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The bond energy bond order (BEBO) model of chemisorption has been used in 
conjunction with absolute rate theory (ART) in order to describe the interaction of 
N,O with both clean and C covered Pt surfaces. The BEBO model allows an estimate 
to be made of both activation energies to, and heats of, adsorption and/or surface 
reactions. Combining the BEBO model with ART permits absolute magnitudes of the 
rates of the various elementary surface reactions which occur when N,O interacts with 
Pt to be calculated a priori. The rate calculations are made using the experimental 
conditions of West and Somorjai, namely T = 1125°K and an impingement flux of 
-lOi molecules/cm’ sec. Under the experimental conditions cited above, the model 
calculations indicate the following: (a) The Pt surfaces are rather inefficient at dis- 
sociating N,O (51% of the incident NzO molecules are dissociated) ; (b) The frac- 
tional coverages of adsorbed N and 0 atoms are small, i.e., the clean Pt surface 
remains very nearly clean during the reaction (8~ - 5 X lo-’ and 6’0 - lo-‘) ; and 
(c) The reaction of N,O with PtC is a direct reaction to produce NO(g) without 
complete energy accommodation of the NO at the surface, whereas the reaction of 
N,O with clean Pt has two components to produce NO(g)-both a direct reaction 
of the N,O and the desorption of an adsorbed N atom and 0 atom, i.e., energy ac- 
commodation of the NO at the surface is much more complete. The theoretical and 
experimental results show very good agreement with one another. The clear utility 
of the ART-BEBO model in describing numerous other elementary gas-surface re- 
actions is an important conclusion of this work. 

INTR~DUOTI~N surface contaminated by C (7) ; (d) the 

An empirical model description of chem- chemisorption of N,, NO and N,O on 

isorption and heterogeneously catalyzed sur- (lll)Pt and N,O on (lll)Ni (8); (e) the 
face reactions has recently been developed catalytic reactions CO + OS, CO + NO, 
using features of the crystal field theory and H, + 0, on Pt (9) ; and (f) the hydro- 

(I), the Engel-Brewer rules for electronic genation of C,H, and the nucleation of 
and geometric structure of transition metals graphitic carbon on (111) Pt (10). A review 
and alloys (2,s)) and the bond energy bond of the BEBO model applied to chemisorp- 
order (BEBO) correlations of gas phase tion has also recently been given (II). 
spectroscopy (4). This model has previously In this communication the BEBO model 
been used quite successfully to describe the is applied to the interaction of N,O with 
following ga’s-surface interactions: (a) the both clean and carbon covered Pt surfaces. 
chemisorption of H, on (lll)Pt (5); (b) This is a unimolecular decomposition reac- 
the chemisorption of CO, O2 and CO, on tion which results in the formation of either 
(lll)Pt and 0, on (lll)Ni (6); (c) the N2 or NO in the gas phase and either an 
chemisorption of 0, on (lll)Pt and a Pt adsorbed oxygen or nitrogen atom. Cata- 
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lytic reactions of N,O with both Pt=O and 
Pt=N are also considered. These are the 
reactions which regenerate the clean cata- 
lyst surface. The BEBO model is also used 
to treat the chemical adsorption and de- 
sorption of both N, and 0, on Pt. The use 
of absolute rate t.heory together with the 
BEBO model (the latter of which allows an 
estimate of relevant activation energies) 
permits a comparison among the rates of 
the various reactions which occur when N,O 
interacts with both Pt and PtC. This sys- 
tem is a usefu1 one on which to make these 
model calculations since West and Somorjai 
(12) have recently reported experimental 
molecular beam data for N,O reactions with 
a clean (lOO)Pt surface as well as one 
which is covered with C. 

BEBO MODEL AND ABSOLUTE RATE THEORY 

The BEBO model of chemisorption and 
surface reactions has been described in de- 
tail previously (5-11). The model permits 
a calculation of the interaction energy when 
gaseous species either interact with a solid 
surface (chemisorption) or else interact 
with a previously adsorbed species (hetero- 
geneous catalysis with Rideal-Eley kinet- 
ics). The interaction of two adsorbed 
species may also be described using the 
BEBO model (catalysis with Langmuir- 
Hinshelwood kinetics). When a gas mole- 
cule interacts with a clean surface, the in- 
teraction energy V may be written as 

It is possible to calculate the rates of 
various elementary gas-surface reactions 
(e.g., adsorption, desorption or catalytic 
surface reactions) by applying the absolute 
rate theory using activation energies cal- 
culated using the BEBO formulation. The 
absolute rate theory has been used in this 
fashion to calculate the sticking probability 
of 0, on both clean and C contaminated Pt 
surfaces (7). The theoretical results will be 
presented only briefly here considering the 
several possible types of surface reactions 
mentioned above. 

