to 25 gold atoms were used to illustrate applicability of the 
developed theoretical approach showing a dramatic switch in kinetic regularities between Au15 and Au18 clusters, which could be attributed to changes in the 
number of adsorbed species per cluster.   

1. Introduction 

Recent development in nanocatalysis combined with significant ad-
vancements in preparation and characterization methods of nano-
clusters inspired a renewed interest in theoretical kinetic analysis of the 
respective reactions [1–6]. It is apparently clear that the conventional 
approaches based on the pioneering work of Langmuir with metal films 
[7] and subsequent contributions of Horiuti [8] and Temkin [9], who 
studied predominantly bulk metals/oxides as catalysts, cannot be 
directly applied to nanocatalysis. The main conceptual objection is 
related to utilization of the concept of surface coverage and fast surface 
diffusion, which is questionable as only few reacting molecules can be 
adsorbed on a nanocluster. As an illustration, let us consider a semi- 
spherical metal cluster of a dimeter of 1.5 nm. The surface area of 
such a cluster being ca. 3.5 nm2 implies that if the maximum cross 
section of a molecule is in the range ca. 0.3–0.5 nm2/molecule [10], 
which are typical values for hydrocarbons with just 4–7 carbon atoms, a 
limited number of molecules (6–10) can be adsorbed on a single cluster. 
For large organic molecules, like betulin [11], there could be just 2–3 
adsorbed molecules per cluster. 

In the ultimate case of single-atom catalysts with 100 % surface 
utilization [12–14] the concept of surface coverage on a particular 
cluster does not hold as a particular catalytic site is either empty or is 

occupied taking part in a catalytic cycle. To address this apparent 
inconsistency with classical catalytic kinetics, stochastic kinetic models 
for the Michaelis-Menten kinetics with enzymes [15,16] or conceptually 
similar Eley-Rideal kinetics [17] have been advanced for single site 
catalysts. Surprisingly even for single nanocatalysts different catalytic 
sites might influence each other [18], because of cooperative behavior. 
The stochastic kinetics was also used for linear sequences on a single 
nanocatalyst with multiple active sites operating independent on each 
other [19]. When the stochastic effects are averaged, the nanocatalyst 
with multiple active sites behaves as an effective catalyst with a single 
site. 

A different approach was developed in [20,21], explicitly consid-
ering adsorption equilibria on metal clusters with a finite number of 
adsorbed molecules per a single metal cluster. Considerations of a two- 
step sequence with the first step of adsorption being in quasi- equilibria 
and a second rate determining step resulted in a rate expression with 
polynomial terms in the nominator and the denominator [21] 

r =
a1CA + a2C2

A + ...+ anCn
A

1 + b1CA + b2C2
A + ...+ bnCn

A
=

∑n
1anCn

A

1 +
∑n

1bnCn
A

(1) 

In eq. (1) n is the number of adsorbed molecules per cluster, ai stands 
for terms containing kinetic and adsorption constants, while bi is related 
to adsorption terms. Eq. (1) was derived [21] assuming that all kinetic 
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and adsorption constants depend on the spatial arrangements of reacting 
molecules. On the contrary, for the two-step sequence with one most 
abundant surface intermediate, mechanistically close to the Eley-Rideal 
mechanism, 

1. * + A ↔ I* + C

2.
I* + B ↔ * + D
A + B ↔ C + D

(2) 

the same rate constants on a bare surface and occupied clusters were 
considered independent on the number of adsorbed species [21]. In eq. 
(2) often used for description of experimental data in heterogeneous 
catalysis [22,23] A, B, C and D are reactants, and I is an adsorbed 
intermediate. 

The general form for the two-step sequence with n adsorbed reaction 
intermediates is [21] 

r =
ω+1(1 + U + U2 + ...+ Un− 1) − ω− 1(U + U2 + ...+ Un)ftotal

1 + U + U2 + ...+ Un (3)  

where 

U =
k+1CA + k− 2CD

k+2CB + k− 1CC
=

ω+1 + ω− 2

ω+2 + ω− 1
(4) 

f is the total number of metal clusters and ω+1 etc. are frequencies of 
steps [22], e.g.ω+1 = k+1CA;ω− 1 = k− 1CC, etc. It can be easily demon-
strated based on the steady state approximation for eq. (2) 
k+1CAθ0 − k− 1CCθI = k+2CBθI − k− 2CDθ0 where θI and θ0 are respectively 
the coverage of the intermediate I and the fraction of empty sites, that 
the parameter U corresponds to their ratio (i.e. U = θI/θ0). 

An extension of this theoretical development was recently done for a 
case when the surface of a nanocluster can accommodate only two 
adsorbed reaction intermediates [24]. A more general approach, how-
ever, requires analysis of the cases when many more molecules can 
adsorb on a cluster and that kinetic parameters are dependent on the 
occupancy of a cluster. 

2. Two-step sequence 

The treatment in [21,24] assumes that due to cooperative behavior 
in catalytic reactions over nanoclusters, the reaction mechanism (i.e. eq. 
(2)) should be modified to include as many reaction routes as the 
number of adsorbed molecules /intermediates that a cluster can 
accommodate. In [24] two adsorbed species per cluster were considered 
resulting in a following rate equation: 

r = r =

(ωI
+1ωI

+2 − ωI
− 1ωI

− 2 + (ωII
+1ωII

+2 − ωII
− 1ωII

− 2)
ωI

+1 + ωI
− 2

ωII
+2 + ωII

− 1
)ftotal

ωI
+1 + ωI

+2 + ωI
− 1 + ωI

− 2 + (ωI
+1 + ωI

− 2)
ωII

+1 + ωII
− 2

ωII
+2 + ωII

− 1

=

=
(ωI

+1 + ωII
+1U1 − ωI

− 1U1 − ωII
− 1U1U2)ftotal

1 + U1 + U1U2

(5) 

with 

U1 =
ωI

+1 + ωI
− 2

ωI
+2 + ωI

− 1
;U2 =

ωII
+1 + ωII

− 2

ωII
+2 + ωII

− 1
(6) 

A more illustrative example is provided below with maximum four 
adsorbed intermediates due to spatial availability on a nanocluster 
(Fig. 1). 

