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Abstract

In the framework of the ‘hot atom’ reaction mechanism we report on the rate of adatom recombination at catalytic surfaces. The modeling deals

with a flat surface where hot atoms are identified with the adatoms populating the excited states of the vibrational ladder of the adsorption potential

well. The dynamics of the energy transfer between the adlayer and the solid, that is the exchange of vibrational quanta between the adatoms and the

solid, has been explicitly taken into account in the master equations together with the adsorption and recombination processes. At steady state the

analytical solution of the kinetics is found to be in good agreement with the numerical solutions for a four-levels system. It is shown that the

recombination rate at steady state is strongly dependent upon the ratio between the probabilities (per unit time) of quantum dissipation to the solid

and of adatom recombination. This ratio is a key quantity of the kinetic model since it rules a continuous transition towards higher rates which is

ascribed to a progressive displacement of the vibrational state of the adlayer, from the equilibrium condition.
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1. Introduction

Modeling the reaction rates of exothermic processes at solid

surfaces is a topic of great interest in heterogeneous catalysis

also in connection to the dynamics of the energy relaxation of

the adspecies at the catalyst surface. In fact, the energy released

during the reaction may be either dissipated to the solid or used

to excite both the desorbing molecules and the adspecies [1–3].

A fraction of the energy released during the reaction can

therefore be employed to trigger reaction routes which are

characterized by enhanced rates when compared to those

expected under thermal equilibrium of the reacting adspecies.

In the Langmuir Hinshelwood (LH) mechanism, for instance,

diatom formation occurs by binary encounter of adatoms,

which have thermally equilibrated with the surface, according

to a second order reaction kinetics. On the other side, diatom

formation can occur by direct abstraction of adatoms by gas

atoms, that is according to the Eley–Rideal (ER) mechanism

that implies a first order reaction kinetics [4]. A mechanism

intermediate between the LH and ER calls for the hot atom
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(HA) concept, as firstly introduced in Ref. [5], concerning

adatoms that are not thermally accommodated at the surface.

The HA mechanism has been invoked to explain experimental

data on the recombination and abstraction of hydrogen at metal

surfaces [6–11] and the oxidation of carbon monoxide by

atomic and molecular oxygen [12,13].

Modeling the HA mechanism requires the determination

of the HA surface densities which, in the model case of flat

surfaces, have been identified with the populations of the

adatoms in the vibrational states of the adsorption potential

well [10,13]. According to the associative model [14] the

recombination rate is proportional to the product of the adatom

populations provided the total energy of the couples is larger

than twice the adsorption energy, that is the activation energy

for desorption.

On the basis of these premises in this paper we present a

multi-level HA kinetics for modeling the steady state rate of

diatom formation. To this end a kinetic approach will be

employed where the adsorption, the recombination and the

dynamics of the vibrational relaxation of the adlayer are taken

into account. One of the goals of this contribution is to

investigate the role played by the dissipation of the vibrational

energy of the adatoms in the recombination kinetics. The

theoretical sections of the paper are mainly devoted to the
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Fig. 1. Schematic representation of the vibrational ladder. F is the net flux of

atoms incoming on the surface, Fn is the flux of adatoms leaving the n-th level

because of the recombination process. The In,n�m currents, between levels n and

n � m, are linked to the VV and the VL quantum exchanges.
evaluation of the steady state HA surface densities and

recombination rates in case of single reaction channels, as well

as to study the effect of multi-quantum energy transfer on the

HA surface coverage. Besides, throughout the article the

application of the main results of the theory to experimental

data on adsorption stimulated desorption (ASD) will be also

presented and discussed.