The rate of adsorption may be written as 
(7, 13, 14) 

V = 1 Dij - 2 Ejj,s _ c Es+ (1) 
ij ij i 

Ra = (’ - @ (2T7&)‘,~ exp(-Eaa’kT)7 (3) 

in the S-i bond and the bond order ns-j is 
assumed to be linear (5-11), i.e., 

ES-~ = Es-i,,ns-i, (2) 

where Es-+ is the energy of the single order 
S-i bond. The relationship between ns-i and 
72i-j is obtained by conserving charge, that 
is by conserving chemical bonds. Thus, all 
the machinery is now availabIe to calculate 
the interaction energy of a gaseous molecule 
with a solid surface as a function of bond 
order (either nii or ns-i). The extension of 
the model to treat heterogeneous catalysis 
is st,raightforward using a generalized equa- 
tion essentially equivalent to Eq. (1). The 
extension will become clear when the model 
is applied to the specific case of N,O inter- 
actions with both clean and carbon covered 
Pt surfaces in the following section. 

where Dij is the dissociation energy of the where 1 - 0 is the fraction of surface not 
molecular specie being adsorbed (the total covered by adsorbate ; p is the gas phase 
bond energy in all the ij bonds of the mole- partial pressure of the adsorbing molecule; 
cule), Eij,s is the total energy in the ij m is the mass of the gaseous molecule; k is 
bonds of the adsorbing molecule as it inter- the Boltzmann constant; T is the absolute 
acts with the surface S, and Es-i is the total temperature; and E,” is the activation en- 
energy in the bonds formed between the ergy to chemisorption. Heterogeneously 
surface and the adsorbing molecule. The catalyzed surface reactions obeying Rideal- 
dissociation energies Dij are available from Eley kinetics where one of the reactants is 
gas phase data, and values of Ei-j,s are adsorbed and the other is present in the gas 
known as a function of bond order from phase may be analyzed using absolute rate 
BEBO correlations of molecular spectros- theory. The reaction rate may be written as 
copy. The relationship between the energy (1% 14) 
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&R-E = I9 (@&1,2 exp(-E,R-E/kT), (4) 

where the coverage of the adspecies is given 
by 0, the impingement flux is given by 
p/(27mJ~T)~/*, and E,R-E is the activation 
energy to chemical reaction. The rate of 
desorption from a surface may be written 
in the following way using absolute rate 
theory (IS, 14) 
R, N 10z80;~ exp(-I$E,d/h;T) cm-2 se+, (5) 

where 0ii is the fractional coverage of the 
desorbing species (e.g., if the molecule AB 
is dissociatively adsorbed on the surface, 
then the proper Bij to use is BhBn; whereas 
if AB is associately adsorbed, then Bij = 
8.,,) ; Ead is the activation energy to desorp- 
tion; and the preexponential factor of 10Z8 
is a product of a surface adsorption site 
concentration and a partition function 
ratio. The reaction of two adsorbed species 
(i.e., heterogeneous catalysis following 
Langmuir-Hinshelwood kinetics) may be 
analyzed using absolute rate theory, and 
the result is very similar to that obtained 
for desorption [Eq. (5) above] viz (13, 14) 
RpLeH ‘v 10z8fIi8j exp( - I<,L-H/kT) cm+ se+ 

(6) 
where EaLeH is the activation energy to the 
surface reaction between adspecie i and 
adspecie j whose respect,ive fractional sur- 
face coverages are 6i and ei. 

Equations (3)-(6) may be used to esti- 
mat,e the rates of the following gas-surface 
interactions : adsorpt,ion, catalysis with 
Rideal-Eley kinetics, desorption, and catal- 
ysis with Langmuir-Hinshelwood kinetics, 
respectively. The BEBO model may be used 
to est,imate the relevant activation energies, 
so a priori calculations of the rates of the 
various elementary surface reactions may 
be made. The absolute rate theory-bond 
energy bond order (ART-BEBO) model 
will be illustrated in detail for the various 
elementary processes which may occur when 
an N,O molecule interacts with both a clean 
and a C covered Pt surface. For complete- 
ness the adsorption of both Nz and 0, is 
also considered. This is a very convenient 
gas-surface system to consider since it is 
sufficiently complicated to illustrate all of 

the concepts of the ART-BEBO model, and 
some comparisons can be made between the 
model calculations and recent molecular 
beam dat,a of West and Somorjai (12). The 
BEBO correlations (4) which are required 
in performing the model calculations are 
shown in Fig. 1. Since the spectroscopic 
BEBO correlations are only applicable for 
bond orders greater than unity (see Fig. I), 
a linear extrapolation must be made for 
bond orders less than unity, i.e., the bond 
energy in this case is given by the single 
order bond energy multiplied by bond order. 
This is known to be a very good approxi- 
mation for a-type bonding (4, 5). 