The mechanism for such case can be rewritten in the following way: 

N(I) N(II) N(III) N(IV)

I.1 * + A ↔ I* + C 1 0 0 0
I.2 I* + B ↔ * + D 1 0 0 0
II.1 I* + A ↔ II* + C 0 1 0 0
II.2 II* + B ↔ I* + D 0 1 0 0
III.1 II* + A ↔ III* + C 0 0 1 0
III.2 III* + B ↔ II* + D 0 0 1 0
IV.1 III* + A ↔ IV* + C 0 0 0 1
IV.2 IV* + B ↔ III* + D 0 0 0 1

(7)  

where the numbers (0 or 1) correspond to the stoichiometric numbers (i. 
e. Horiuti numbers) of a particular step in the corresponding reaction 
route [25,26]. As expected four reaction routes in eq. (5) give the same 
chemical equation. The concentration of clusters having different 
number of adsorbed intermediates (Fig. 1) f0, f1 – f4 can be computed 
based on the steady state approximations for the reactions routes N(I) - 
N(IV) respectively: 

rI
+1 − rI

− 1 = rI
+2 − rI

− 2; r
II
+1 − rII

− 1 = rII
+2 − rII

− 2; r
III
+1 − rIII

− 1 = rIII
+2 − rIII

− 2; r
IV
+1 − rIV

− 1

= rIV
+2 − rIV

− 2

(8) 

Giving subsequently: 

kI
+1CAf0 − kI

− 1CCf1 = kI
+2CBf1 − kI

− 2CDf0 (9)  

kII
+1CAf1 − kII

− 1CCf2 = kII
+2CBf2 − kII

− 2CDf1 (10)  

kIII
+1CAf2 − kIII

− 1CCf3 = kIII
+2CBf3 − kIII

− 2CDf2 (11)  

kIV
+1CAf3 − kIV

− 1CCf4 = kIV
+2CBf4 − kIV

− 2CDf3 (12) 

The ratio between the concentration of clusters can easily derived 
from eq. (9–12), namely 

f1 = U1f0; f2 = U1U2f0; f3 = U1U2U3f0; f4 = U1U2U3U4f0 (13) 

Where U1 and U2 are expressed by eq. (6) and 

U3 =
ωIII

+1 + ωIII
− 2

ωIII
+2 + ωIII

− 1
;U4 =

ωIV
+1 + ωIV

− 2

ωIV
+2 + ωIV

− 1
(14) 

The mass balance of clusters having different amounts of adsorbed 
species is 

f0 + f1 + f2 + f3 + f4 = ftotal (15) 

Which gives an expression for the bare clusters concentration 

f0 =
ftotal

1 + U1 + U1U2 + U1U2U3 + U1U2U3U4
(16) 

The overall reaction rate along four routes is the sum of the rates of 
these routes [9] 

r = r(I) + r(II) + r(III) + r(IV) = rI
+1 − rI

− 1 + rII
+1 − rII

− 1 + rIII
+1 − rIII

− 1 + rIV
+1 − rIV

− 1

(17)  

which can be rewritten as 

r = rI
+1 + rII

+1 + rIII
+1 + rIV

+1 − rI
− 1 − rII

− 1 − rIII
− 1 − rIV

− 1 (18) 

In eq. (18) r+ and r− are the overall rates in the forward and reverse 
directions respectively. In eq. (17) the rates of the first steps along 
different routes are selected. It is apparently clear that the same result 
follows if the second step would be considered, because the reaction is 
under steady state conditions. 

The rate in the forward direction is the sum of the rates in the for-
ward direction for all routes.     __   __  __ __  __ __ 

    __   __  __ __  __ __ 
0     I   II   III   IV 

Fig. 1. Clusters with up to four adsorbed species for the mechanism in eq. (5).  
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r+ = kI
+1CAfo + kII

+1CAf1 + kIII
+1CAf2 + kIV

+1CAf3 =

= kI
+1CAfo + kII

+1CAU1f0 + kIII
+1CAU1U2f0 + kIV

+1CAU1U2U3f0 =

=
(kI

+1 + kII
+1U1 + kIII

+1U1U2 + kIV
+1U1U2U3)CAftotal

1 + U1 + U1U2 + U1U2U3 + U1U2U3U4

(19) 

Or 

r+ =
(ωI

+1 + ωII
+1U1 + ωIII

+1U1U2 + ωIV
+1U1U2U3)ftotal

1 + U1 + U1U2 + U1U2U3 + U1U2U3U4
(20) 

The rate in the reverse direction is then: 

r− =
(ωI

− 1U1 + ωII
− 1U1U2 + ωIII

− 1U1U2U3 + ωIV
− 1U1U2U3U4)ftotal

1 + U1 + U1U2 + U1U2U3 + U1U2U3U4
(21) 

The overall rate for the mechanism in eq. (7) is 

Or 

which can be presented as 

r = r+(1 −
r−
r+
) (24) 

For the reaction mechanism in eq. (7) the ratio between the rates in 
the reverse and forward directions is equal to the equilibrium constant of 
the chemical equation, which is the same for all routes. Subsequently 
this ratio is equivalent to the expression, which follows from the treat-
ment of Horiuti [25] for a reversible reaction without a rate-limiting step 
and the stoichiometric number of all steps equal to unity: 

r−
r+

=
1
K

CCCD

CACB
(25) 

Apparently, a general equation for the n species adsorbed on the 
catalyst surface can be easily written in a similar form as eq. (21) 

r+ =
(ωI

+1 + ωII
+1U1 + ωIII

+1U1U2 + ..+ ωn
+1U1U2..Un− 1)ftotal

1 + U1 + U1U2 + U1U2U3 + ...+ U1U2U3...Un
(26) 

The rate in the reverse direction in a general form can be presented in 
a following way 

r− =
(ωI

− 1U1 + ωII
− 1U1U2 + ωIII

− 1U1U2U3 + ..+ ωn
− 1U1U2..Un)ftotal

1 + U1 + U1U2 + U1U2U3 + ...+ U1U2U3...Un
(27) 

Applicability of eq. (25) can be easily demonstrated for the case of 
one adsorbed species per cluster being expanded in [24] to the case of 
clusters with up to two adsorbed species on a two-site ensemble (e. 5). A 
more tedious derivation resulting in the equation of Horiuti can be done 
for the case of several routes considering that the overall equilibrium 
constant is independent on the number of adsorbed species on a cluster. 