2. Results and discussion

2.1. Hot atom energy distribution functions

In this paper we deal with diatom recombination at a flat

catalytic surface according to the process 2As! A2, where As

stands for the adspecies. In particular, on the basis of the

aforementioned hypothesis adatoms populate the vibrational

ladder of the 1D adsorption potential well, V(z), z being the

atom-surface distance along the normal to the surface. As far as

the motion on the x–y plane is concerned, adatoms are free

particles and the eigenvalue of the single particle Hamiltonian

is given by E px; py;v ¼ Ea þ Ev þ e px; py, where e px; py is the

kinetic energy for the motion on the x–y plane, Ea the

adsorption energy and Ev is the vibrational energy, with v the

vibrational quantum number. As anticipated in the introduction,

one refers to adatoms populating the excited vibrational level as

‘‘hot’’. By means of the associative model [14] recombination

and desorption of diatoms arise from adatoms in vibrational

states v and v0 according to AsðvÞ þ Asðv0Þ!A2, provided the

constraint 2Ea þ Ev þ Ev0 ¼ EA2
> 0 is fulfilled. In this last

inequality the kinetic energy term has been neglected when

compared to the vibrational one. In other words, in the

adsorption the atom momentum is conserved on the plane of the

flat surface, the average value of the kinetic energy, he px; pyi, is

expected to be of the order of kBT��Ea, kB being the

Boltzmann constant and T the surface temperature. The rate of

the single reaction channel is eventually given by Zvv0svsv0,

where Zvv0 is the rate constant and sv the surface coverage of

adatoms in the v-th vibrational level. From this expression it

stems that, to evaluate the reaction rate, the knowledge of the

adatom vibrational populations is mandatory. To this end a rate

equation approach is employed which accounts for the relevant

processes that characterize the dynamics of the vibrational

relaxation of the adlayer namely, the dissipation of vibrational

quanta to the solid (VL process) and the exchange of vibrational

quanta among the adatoms (VV process):

AsðnÞ þ L @
K
ðqÞ
n

K
ðqÞ
�ðn�qÞ

Asðn� qÞ þ L� ðVL processÞ (1)

and

AsðnÞ þ AsðmÞ @
Pn;m! n�q;mþq

Pn�q;mþq! n;m

Asðn� qÞ þ Asðmþ qÞ

ðVV processÞ (2)

where K and P are the first- and the second-order rate constants

and the superscript q stands for the number of vibrational
quanta exchanged in the scattering event. In Eq. (1) L and

L* stand for the substrate lattice and the excited lattice, respec-

tively. Moreover, gas atoms enter the potential well from the

upper bound level, v�ðA!Asðv�ÞÞ and the vibrational energy is

redistributed throughout the ladder by means of VV and VL

processes.

By denoting with In,m the net current of adatoms from level n

to level m < n, due to the VV and VL scatterings, the master

equations for the populations of adatoms read (see also Fig. 1):

dsn

dt
¼ JðsÞdn;v� þ

Xv��n

q¼1

Inþq;n �
Xn

q¼1

In;n�q �Fn (3)

where Fn is the flux of adatoms that recombine from level n,

J(s) the flux of atoms entering the adsorption well, s ¼
P

n sn

and di,j is the Kronecker delta. The expression of In,n�q is given

by

In;n�q ¼ ðKðqÞn þ PrðqÞ
n Þsn � ðKðqÞ�ðn�qÞ þ P

f ðqÞ
ðn�qÞÞsn�q (4)

in which

P f ðqÞ
n ¼

Xv�
s¼q

Pn;s! nþq;s�qss (5)

and

PrðqÞ
n ¼

Xv��q

s¼0

Pn;s! n�q;sþqss (6)
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Fig. 2. Comparison between numerical (open symbols) and analytical (dots)

solutions of the steady state HA populations in the case of four levels and for the

reaction channel A: Rn = sn/s0. Parameter values are: p = 2, Zpp = 5 � 1012 s�1,

PVV = 1010 s�1 and (a) K
ð1Þ
VL ¼ 7� 108 s�1, J = 107 s�1, bE01 = 3.4; (b)

K
ð1Þ
VL ¼ 1012 s�1, J = 107 s�1, bE01 = 3.4; (c) K

ð1Þ
VL ¼ 108 s�1; J = 105 s�1,

bE01 = 6. The Boltzmann distributions are also shown as full lines.
The recombination rate is modeled on the basis of the asso-

ciative model through the relationship:

Fn ¼ sn

Xv�
m¼mðnÞ

Zmnsm½1þ dm;n� (7)

where the lower cut off in the sum stems from the inequality

2Ea þ En þ Em ¼ EA2
> 0 that has to be verified so that the

reaction channel may be open. In Eq. (7) Zmn denotes the rate

constant for dimer formation.

The system equation (3) embodies the dynamics of HA

relaxation in the potential well by considering also adsorption

and recombination phenomena. The analytical solution of the

kinetics, Eq. (3), is a very difficult task. Nevertheless, in some

cases the steady state vibrational populations of the adatoms can

be computed in closed form. Steady state is established at the end

of the adsorption process when JðsÞ ¼ F ¼
P

n Fn, F being the

total rate of recombination. Since at steady state the coverage of

adatoms is independent of time, the energy distribution of

adatoms can be expressed as a function of the In,n�q currents for

an arbitrarily chosen value of q. As far as the rate constants of the

reverse processes are concerned (Eqs. (1) and (2)), they are

related to the ones of the forward reactions through the detailed

balance: ðKðqÞ�ðn�qÞ=K
ðqÞ
n Þ ¼ e�bðEn�En�qÞ and ðPn;s! n�q;sþq=

Pn�q;sþq! n;sÞ ¼ e�bðEn�qþEsþq�En�EsÞ, where b ¼ ðkBTÞ�1
, T

being the temperature of the surface and kB the Boltzmann

constant. The computation simplifies in the case of a harmonic

potential and for the rate constants Pn,s!n�q,s+q and K
ðqÞ
n

independent of quantum numbers: Pn;s! n�q;sþq�P
ðqÞ
VV and

K
ðqÞ
n �K

ðqÞ
VL. As shown in Appendix A iteration of Eq. (4) at q = 1

leads to:

sn ¼ s0g
ð1Þn þ að1Þ

Xn

j¼1

I j; j�1g
ð1Þn� j

(8)

where að1Þ ¼ ½Kð1ÞVL þ P
ð1Þ
VVðs � sv�Þ��1

, gð1Þ ¼ g
ð1Þ
B ð1þ jð1ÞÞ

with jð1Þ ¼ ðPð1ÞVV=g
ð1Þ
B K

ð1Þ
VLÞað1Þ

Pv��1
j¼0 I jþ1; j and g

ð1Þ
B ¼ e�bE01

with E01 = E1 � E0.

It is worth noting that Eq. (8) is quitegeneral, in the sense that it

can be applied for describing adatom populations in adsorption

and chemisorption processes as well. In fact Eq. (8) can be

employed to interpret experimental data on adsorption stimulated

desorption (ASD). ASD defines the phenomenon revealed by

isotope jump experiments carried out with CO on Rh, Pd, Ni and

withH2 onW[15andreferences therein]. In theseexperiments the

heavier isotope is preadsorbed up to a given s. The surface is then

exposed to the lighter isotope and the desorption kinetics of the

heavier one is followed by mass spectrometer. The experimental

results show that the rate of desorption is proportional to the

adsorption rate. These rather puzzling findings can be explained

on the basis of Eq. (8) by noting that the desorption rate is

proportional to the population of the upper bound level sv� .

Furthermore, since we are dealing with an adsorption process, in

Eq. (8) the equality Ij,j�1 = I holds, where I is the adsorption rate.

As a consequence sv� is proportional to the adsorption rate [15].

In case of adatom recombination Eq. (8) is evaluated under

the following assumptions: (i) single quantum transfer (q = 1);
(ii) adatom recombination occurs by either the reaction channel

As( p) + As( p)! A2 (case A) or As(0) + As( p)! A2 (case B).

As far as the case A is concerned, we note that under steady

state conditions, being ṡ ¼ 0, the mass balance implies

ðI j; j�1Þ j> p ¼ F and ðI j; j�1Þ j� p ¼ 0. For g(1)� 1 one obtains:

sn� p ¼ s0g
ð1Þn (9a)

sn> p ¼ s0g
ð1Þn þ 1

½1þ P
ð1Þ
VVðs � sv� Þ=K

ð1Þ
VL�

F

K
ð1Þ
VL

(9b)

with

jð1Þ ¼ 1

g
ð1Þ
B

P
ð1Þ
VV=K

ð1Þ
VL

½1þ P
ð1Þ
VVðs � sv� Þ=K

ð1Þ
VL�
ðv� � pÞF

K
ð1Þ
VL

(9c)

where g
ð1Þ
B ¼ e�bE01 and gð1Þ ¼ g

ð1Þ
B ð1þ jð1ÞÞ as defined in

Eq. (8).