3. Cluster occupation dependence 

As can be seen from eq. (26) and (27) there is a substantial number of 
parameters, which describe the reaction rates, making both expressions 

very difficult to tackle especially for a reasonably large number of 
adsorbed species per cluster n when the adsorption or kinetic parameters 
vary depending on n. Such variations are expected, when there is a 
distribution of sites with different reactivity or lateral interactions are 
present. 

Dependence of the rate parameters on the size and shape of metal 
clusters has been considered previously theoretically [27–30] and for 
specific reactions [31–34]. 

In general, structure sensitive reactions are analyzed independent on 
kinetics [29,30] or by incorporating the cluster size dependence in the 
expressions for rate constants [27,30]. In the former case no dependence 
of the rate constants on the cluster size or shape is assumed, and the 
adsorption/desorption or reaction rates are calculated considering the 
fraction of terraces, edges and corners of different reactivity depending 
on the cluster size. This approach obviously does not consider explicitly 

the reaction mechanisms. An alternative method is to apply the ther-
modynamic approach [27] implying that the equilibrium constants of 
adsorption can be computed through size/shape dependent Gibbs 
adsorption energy. Subsequently the linear free energy (or Brønsted- 
Evans-Polanyi) relationship between the reaction constants k and 
equilibrium constants K is applied in the form k = g Kα where g and α 
(Polanyi parameter, 0 < α < 1) are constants. 

The thermodynamic approach considers how the chemical potential 
of a nanocluster changes as a function of the cluster size [35]. In general 
the chemical potential is the amount by which the Gibbs energy of the 
system changes if an additional particle was introduced, with the pres-
sure and temperature fixed. A basic thermodynamic equation for a 
macroscopic system connecting incremental changes in energy, heat and 
work is. 

dG = Vdp − SdT +
∑k

i=1
μidNi + γ

′

dA (28)  

where μi is the chemical potential of the ith chemical compound, Ni is the 
number of particles (or number of moles) composing the ith chemical 
component, A is the surface and γ’ is the surface energy excess. The latter 
defines the relationship between the amount of work performed in 
enlarging a surface and the surface area created. 

In the context of the current work, the interest is on the impact of the 
quantity of adsorbed species per cluster on the chemical potential. In 
[36] two contributions to the chemical potential were considered, the 
intrinsic one related to the cluster size and the induced part because of 
the excess surface energy changes upon adsorption. 

Corresponding differences in the values of kinetic parameters with 
an increase of the number of adsorbed species are thus ascribed also to 
either distribution of sites with different binding strength or lateral in-
teractions between adsorbed species. In the first case obviously the sites 
exhibiting stronger affinity to the adsorbate will be occupied first fol-
lowed by filling the sites which adsorb less strongly. The lateral 

r =
(ωI

+1 + ωII
+1U1 + ωIII

+1U1U2 + ωIV
+1U1U2U3 − ωI

− 1U1 − ωII
− 1U1U2 − ωIII

− 1U1U2U3 − ωIV
− 1U1U2U3U4)ftotal

1 + U1 + U1U2 + U1U2U3 + U1U2U3U4
(22)   

r =
(ωI

+1 + ωII
+1U1 + ωIII

+1U1U2 + ωIV
+1U1U2U3)(1 −

ωI
− 1U1+ωII

− 1U1U2+ωIII
− 1U1U2U3+ωIV

− 1U1U2U3U4

ωI
+1+ωII

+1U1+ωIII
+1U1U2+ωIV

+1U1U2U3
)ftotal

1 + U1 + U1U2 + U1U2U3 + U1U2U3U4
(23)   
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interactions imply that repulsive or attractive interactions upon 
adsorption are manifested also changing the adsorption energy 
depending on the site occupancy. 

Subsequently differences in say ωI
+1 , ωII

+1 and ωn
+1 originate from 

biographical (intrinsic) and induced nonunuformity [9]. In the literature 
different models were considered to account for both types of nonuni-
formity. A linear decrease of the adsorption heat as a function of 
coverage corresponds to the so-called evenly nonuniform surfaces and 
the logarithmic adsorption isotherm [9], while deviations from linearity 
result in the Freundlich isotherm [37]. A conceptually different view on 
real adsorbed layer implying lateral interactions in the simplest form 
assumes also a linear decrease of adsorption energy ε on coverage θ 
within the concept of the surface electronic gas [9] 

ε = ε0 −
η2h2L
4πm* θ (29)  

where η is the effective charge acquired by an adsorbed particle, h is the 
Plank constant, L is the number of adsorption sites on the unit surface, 
m* effective electron mass. Eq. (29) leading to the Fowler- Guggenheim 
adsorption isotherm [1,38] could be presented in a more general form 
[39] for adsorption of species A 

ε = ε0 − wAAn1 (30)  

where wAA is the energy of A-A lateral interactions between nearest 
neighbors and n1 is the number of nearest-neighbor interactions. A more 
complex dependence implies also that lateral interactions between next- 
nearest-neighbors should be considered as well 

ε = ε0 − wAAn1 − wAA′ n2 (31)  

where n1 is the number of next-nearest-neighbor sites. 
Both models (i.e. intrinsic and induced nonuniformity) imply a 

decrease of adsorption heat as a function of the site occupancy. In the 
context of the current work considering adsorption on nanoclusters with 
a limited number of adsorbed species per cluster, adsorption energy 
should be viewed as a function of the average number of adsorbed 
species per cluster across all clusters. 

When the interval between the maximum and minimum values of the 
Gibbs adsorption energy can be defined in the following way [9] 

ψ =
ΔGads,min − ΔGads,max

RT
(32)  

and a relative value λ corresponding to different site occupancy is 

λ =
ΔGads − ΔGads,max

RT
(33)  

the distribution function of the sites with different adsorption strength 
[9] takes a form [40] 

φ(λ) =
γL

eγψ − 1
eγλ, 0⩽λ⩽ψ (34)  

where L is the total number of surface sites and γ is a parameter char-
acterizing the isotherm type [9]. The value of γ ranges between − 1 and 1 
with positive values corresponding to the Freundlich isotherm, while the 
logarithmic (Temkin) isotherm is obtained when γ = 0. 