Eq. (9) shows that the steady state populations of HA are not

thermal to an extent that depends upon the ratio between the

recombination flux and the rate constant for energy dissipation to

the solid ðKð1ÞVLÞ. As a matter of fact the equilibrium distribution,

namely sn ¼ s0g
n
B, is recovered for either F = 0 or in the limit

K
ð1Þ
VV!1. Thus, in exoergic catalytic reactions the surface

density of HA is dictated by the competition between adsorption

and quantum dissipation processes through the ratio F=K
ð1Þ
VL.

The validity of the distribution Eq. (9) has been tested

through numerical integration of the system equation (3), in the

case of four levels and for random adsorption of atoms, i.e.

J(s) = J(1 � s), where J is the flux of gas atoms [16]. The

numerical approach gives the entire kinetics of the adsorption-

recombination process from t = 0, when the fractional surface

coverage is zero, up to the steady state for t!1. The

comparison between the analytical and the numerical steady

state solutions, Rn = sn/s0, is shown in Fig. 2. As appears the
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Fig. 3. Four levels system: kinetics of the populations of HA, Rn = sn(t)/

s0(t), for the reaction channel A. Full lines: analytical solutions which hold

under quasi-steady state condition. Dashed lines: numerical solutions of the

master equations. The kinetics shown in panels a, b and c have been

computed for parameter values that are the same as curves a, b and c of

Fig. 2, respectively.
agreement between the two approaches is satisfactory. The

numerical solutions can be also exploited in order to verify the

quasi-steady state hypothesis that is often used for describing

adsorption and recombination kinetics. To this end the kinetics

of the adatom populations are computed by means of Eq. (9) for

the instantaneous value of s0: s0(t). The s0(t) function is

obtained by numerical integration of the master equation

(Eq. (3)). The large difference between the characteristic times

for adsorption and for VL (VV) relaxation, justifies the steady-

state hypothesis. In Fig. 3 the kinetics of the adatom

populations, as attained by numerical integration of rate

equations, are compared with those computed on the ground of

the steady state hypothesis (Eq. (9)). As expected the steady

state approximation is verified the lower the J=K
ð1Þ
VL value; in

fact for J=K
ð1Þ
VL ¼ 10�5 (Fig. 3, panel b) the behavior of the

sn(t)/s0(t) ratio is in excellent agreement with the steady state

solution. Fig. 3 (panels a, c) also shows that for larger values of

the J=K
ð1Þ
VL ratio the steady state approximation does not hold at

n = 1, 2; clearly for long time, when the true steady state is

approached, the numerical and the analytical curves coincide.

Let us now discuss the reaction channel B. Also in this case

the mass balance allows one to estimate Ij,j�1 at steady state.

Since we are dealing with diatom formation, via reaction

pathway B, half of the recombination flux arises from adatoms

in the level ‘‘p’’, the remaining from those in level ‘‘0’’.

Therefore ðI j; j�1Þ j> p ¼ F, ðI j; j�1Þ j� p ¼ F=2 and Eq. (8)

yields (g(1)� 1):

sn� p ¼ s0g
ð1Þn þ 1

½1þ P
ð1Þ
VVðs � sv� Þ=K

ð1Þ
VL�

F

2K
ð1Þ
VL

(10a)

sn> p ¼ s0g
ð1Þn þ 1

½1þ P
ð1Þ
VVðs � sv� Þ=K

ð1Þ
VL�

F

K
ð1Þ
VL

(10b)

where

jð1Þ ¼ 1

g
ð1Þ
B

P
ð1Þ
VV=K

ð1Þ
VL

½1þ P
ð1Þ
VVðs � sv� Þ=K

ð1Þ
VL�
ð2v� � pÞF

2K
ð1Þ
VL

(10c)

As already noticed, due to the exoergic reaction the

vibrational ladder is not populated according to the Boltzmann

equilibrium distribution. The displacement from equilibrium,

which is at the origin of the HA mechanism here discussed, is

linked to the relaxation currents Ij,j�1 and, in turn, to the

recombination rate. The origin of the non-equilibrium state of

the adlayer is ascribed to the exothermicity of the recombina-

tion process that implies, in the proposed model, a net inward

flux of vibrational quanta (energy) at steady state. In other

words a part of the energy released during the reaction is used to

sustain the adlayer in a non-equilibrium state, i.e. to maintain a

steady overpopulation of HA.