Integration of (33) results in an expression for the number of sites 
corresponding to a particular value of λ 

N =
γL

eγψ − 1

∫ λ

0
eγλdx = L

eγλ − 1
eγψ − 1

(35) 

From the site occupancy (i.e. θ = N/L) an expression for λ is [40] 

λ =
1
γ

ln[θ(eγψ − 1) + 1] (36) 

giving a possibility to express the Gibbs energy of adsorption for 

different site occupancy or coverage in the classical treatment of 
adsorption on extended surfaces: 

ΔGads = ΔGads,max + λRT = ΔGads,max +
RT
γ

ln[θ(eγψ − 1) + 1] (37) 

Because ΔGads,max < 0, apparently with an increase of site occupancy 
ΔGads is becoming more positive in line with experimentally observed 
dependence of adsorption heat on coverage also considering that 
adsorption entropy has a marginal dependence on the site occupancy. 
The site occupancy in the context of adsorption of a limited number of 
adsorbed species per cluster should be viewed not as a coverage in the 
classical sense, but rather an averaged ratio of a number of adsorbed 
species n per cluster to the maximum possible number of adsorbed 
species nmax. This ratio fn depends on the geometrical area of adsorbed 
species Sadsorbed species, the area of the cluster Snanocluster and the shielding 
parameterϕ: 

fn =
n

nmax
=

n
Snanoclusterϕ

Sadsorbed species

=
Sadsorbed species

Snanoclusterϕ
n (38) 

The parameter ϕ takes into account that due to steric constrains and a 
mismatch in the size of molecules and the cluster not all surface sites are 
occupied, thus diminishing the maximum number of adsorbed species 
per cluster. Subsequently the Gibbs energy of adsorption is: 

ΔGads = ΔGads,max +
RT
γ

ln[n
Sadsorbed species

Snanoclusterϕ
(eγψ − 1) + 1] (39) 

Whenγ = 0, eq. (39) cannot be used directly taking instead the form 

ΔGads = ΔGads,max + λRT = ΔGads,max +ψRT
Sadsorbed species

Snanoclusterϕ
n (40)  

4. Rate expressions for evenly nonuniform surfaces 

For the sake of clarity, only the case for a linear decrease in the Gibbs 
adsorption energy with site occupancy will be discussed. Subsequently 
eq. (40) will be used below to define the dependence of the equilibrium 
and rate constants on the average number of adsorbed species per 
cluster. Making use of the relationship between equilibrium constants 
and the Gibbs energy of adsorption one arrives at an expression for the 
adsorption constant 

Kads = e−
ΔGads,max

RT e− ψ
Sadsorbed species

Snanocluster ϕ n
= Kads,0e− χn (41) 

with the parameter χ dependent on the size of adsorbed species and 
on the cluster dimension 

χ = ψ Sadsorbed species

Snanoclusterϕ
(42) 

The pre-exponential factor in eq. (41) corresponds to the maximum 
value of the Gibbs adsorption energy, which happens on a bare cluster 

Kads,0 = e−
ΔGads,max

RT (43) 

For the case of intrinsic nonuniformity and repulsive lateral in-
teractions, the strongest adsorption corresponds to bare surfaces, as the 
parameter χ is positive. The same parameter can be negative for 
attractive interactions and subsequently for eq. (41) the pre-exponential 
factor would be 

Kads,0 = e−
ΔGads,0

RT (44) 

accounting for the Gibbs adsorption energy on a bare cluster. 
Equation of a similar type as eq. (41) was used in [41] for analysis of 

the optimum catalyst in the case of structure sensitive heterogeneous 
reactions, when the optimum in the rate was determined for the 
parameter z = lnKads. 

Linear free energy (or Brønsted-Evans-Polanyi) relationships are 

D.Yu. Murzin                                                                                                                                                                                                                                    
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widely used in homogeneously and heterogeneously catalyzed reactions 
[42] linking the rate constants k with equilibrium constants K in a series 
of analogous elementary reactions: 

k = gKα, 0 < α < 1 (45) 

Subsequently considering eq. (41) and (45) an expression for the rate 
constant of adsorption is 

kads = gKα
ads,0e− αχn (46) 

To comply with eq. (41) the desorption rate is then 

kdes = gKα− 1
ads,0e(1− α)χn (47) 

The notation in eq. (46) and (47) can be slightly modified to be in 
line with the notation of mechanism (7) where the first route corre-
sponds to adsorption on a bare cluster with n equal to zero 

kI
+1 = gKα1

1,0e− α1χe− α1χ(n(I) − 1) = (kI
+1)

′

e− α1χ(n(I) − 1) (48) 

In this way the route number N(I) is exceeding the number of 
adsorbed species already present on the surface n by one. In eq. (48) n(I)

corresponds to the route N(I) being thus equal to unity (i.e.n(I) = 1). 
Similarly the rate constant for the backward reaction is 

kI
− 1 = (kI

− 1)
′

e(1− α1)χ(n(I) − 1) (49) 

Analogously it holds for the second step: 

kI
+2 = (kI

+2)
′

e(1− α2)χ(n(I) − 1); kI
− 2 = (kI

− 2)
′

e− α2χ(n(I) − 1) (50) 

if the values of Polanyi parameter are different for the first and the 
second step. Otherwise, the expressions for rate constants for different 
routes can be essentially simplified: 

kI
+1 = (kI

+1)
′

e− αχ(n(I) − 1); kII
+1 = (kI

+1)
′

e− αχ(n(II) − 1);

kIII
+1 = (kI

+1)
′

e− αχ(n(III) − 1); kIV
+1 = (kI

+1)
′

e− αχ(n(IV) − 1);
(51) 

with n(I) = 1, n(II) = 2,n(III) = 3,n(IV) = 4. Expressions for parameters 
U1, U2, U3, U4, etc. can be easily obtained considering that the Polanyi 
parameters are the same for all steps and do not depend on the site 
occupancy 

U1 =
ωI

+1 + ωI
− 2

ωI
+2 + ωI

− 1
=

[(ωI
+1)

′

+ (ωI
− 2)]e− αχ(n(I) − 1)

[(ωI
+2)

′

+ (ωI
.1)

′

]e(1− α)χ(n(I) − 1)
=

[(ωI
+1)

′

+ (ωI
− 2)]

[(ωI
+2)

′

+ (ωI
.1)

′

]
e− χ(n(I) − 1)

(52)  