Fig. 4 shows typical distribution functions as computed from

Eq. (10). Compared to the Boltzmann distribution, also shown

in the figure, the HA energy distribution adopts a ‘‘chair’’ form

that is nearly flat for large quantum numbers. In fact, since

g(1) < 1 the inequality gð1Þn <F=ðs0K
ð1Þ
VLÞ could be fulfilled for

sufficiently large n< v� values; consequently the distribution

becomes independent of energy and proportional to F=ðs0K
ð1Þ
VLÞ
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Fig. 4. Energy distribution functions for the recombination channel B. Para-

meter values are: v� ¼ 12, p = 4, K
ð1Þ
VL ¼ 1010 s�1, bE01 = 9 and g(1) ffi gB.

Circles: F/s0 = 0.2 s�1; squares: F/s0 = 10 s�1; diamonds: F/s0 = 100 s�1.

Fig. 5. Panel (A) steady state recombination rate as a function of KVL/2Z0p for the

reaction channel B at p = 3. Parameter values are: bE01 = 13, Z0p = 5 � 1012 s�1

and J = 0.01 s�1 (curve a), J = 0.1 s�1 (curve b) and J = 1 s�1 (curve c). Panel (B)

steady state recombination rate as a function of surface temperature, T, for the

reaction channel B at p = 3. Parameter values are: E01 = 21.6 kJ/mol, KVL/

2Z0p = 0.5 and J = 0.01 s�1 (curve a), J = 0.1 s�1 (curve b) and J = 1 s�1 (curve c).
(Eq. (10b)). The computations of Fig. 4 refer to the case

P
ð1Þ
VVs0=K

ð1Þ
VL < 1 and g(1) ffi gB.

2.2. Kinetic transition: from thermal to hyperthermal

recombination rates

The very importance of the non-equilibrium state of the

adlayer in atom recombination is represented by the effect it has

on the reaction rate at steady state. In order to broach this

subject we evaluate the recombination rate for the reaction

channel B, in the case of random adsorption of atoms and for

P
ð1Þ
VVs=K

ð1Þ
VL� 1. By using Eq. (7) the balance equation reads

2Z0pssp = J(1 � s) and, by means of Eq. (10a), the normalized

recombination rate, h = F/J, satisfies the equation:

2Z 0ð1� hÞ
�
ð1� hÞgð1Þ p þ h

2K 0

�
¼ h (11)

where Z0 and K0 are the rate constants normalized to J and the

condition s0 	 s = (1 � h) was also employed. The behavior of

h as a function of both K
ð1Þ
VL=2Z0 p and surface temperature is

shown in Fig. 5A and B for p = 3, g(1) = gB and for several

values of Z0. As appears the reaction rate increases with

ðKð1ÞVL=2Z0 pÞ�1
and the reaction rate, compatible with the

Boltzmann distribution, is practically achieved at K
ð1Þ
VL=Z0 p >

1. On the basis of the discussion reported above, such a

behavior is ascribed to a continuous transition of the vibrational

state of the adlayer, which is accompanied by a large increase of

both HA populations and reaction rate.

This kinetic transition has also important consequences on the

amount of the adsorbed species at steady state. To illustrate this

point we deal with the reaction channel B for s p
 sg
p
B, i.e.

when the surface coverage of HA is hyperthermal. In the limiting

case P
ð1Þ
VVs=K

ð1Þ
VL� 1 Eq. (10) give s pffiF=2K

ð1Þ
VL and

sn> pffiF=K
ð1Þ
VL. Therefore, at steady state the surface density

of HA is constant and proportional to the reaction rate. Besides,

being the reaction rate equal to F = 2Z0pssp the inequality
F
 FB is fulfilled, where FB ¼ 2Z0 ps
2g

p
B is the recombina-

tion rate in the case of Boltzmannian populations of the

vibrational ladder. Under these circumstances the relationship

holds Fffi 2Z0 psF=2K
ð1Þ
VL, namely sffiK

ð1Þ
VL=Z0 p. In other words,

in case of hyperthermal HA energy distribution function the

steady state surface coverage is equal to the ratio K
ð1Þ
VL=Z0 p which,

in turn, ought to be lower than one. It is worth noticing that this

result is independent of the functional form of the adsorption rate,

J(s). The steady state recombination rate is equal to JðKð1ÞVL=Z0 pÞ
and is expected to depend, weakly, on surface temperature. This

is the distinctive feature of the recombination kinetics ruled by

non-Boltzmannian HA energy distributions.

Let us now switch to the case s pffi sg p
B which implies

F ffi FB. As a matter of fact, if the energy distribution function

of the adatoms is Boltzmannian, the surface coverage should be

estimated by means of the equation JðsÞ ¼ 2Z0 ps
2g

p
B, which

depends on activation energy for recombination, surface

temperature and J(s) function. Clearly, in this instance the
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recombination rate is thermically activated. In the particular

case of random adsorption it is given by Eq. (11), in the limit

K0 ! 1, and turns out to be independent of relaxation time,

1=K
ð1Þ
VL. Conversely, for hyperthermal HA energy distribution

function the recombination rate is given by hffi 1� ðKð1ÞVL=Z0 pÞ,
and depends on relaxation time and recombination probability,

only. The results of Fig. 5 corroborate these arguments.

2.3. The effect of multi-quantum transfer on the HA energy

distribution functions

In this section we consider in more details the general case of

multi-quantum transfer during adatom relaxation and its effect

on the populations of HA. As already noted at steady state

Eq. (4) can be iterated for any q value and this allows one to

express the HA coverage as a function of the rate constants for

the exchange of q quanta. For instance, in the case q = 1, 2

Eq. (4) leads to (q = 2):

s2m ¼ s0g
ð2Þm þ að2Þ

Xm

j¼1

I2 j;2 j�2g
ð2Þm� j

(12)

where að2Þ ¼ ½Kð2ÞVL þ P
ð2Þ
VVðs � sv� � sv��1Þ��1

, gð2Þ ¼ g
ð2Þ
B

ð1þ jð2ÞÞ with jð2Þ ¼ ðPð2ÞVV=g
ð2Þ
B K

ð2Þ
VLÞað2Þ

Pv��2
j¼0 I jþ2; j and

g
ð2Þ
B ¼ e�2bE01 . A similar expression can be derived for odd

n. It is worth noting, in passing, that g
ð2Þ
B can be much lower

than g
ð1Þ
B and, as we will see shortly, this has important

consequences on the shape of the HA energy distribution

function. To further address this point we consider the reaction

channel A (with p an even number) and assume that the most

efficient route for energy relaxation is at q = 2, i.e. K
ð2Þ
VL 	 1=t,

t being the characteristic time for energy dissipation to the

solid. Moreover, we set In,n�2 = 0 for odd n. Since ðI j; j�qÞ j� p ¼
0 by equating Eqs. (8), (12), for n = 2m < p, we get the

following relationship between g(1) and gð2Þ : gð1Þ ¼
ffiffiffiffiffiffiffiffi
gð2Þ

p
or

jð1Þ ¼ ð1þ jð2ÞÞ1=2 � 1 (13)

This expression indicates that j(1) can be much larger than one

and this implies, to a great extent, hyperthermal energy distribu-

tion functions (g(1)
 gB). This can be seen according to the

following argument. Since the two-quantum exchange represents

the main channel for energy transfer, the current Ij,j�2 is expected

to be of the order of magnitude of the recombination rate (i.e. the

adsorption rate) at steady state. By defining the quantity l ¼
P
ð2Þ
VVs0=K

ð2Þ
VL and considering that s 	 s0, the j(2) term becomes:

jð2Þ 	 e2bE01
l

lþ 1

Ft

s0

(14)

In the case of Q quantum exchange, Eqs. (13) and (14) can be

easily generalized according to:

jð1Þ ¼ ð1þ jðQÞÞ1=Q � 1 (15a)

jðQÞ ffi eQbE01
Ft

s0

(15b)
which hold in the limit l > 1. These equations show that, on

account of the exponential term, the non-equilibrium factor,

j(Q), can be much larger than one. As an example, assuming

Q = 3, t = 10�11 s and F = 0.5 s�1, Eq. (15a) provides

j(1) 	 300 for T = 100 K, s0 = 1 and E01 = 12 kJ/mol.