U2 =
[(ωI

+1)
′

+ (ωI
− 2)]

[(ωI
+2)

′

+ (ωI
.1)

′

]
e− χ(n(II) − 1) = U1e− χ(n(II) − 1); U3 = U1e− χ(n(III) − 1); U4

= U1e− χ(n(IV) − 1)

(53) 

Finally, eq. (20) reflecting the rate in the forward direction when 
maximum four adsorbed species can be present on a cluster, takes a form 

Fig. 2. The reaction rates for a cluster with n = 2 as a function of parameter U1 and different values of Polanyi parameter: a) 0.3, b) 0.5, c) 0.7.  
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r+ =
(ωI

+1)
′

(1 + U1e− αχ + (U1)
2e− (2α+1)χ + (U1)

3e− (3α+3)χ)ftotal

1 + U1 + (U1)
2e− χ + (U1)

3e− 3χ + (U1)
4e− 6χ

(54) 

Or in a general case on n species 

r+ =
(ωI

+1)
′

(1+U1e− αχ +(U1)
2e− (2α+1)χ + ...+(U1)

n− 1e− χ[α(n− 1)+
∑n− 1

1
(n− 1)]

)ftotal

1+U1 +(U1)
2e− χ + ...+(U1)

ne− χ
∑n

1
(n− 1)

(55) 

In a similar fashion, the rate in the reverse direction in a general form 
is 

r− =
(ωI

− 1U1 + ωII
− 2U1U2 + ωIII

− 1U1U2U3 + ..+ ωn
− 1U1U2..Un)ftotal

1 + U1 + U1U2 + U1U2U3 + ...+ U1U2U3...Un
=

=
(ωI

− 1)
′

(U1 + ...+ (U1)
neχ(1− α)(n− 1)− χ

∑n

1
(n− 1)]

))ftotal

1 + U1 + (U1)
2e− χ + ...+ (U1)

ne− χ
∑n

1
(n− 1)

(56) 

Manipulation of eqns. (55) and (56) is even more complicated than 
with eqs. (26) and (27). However, as both equations are a result of the 
rigorous derivation of the steady-state kinetic expression the Horiuti 
expression (eq. 25) should be also valid here. 

5. Dependence on site occupancy: Two species per cluster 

For two adsorbed species eq. (55) can be simplified leading to 

r+ =
(ωI

+1)
′

(1 + U1e− αχ)ftotal

1 + U1 + (U1)
2e− χ

(57) 

Numerical analysis of equation (57) will be done below by consid-
ering dependencies of the reaction rates as a function of U1 at different 
values of the Polanyi parameter and χ. When the size of a cluster is 
increasing, meaning that in general more species can adsorb on the 
surface, the value of the parameter χ remains the same as this parameter 
according to eq. (42) reflects the slope of the Gibbs energy changes with 
an increase of site occupancy and is proportional to the ratio of a 
maximal possible difference between Gibbs adsorption energy to the 
maximal number of adsorbed species. 

Fig. 2 illustrates a dependence of the rate (or more precisely the ratio 

r+2/(ωI
+1ftotal)) as a function of the parameter U1 at different values of 

the Polanyi parameter. As can be seen from Fig. 2 almost the same 
behavior is observed at different values ofα, even if some differences in 
numerical values could be seen. The reason for such behavior is a small 
interval of α, which was varied within a physically reasonable interval 
(0.3 to 0.7), and the structure of eq. (57), where for the parameter α to 
have an impact on the rate, the term U1e− αχ should be significant 
compared to unity. 

When the sites are the same or there are no lateral interactions (e.g. 
χ = 0) the reaction rate passes through a maximum as a function of U1. 
Recall that U1 is the ratio of formation to consumption frequencies of 

steps and in the simplest case of both irreversible steps in a two- step 
sequence is equal to the ratio of the frequencies for the first and the 
second step (i.e. U1 = ωI

+1/ωI
+2). For a mechanism reflecting isomeri-

zation (or cracking) when there is no reactant taking part in the second 
step (i.e. I* →* +D) or the pressure/concentration of that reactant is 
constant, the reaction rate in the forward direction passes through a 
maximum even without any competition of both reactants. Such max-
ima in the rates, typically attributed to the Langmuir-Hinshelwood type 
of mechanism, were discussed in the context of cooperative kinetics 
[24]. It follows from Fig. 2 that strong nonuniformity or lateral in-
teractions (higher values of χ) make the rate maxima less prominent and 
almost smoothening any dependence at χ = 5. 

Besides the reaction order another important global reaction 
parameter often applied to study reaction mechanisms is the apparent 
activation energy Ea,app defined as 

Ea,app = RT2(∂lnr/∂T) (58)  

where R is the gas constant. A rigorous analysis of the apparent acti-
vation energy for the two-step sequence performed in [2] gave for a 
reaction with both irreversible steps 

Ea,app = Ea,1 +Ea,2 −
k1CA

k1CA + k2CB
Ea,1 −

k2CB

k1CA + k2CB
Ea,2 (59)  

where Ea,1 and Ea,2 are the apparent activation energy values for the first 
and the second step respectively. The cluster size dependence of the 
activation energy was discussed previously in [43] where it was 
concluded that the activation energy can either increase or decrease as a 
function of the cluster size depending on which types of sites (i.e. edges 
or terraces) the Gibbs energy of adsorption is larger. 

The general equation for the two step sequence in the forward di-
rection (eq. 57) can be simplified for the case of both irreversible steps 
and expressed through the frequencies of steps along the route N(I): 

r+ =
(ωI

+1ωI
+2 + (ωI

+1)
2e− αχ)ftotal

ωI
+1 + ωI

+2 +
(ωI

+1)
2

ωI
+2

e− χ
=

(k+1CAk+2CB + (k+1CA)
2e− αχ)ftotal

k+1CA + k+2CB +
(k+1CA)

2

k+2CB
e− χ

(60) 

The apparent activation energy is calculated as  

For a function U it holds that 

∂lnU
∂T

=
∂lnU
∂U

∂U
∂T

=
1
U

∂U
∂T

(62) 

Subsequently neglecting dependence of the pre-exponential factor on 
temperature in lnk+1 in comparison with the exponential term of the 
Arrhenius equation and considering that the interval between the 
maximum and minimum values of the Gibbs adsorption energy does not 
depend on reaction temperature, one gets for different terms in eq. (61): 

Combining eq. (61), (63) and (64) the expression for the apparent 

Eact,apparent = RT2

∂ln
(k+1CAk+2CB + (k+1CA)

2e− αχ)ftotal

k+1CA + k+2CB +
(k+1CA)

2

k+2CB
e− χ

∂T
=

= RT2 ∂
∂T

(ln(k+1CAk+2CB + (k+1CA)
2e− αχ) + lnftotal − ln(k+1CA + k+2CB +

(k+1CA)
2

k+2CB
e− χ))

(61)   
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activation energy is 

Ea,app =
(E+1 + E+2)k+1CAk+2CB + 2E+1(k+1CA)

2e− αχ

k+1CAk+2CB + (k+1CA)
2e− αχ −

−

E+1k+1CA + E+2k+2CB +
(k+1CA)

2

k+2CB
e− χ(2E+1 − E+2)

k+1CA + k+2CB +
(k+1CA)

2

k+2CB
e− χ

(65) 

which takes the following form 

Ea,app =
(E+1 + E+2)ω+1ω+2 + 2E+1(ω+1)

2

ω+1ω+2 + (ω+1)
2 −

−
E+1ω+1ω+2 + E+2(ω+2)

2
+ (ω+1)

2
(2E+1 − E+2)

ω+1ω+2 + (ω+2)
2
+ (ω+1)

2

(66) 

when the surface of a cluster can accommodate two adsorbed spe-
cies, which react independent on the presence of each other (i.e.χ = 0). 
Alternatively a very high value of χ = 0 implies that the second adsorbed 
specie is not reactive e− αχ ≈ 0 and eq. (65) can be reduced to the classical 
expression for the two-step sequence [2]: 

Ea,app = E+1 +E+2 −
E+1ω+1 + E+2ω+1

ω+1 + ω+2
=

ω+2

ω+1 + ω+2
E + 1 +

ω+1

ω+1 + ω+2
E+2

(67)  

6. Dependence on site occupancy: Beyond two species per 
cluster 

To align the theoretical discussion on the dependence of the rate on 
the site occupancy with some practical cases, adsorption of isoeugenol 

on a surface of a metal catalyst will be considered. Hydrodeoxygenation 
(HDO) of this compound originating from lignin has been extensively 
studied in the literature [44,45]. While virtually placing several mole-
cules of isoeugenol on a flat surface, it can be easily obtained that the 
geometrical surface area of 6 adsorbed species (Fig. 3) is ca. 4 nm2, 
which for a half-spherical particle and the shielding parameter ϕ equal 
to 0.7, typical for aromatic compounds [40], corresponds to a cluster 
diameter of ca. 2 nm. Catalysts with such and even lower dimensions of 

∂
∂T

(ln(k+1CAk+2CB + (k+1CA)
2e− αχ)) =

∂ln(k+1CAk+2CB + (k+1CA)
2e− αχ)

∂(k+1CAk+2CB + (k+1CA)
2e− αχ)

∂(k+1CAk+2CB + (k+1CA)
2e− αχ)

∂T
=

=
1

k+1CAk+2CB + (k+1CA)
2e− αχ

∂(k+1CAk+2CB + (k+1CA)
2e− αχ)

∂T
=

=

CA1 k0
+1k0

+2CACBe− (E+1+E+2)/RT E+1 + E+2

RT2 + (k0
+1CA)

2e− αχe− 2E+1/RT 2E+1

RT2

k+1CAk+2CB + (k+1CA)
2e− αχ

(63)   

∂
∂T

(ln(k+1CA + k+2CB +
(k+1CA)

2

k+2CB
e− χ)) =

∂ln(k+1CA + k+2CB +
(k+1CA)

2

k+2CB
e− χ)

∂(k+1CA + k+2CB +
(k+1CA)

2

k+2CB
e− χ)

∂(k+1CA + k+2CB +
(k+1CA)

2

k+2CB
e− χ)

∂T
=

=
1

k+1CA + k+2CB +
(k+1CA)

2

k+2CB
e− χ

∂(k+1CA + k+2CB +
(k+1CA)

2

k+2CB
e− χ)

∂T
=

=

CAk0
+1e− ERROR!!E+1/RT E+1

RT2 + CBk0
+2e− E+2/RT E+2

RT2 +
(k0

+1CA)
2

k0
+2CB

e− χe(− 2E+1+E+2)/RT 2E+1 − E+2

RT2

k+1CA + k+2CB +
(k+1CA)

2

k+2CB
e− χ

(64)   

Fig. 3. Atop view of 6 isoeugenol molecules.  
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metal clusters are often utilized in HDO of isoeugenol. It could be thus 
interesting to analyze dependence of the reaction rate on the size of 
clusters. Table 1 lists the rate expressions for different maximal values of 
adsorbed species from 1 to 6 reflecting eventually the corresponding 
cluster size. 

The rates on a cluster with four and six adsorbed species as a function 
of the parameter U1 are presented in Fig. 4 for the Polanyi parameter 
equal to 0.5. 

According to Fig. 4 at sufficient values of χ the maxima in the rates 
can be rather broad expanding over a broad range of the parameter U1. 
This is an interesting observation illustrating that a very rich kinetic 
behavior exhibiting maxima in the reaction rates, often associated with 
the Langmuir-Hinshelwood type of mechanisms, can be expected for the 
two-step sequence without a direct competition of reacting molecules 
when the size of clusters is changing. The latter leads to a larger number 

of adsorbed species which are accommodated on the surface altering the 
kinetic expression. 

A visual comparison between Fig. 4 and Fig. 2b illustrates that the 
dependence for the cluster with maximum two adsorbed species on the 
parameter U1 looks less pronounced than for more adsorbed species. 
This is manifested by much larger changes in the absolute values of the 
rates at similar values of χ when more adsorbed species can be accom-
modated on a cluster. 

To quantify these differences, the relative ratios of rates on clusters 
with cooperative behavior compared to a conventional expression for a 
two-step sequence are listed in Table 2. Subsequently the equations in 
Table 2 can be compared for different values of n and thus the cluster 
size keeping the value of parameter χ the same. 