Incidentally at n < p the adatom energy distribution (case A)

coincides with the distribution function previously obtained by

Treanor et al. [17] in the case of vibrational excitation of gas

molecules. In their approach the non-equilibrium state of the

system is characterized through the T1 temperature that is

linked to the population of the level n = 1: gð1Þ ¼ e�E01=kBT1 .

With reference to the distribution reported in Eq. (8), we note

that the first term on the right-hand side (g(1)n) actually reduces

to the Treanor distribution through a suitable choice of the T1

parameter. To be specific, the relationship between j(1) and T1 is

given by

jð1Þ ¼ eE01=kBðð1=TÞ�ð1=T1ÞÞ � 1: (16a)

Furthermore, by using Eq. (15) we get:

T

T1

¼ 1� 1

QbE01

ln

�
1þFt

s0

eQbE01

�
(16b)

which relates the temperature T1 to the recombination rate

and characteristic time for energy relaxation. We note that

Eq. (16a), which holds in the harmonic case, provides a

measure of the overpopulation of the vibrational ladder (at

n < p), when compared to the Boltzmann distribution. As a

matter of fact for a Boltzmann distribution T = T1; a condition

that is obtained, in Eq. (16b), for F = 0 namely in the absence

of the recombination process. In other words the displace-

ment from equilibrium, at steady state, is dictated by the

reaction rate or, alternatively, by the flux of the adsorbing

atoms which ‘‘climb down’’ the vibrational states of the

ladder.

The argument above presented indicates that since j(1) can

be much greater than one, the ‘‘Treanor-like’’ term of the

distribution could be the leading one in Eq. (8). However, this is

linked to the occurrence of two conditions: (i) the multi-

quantum transfer and (ii) a quite efficient VV process. Under

these circumstances the distribution function of the adatoms

resembles the Treanor curve. It is worth noting that

experimental data on deuterium abstraction by atomic

hydrogen at metal surfaces have been recently used in order

to obtain information on the adatom distribution functions

[18]. The data analysis indicates that the vibrational

populations are in reasonable accord with the Treanor

distribution where the T/T1 values depend upon the system

and the experimental conditions. Besides, from the ‘‘experi-

mental’’ T/T1 values and Eq. (16b) it is possible to gain

information on the dynamics of the relaxation process. In

particular, the T/T1 parameters as obtained for recombination

at Pt, Ni and Cu surfaces are consistent with Q = 5 that is the

exchange of five vibrational quanta per scattering event. This

corresponds to an energy transfer of 0.5 eV which means about

23% of the released energy. The electron–hole (e–h) pair

excitation could represent a facile relaxation route for the hot
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atoms. As a matter of fact, the (e–h) pair spectrum ranges

between 0 and 1.5 eV with an average energy transfer of 0.5 eV

per relaxation event [19,20].

3. Conclusions

We reported on a hot atom kinetic model for describing

diatom recombination at catalytic surfaces. Hot atoms are

identified with the adatoms in the excited vibrational states. The

populations of HA under steady state conditions have been

computed in closed form. The overpopulation of the upper

bound level is dictated by the ratio between adsorption flux and

rate constant for VL dissipation and can be larger than one by

order of magnitudes. This implies a strong coupling between

adsorption and desorption processes as experimentally

observed in the ASD. The overpopulation of the vibrational

ladder also affects the rate of diatom recombination; in this

respect the computation indicates the occurrence of transitions

– from equilibrium to non-equilibrium states – which are

characterized by an increase of the reaction rate. The most

significant control parameter is found to be the ratio between

the probabilities for diatom formation and for energy transfer to

the solid.

The effect of multi-quantum transfer on the vibrational

distribution functions has also been analysed. The computation

shows that the distribution derived by Treanor et al. can be

achieved at steady state provided the VV process is efficient.

The temperature T1 > T, which determines the overpopulation

of the first vibrational level, has been determined as a function

of the number of vibrational quanta transferred to the solid.