Such analysis is shown in Fig. 5 for the relative ratio of the rates 
when two or one adsorbed intermediates can be accommodated on the 

Table 1 
Kinetic expressions for different maximal adsorbed species.  

n Expression for the forward reaction rate 

1 
r+ =

(ωI
+1)

′

ftotal

1 + U1 
2 

r+ =
(ωI

+1)
′

(1 + U1e− αχ)ftotal

1 + U1 + (U1)
2e− χ 

3 
r+ =

(ωI
+1)

′

(1 + U1e− αχ + (U1)
2e− (2α+1)χ)ftotal

1 + U1 + (U1)
2e− χ + (U1)

3e− 3χ 

4 
r+ =

(ωI
+1)

′

(1 + U1e− αχ + (U1)
2e− (2α+1)χ + (U1)

3e− (3α+3)χ)ftotal

1 + U1 + (U1)
2e− χ + (U1)

3e− 3χ + (U1)
4e− 6χ 

5 
r+ =

(ωI
+1)

′

(1 + U1e− αχ + (U1)
2e− (2α+1)χ + (U1)

3e− (3α+3)χ + (U1)
4e− χ[4α+6])ftotal

1 + U1 + (U1)
2e− χ + (U1)

3e− 3χ + (U1)
4e− 6χ + (U1)

5e− 10χ 

6 
r+ =

(ωI
+1)

′

(1 + U1e− αχ + (U1)
2e− (2α+1)χ + (U1)

3e− (3α+3)χ + (U1)
4e− χ[4α+6] + (U1)

5e− χ[5α+10])ftotal

1 + U1 + (U1)
2e− χ + (U1)

3e− 3χ + (U1)
4e− 6χ + (U1)

5e− 10χ + (U1)
6e− 15χ  

Fig. 4. The reaction rates for a cluster with a) n = 4 and b) n = 6 as a function of the parameter U1 and the Polanyi parameter equal to 0.5.  

Table 2 
Kinetic expressions for the relative ratios of rates.  

n Expression for the relative forward reaction rates 

1 r+(1/1) = 1 
2 

r+(2/1) =
1 + U1(1 + e− αχ) + (U1)

2e− αχ

1 + U1 + (U1)
2e− χ 

3 
r+(3/1) =

1 + U1(1 + e− αχ) + (U1)
2
(e− (2α+1)χ + e− αχ) + (U1)

3e− (2α+1)χ

1 + U1 + (U1)
2e− χ + (U1)

3e− 3χ 

4 
r+(4/1) =

1 + U1(1 + e− αχ) + (U1)
2
(e− αχ + e− (2α+1)χ) + (U1)

3
(e− (2α+1)χ + e− (3α+3)χ) + (U1)

4e− (3α+3)χ

1 + U1 + (U1)
2e− χ + (U1)

3e− 3χ + (U1)
4e− 6χ 

5 
r+(5/1) =

1 + U1(1 + e− αχ) + (U1)
2
(e− αχ + e− (2α+1)χ) + (U1)

3
(e− (2α+1)χ + e− (3α+3)χ) + (U1)

4
(e− χ[4α+6] + e− (3α+3)χ) + (U1)

5e− χ[4α+6]

1 + U1 + (U1)
2e− χ + (U1)

3e− 3χ + (U1)
4e− 6χ + (U1)

5e− 10χ 

6 
r+(6/1) =

1 + U1(1 + e− αχ) + (U1)
2
(e− αχ + e− (2α+1)χ) + (U1)

3
(e− (2α+1)χ + e− (3α+3)χ) + (U1)

4
(e− χ[4α+6] + e− (3α+3)χ) + (U1)

5
(e− χ[4α+6] + e− χ[5α+10]) + (U1)

6e− χ[5α+10])

1 + U1 + (U1)
2e− χ + (U1)

3e− 3χ + (U1)
4e− 6χ + (U1)

5e− 10χ  
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catalyst surface and considering several values of the Polanyi parameter. 
As quite often the value of this parameter is close to 0.5, Fig. 6 addresses 
this case for the ratio of the rates when three (or four) intermediates are 
adsorbed compared with the base case of a single intermediate adsorbed 
on the surface. 

As can be seen from Fig. 5 that for the case of two adsorbed species 
per cluster and the Polanyi parameter equal to 0.5, i.e. the one experi-
mentally often obtained [9], the changes in the ratio of rates depending 
on the value of U (and thus on such reaction parameters as reactants 
concentrations) are rather moderate for the uniform surface without any 
lateral interactions (χ = 0). Positive values of the nonuniformity 
parameter χ imply an increase in the relative rates due to cooperative 
behavior, while maxima could be observed for uniform surfaces and also 

for negative values of the nonuniformity parameterχ. 

7. Illustration of the model applicability: Cluster size dependent 
reduction of resazurin 

The catalytic properties of gold are known to be very sensitive to the 
size of gold clusters [46–48]. Not only the reaction rates, but kinetic 
regularities can undergo substantial differences when the size of gold 
Au15 cluster stabilized with 3-mercaptopropionic acid is increased to 
Au18 and Au25 [49]. For the former case in reduction of a nonfluores-
cent resazurin (Fig. 7a) by hydroxylamine Au15 exhibited maxima in the 
rates as a function of both reactants allowing the authors to conclude a 
competitive Langmuir-Hinshelwood (LH) type of kinetics. On the 

Fig. 5. The relative ratio of rates for a cluster with n = 2 as a function of parameter U and different values of Polanyi parameter: a) 0.3, b) 0.5, c) 0.7.  

Fig. 6. The relative ratio of rates for a cluster with a) n = 3, b) n = 4 as a function of parameter U and different values of nonuniformity parameterχ.  
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contrary for Au18 and Au25 clusters the kinetic behavior was different 
and the reaction rates levelled off at high concentration of reactants 
formally similar to a noncompetitive LH kinetics. 

Quite often differences in the catalytic behavior upon minute vari-
ations of the cluster size are attributed exclusively to the properties of 
gold. Such a switch in the mechanism might sound counterintuitive 
when the average cluster size increases from 0.78 to just 0.84 nm [49] 
taking into account a substantial distribution of cluster sizes. 

An alternative explanation not involving a complete switch of the 
reaction mechanism with a minor change in the size can be related to 
geometrical restrictions, namely a difference in the number of molecules 
which adsorb on the surface of Au15 and A18 clusters. Let us consider 
first the DFT calculations for A15 and A25 clusters (Fig. 7) reported in 
[49]. 

As can be seen from Fig. 7, a large size of a cluster in fact implies a 
more flat adsorption and thus just one adsorbed reactant per cluster. On 
the contrary a more tilted adsorption of resazurin on Au15 allows ac-
commodation of a second reactant molecule, which would lead to the 
rate expression 

r+ =
(kI

+1CR)(1 +
kI
+1CR

kI
+2CHA+kI

− 1
e− αχ)ftotal

1 +
kI
+1CR

kI
+2CHA+kI

− 1
+ (

kI
+1CR

kI
+2CHA+kI

− 1
)

2
e− χ

=
(p1CR)(1 + p2CR

p5CHA+1e
− p4p3 )

1 + p2CR
p5CHA+1 +

(
p2CR

p5CHA+1

)2
e− p3

(68) 

Eq. (68) is derived assuming the overall irreversibility of the reaction 
and neglecting the influence of the product on the rate of the forward 
reaction. In q. (68) CR and CHA correspond to the concentration of 
resazurin and hydroxylamine, respectively, and 

p1 = kI
+1ftotal; p2 = kI

+1/kI
− 1; p3 = χ; p4 = α; p5 = kI

+2/kI
− 1 (69) 

For the data fitting with Origin 2019 software the Polanyi parameter 
was fixed to 0.5, while a high value of the parameter p3 in the calcula-
tions for Au18 and Au25 (i.e. 100) was needed to essentially reduce eq. 
(68) to a classical two-step sequence. In the data fitting to avoid a cor-
relation between parameters a lumped parameter p2/(p5CHA + 1) was 
calculated as the concentration of the reductant was the same. As can be 
seen from Fig. 8 an overall good description was obtained for both types 
of kinetic behavior with the same two-step sequence mechanism but 
different number of adsorbed species per cluster adhering to the geo-
metric requirements of both the cluster and the substrate. A particular 
feature of the calculation results for Au15 is that p3 and thus χ are 
negative as could be expected from the theoretical simulations in the 
previous section. 

The mechanism of resazurin reduction with hydroxylamine can be 
more complicated than just a two-step sequence and the analysis above 
does not necessarily rule out a mechanism based on the competitive 
Langmuir-Hinshelwood model, but rather illustrates an approach how to 
treat catalytic kinetics for cases when geometrical restrictions and a 
limited number of adsorbed species per cluster should be taken into 
account. 

The current example illustrates applicability of the model to the 
resazurin reduction reaction where a substantially different kinetic 
behavior was observed for a large organic molecule on clusters of the 
size similar to the size of the reactant. It can be anticipated that the 
mathematical treatment developed here can be used for similar cases of 
heterogeneous catalytic reactions when just few adsorbed species can be 
accommodated on a nanocluster, as well as in the cases of reactions in 
confined spaces, e.g. in the pores of zeolites, where confinement of 
adsorbed species within a pore clearly can influence catalytic behavior 
[50]. 

8. Conclusions 

Kinetics on nanoclusters capable of accommodating, due to the size 
restrictions, only few adsorbed molecules, is discussed for the two-step 
mechanism. In such a mechanism one of the reactants first forms an 
adsorbed intermediate, which is further transformed in a subsequent 
step by reacting with the second reactant. 

The work represent an extension of the previously published theo-
retical development for a case when a nanocluster can accommodate 
only two adsorbed reaction intermediates. In the current study a general 

Fig. 7. Resazurin: a) the chemical formula with the atom coordinates, b) optimized structures for adsorption of resazurin on gold clusters of different sizes, 
reproduced with permission from [49]. 

Fig. 8. Kinetic data for resazurin reduction with hydroxylamine [49]. Depen-
dence of the product formation rate on resazurin concentration at fixed hy-
droxylamine concentration of 20 mM. 
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analysis is provided for clusters with more adsorbed molecules also 
considering that the kinetic parameters are dependent on the cluster 
occupancy. 

Derivation of the reaction rate expressions is done for a case with 
four adsorbed species on a cluster and is generalized for the n species 
adsorbed on the catalyst surface. In this general case a potentially large 
number of kinetic parameters, specific for different site occupancy, 
implies a strong correlation between such parameters. 

Therefore, for nanoclusters with a limited number of adsorbed spe-
cies per cluster, dependence of the reaction parameters on the cluster 
occupancy was considered by relating the adsorption energy and the 
average number of adsorbed species per cluster across all clusters. 

Subsequently instead of the coverage, routinely used in heteroge-
neous catalytic kinetics, the site occupancy concept was used reflecting 
the averaged ratio of a number of adsorbed species n per cluster to the 
maximum possible number of adsorbed species nmax. The latter is a 
function of the geometrical area of adsorbed species, the cluster area and 
shielding of adsorbed species by those already present on the surface. 

Numerical analysis is provided for the dependence of the rate vs site 
occupancy as a function of ratio between frequencies for the formation 
to consumption steps for different numbers of species per cluster, 
ranging from 2 to 6. 

For a chemical reaction reflecting isomerization or cracking, the 
reaction rate in the forward direction passes through a maximum, 
typically attributed to the Langmuir-Hinshelwood kinetics. Strong 
nonuniformity or lateral interactions make the rate maxima less prom-
inent at high values of the nonuniformity parameter. 

Analysis for the relative ratio of the rates when several or alterna-
tively just one adsorbed intermediate can be accommodated on the 
catalyst surface illustrates that changes in the ratio of rates depending on 
the reactants concentrations are rather moderate for the uniform surface 
without any lateral interactions, being more profound for non-ideal 
surfaces. 

An illustration of dramatic changes in the kinetic regularities upon 
subtle alterations of the cluster size is provided using reduction of a 
nonfluorescent resazurin by hydroxylamine on Au as an example. Very 
large differences in the kinetic behavior for gold clusters of 0.78 and 
0.84 nm could be explained by a possibility of two species adsorption on 
a smaller cluster in a tilted position, compared to a more flat orientation 
on a marginally larger cluster. A slower rate for the smaller cluster and a 
maximum as a function of the substrate concentration can originate 
from geometrical restrictions, i.e. a difference in the number of mole-
cules which can adsorb on these clusters. 

Numerical analysis of the experimental data was performed to sup-
port the theoretical analysis. 
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