Application of the model to experimental data on H

recombination at metal surfaces gives a value of five quanta

per relaxation event that is compatible with an e–h pair

excitation.

Appendix A

In this appendix we derive Eq. (8) that holds in the harmonic

case and for q = 1. To begin with we rewrite Eq. (4) according

to:

sn ¼ gð1Þn sn�1 þ að1Þn In;n�1: (A.1)

where

gð1Þn ¼
�

K
ð1Þ
�ðn�1Þ

K
ð1Þ
n

þ
P

f ð1Þ
ðn�1Þ

K
ð1Þ
n

��
1þ P

rð1Þ
n

K
ð1Þ
n

��1

(A.2)

and

að1Þn ¼ ðKð1Þn þ Prð1Þ
n Þ

�1: (A.3)

By making use of the detailed balancing ðPð1Þn�1;s! n;s�1 ¼
P
ð1Þ
n;s�1! n�1;sÞ in Eq. (5), one obtains:

P
f ð1Þ

n�1 ¼
Xv�

Pn;s�1! n�1;sss ¼
Xv��1

Pn; j! n�1; jþ1s jþ1 (A.4)

s¼1 j¼0
Also, application of the detailed balance to the VL scattering

leads to:

K
ð1Þ
�ðn�1Þ

K
ð1Þ
n

¼ e�bE01 � g
ð1Þ
B : (A.5)

In the case of rate constants independent of quantum

numbers, i.e. Pn;s! n�1;sþ1�P
ð1Þ
VV and K

ð1Þ
n �K

ð1Þ
VL, Eqs. (A.2)

and (A.3), become:

gð1Þ ¼
�

g
ð1Þ
B þ

P
ð1Þ
VV

K
ð1Þ
VL

Xv��1

s¼0

ssþ1

��
1þ P

ð1Þ
VV

K
ð1Þ
VL

Xv��1

s¼0

ss

��1

(A.6)

að1Þ ¼
�

K
ð1Þ
VL þ P

ð1Þ
VV

Xv��1

s¼0

ss

��1

¼ ðKð1ÞVL þ P
ð1Þ
VVðs � sv� ÞÞ�1

(A.7)

where use has been made of Eqs. (6), (A.4) and (A.5). By

substituting Eq. (A.1) in expression (A.6) we get:

gð1Þ ¼ g
ð1Þ
B þ

P
ð1Þ
VV

K
ð1Þ
VL

Xv��1

s¼0

ðssþ1 � gð1ÞssÞ (A.8)

which, once simplified by means of Eq. (A.1), provides the

result reported in Section 2.1:

gð1Þ ¼ g
ð1Þ
B þ

P
ð1Þ
VVað1Þ

K
ð1Þ
VL

Xv��1

s¼0

Isþ1;s :

Let us now consider the evaluation of sn. We limit the

demonstration to the case n � 3. Eq. (A.1) reads:

s1 ¼ s0g
ð1Þ þ að1ÞI1;0 (A.9)

s2 ¼ s1g
ð1Þ þ að1ÞI2;1 (A.10)

s3 ¼ s2g
ð1Þ þ að1ÞI3;2 : (A.11)

By inserting Eq. (A.9) in Eq. (A.10) and Eq. (A.10) in

Eq. (A.11) we end up with

s2 ¼ ðs0g
ð1Þ þ að1ÞI1;0Þgð1Þ þ að1ÞI2;1

¼ s0ðgð1ÞÞ2 þ að1Þ
X2

j¼1

I j; j�1ðgð1ÞÞ2� j
(A.12)

s3 ¼ s0ðgð1ÞÞ3 þ að1ÞI1;0ðgð1ÞÞ2 þ að1ÞI2;1ðgð1ÞÞ þ að1ÞI3;2

¼ s0ðgð1ÞÞ3 þ að1Þ
X3

j¼1

I j; j�1ðgð1ÞÞ3� j

(A.13)

that is Eq. (8) for n = 3.
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[7] B. Jackson, X. Sha, Z.B. Guvenc, J. Chem. Phys. 116 (2002) 2599.

[8] J.Y. Kim, J. Lee, J. Chem. Phys. 113 (2000) 2856.

[9] D. Kolovos-Vellianitis, J. Küppers, Surf. Sci. 584 (2004) 67.
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