CALCULATED RESULTS 

The BEBO model will now be used to cal- 
culate the activation energies of the most 
probable surface events when an N,O mole- 
cule interacts with a clean or a C covered 
Pt surface. Initially the adsorption of N, 
will be considered, 

2Pt + Nz(g) + BPt-N, (7) 

200 - 

ZO&-.-d-d 
2 3 4 

BOND ORDER 

FIG. 1. Bond energy bond order relations for the 
following bonds: (- -) CO; (- - -) CN; (* . . .) NO; 
(--) 00; (-) NN. 
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The interaction energy for this reaction ac- 
cording to Eq. (1) may be written as 

T’ = DN~ - EN~.s - EptNz. @I 

In Eq. (8) DNZ is known to be 226 kcal/mol 
(4), ENz,B may be found as a function of 
bond order from Fig. 1, and E,,,, is given 
by Eq. (2) with E,,,,,, = 40 kcal/mol (8), 
i.e., 

E PtNz = 4onPtNn. (9) 

The bond conservation equations which re- 
late the bond order in the N, molecule to 
that in the PL-N, “surface molecule” are 
given by 

nNa = 3 - o&%PtN,, 

nPtNz = nPtNn, 

nPt-Pt = 3 - 0.5nPtN2, (10) 

where 0 2 nPtN2 2 6 since the product of 
the adsorption reaction is two triply bonded 
N atoms to the Pt surface. The quantity 
npt-pt is the free surface valence of the Pt, 
and a part of this surface valency is reduced 
by the formation of coordination bonding 
as the adsorption reaction proceeds. The 
interaction energy between N, and the Pt 
surface calculated using Eqs. (8)-(10) is 
shown in Fig. 2. There is an activation 
energy to adsorption of 246 kcal/mol and 
the heat of adsorption is r~ - 14 kcal/mol. 
Thus, the activation energy for desorption 
of the adatoms as an N, molecule is 260 
kcal/mol. 

The adsorption of 0, on Pt may be 
written as 

2 Pt + Op(g) + 2 Pt=0, (11) 

and the energy of interaction is given by 

V = Do, - Eoz,s - E~toz. (12) 

The dissociation energy of an 0, molecule, 
D,,, is 118 kcal/mol (4), a value for E,,,, 
may be found from Fig. 1 as a function of 
no,, and a value for EPtOZ may be calculated 
using the following equation 

E Ptoa = 46.6npto,, (13) 

since the bond energy of a single order 
Pt-OZ bond is 46.6 kcalJmo1 (6, 7, 11). The 
bond conservation relations may be written 
as follows: 

no2 = 2 - 0.5nPto1, 
npt0, = npt0,, 

nPt--Pt = 2 - 0.5nPt02, (14) 
where 0 5 nptq, 2 4, as may be seen from 
Eq. (11). The interaction energy of O2 with 
Pt calculated according to Eqs. (12)-(14) 
is shown in Fig. 2. There is an activation 
energy to adsorption of +Z kcal/mol and 
the heat of adsorption is 269 kcal/mol. 
Thus, the activation energy to desorption 
is 271 kcal/mol. The BEBO model predicts 
no stable molecularly adsorbed state for 
either N, or 0, on Pt. 

It is possible for N,O to adsorb on Pt in 
two distinctly different ways-either 
through an N atom with NO being liberated 
into the gas phase, or through the 0 atom 
with N, liberated into the gas phase. These 
two adsorption mechanisms will each be 
analyzed in turn, For the first mechanism 

Pt + N=NrO(g) --* Pt=N -+- N+(g), (15) 

the interaction energy is given by 

v = DN,O - EN~O,S - -f&N, (16) 

\ 
‘zPt=o 

FIQ. 2. Calculated energetics for the following 
reactions: (- -) 2Pt + Nz(g) + 2Pt=N ; (- - -) 
2Pt + Oz(g) + 2Pt==o. 



and DNzo is known to be 267 kcal/mol (.Q, 
ENzq,6 may be found from Fig. 1, and EPtN 
is given by Eq. (9). In the gaseous N,O 
molecule the NN and NO bond orders are 
2.5 and 1.5, respectively, and the bond order 
of the gaseous NO molecule is 2.5 (4). The 
appropriate bond conservation equations 
are the following: 

nNN = 2.5 - o.%%hPtN, 

nNO = 1.5 + 0.333nPtN7 

nPtN = nPtN, 

npt-pt = 1.5 - O.hPtNt (17) 
where 0 2 nptN 2 3. The interaction energy 
calculated using Eqs. (116) and (17) is 
shown as a function of nPtN in Fig. 3. There 
is an activation energy to this adsorption 
reaction of 215.5 kcaI/mol, and the reac- 
tion is exothermic by 25 kcal/mol. 

The alternate mechanism for the adsorp- 
tion of N,O may be written as 

Pt + O:N=N(g) ---t Pt = 0 + N=N(g). (18) 

The energy of interaction of N,O with Pt 
according to the mechanism of Eq. (18) is 
the following: 

V=D NKI - EN~O,S - &to. (19) 
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with DNzO = 267 kcal/mol and EN~O,S given 
by Fig. 1 just as for the mechanism of Eq. 
(15)) and Epto may be calculated using Eq. 
(13). The bond conservation equations 
which apply to the adsorption mechanism 
of Eq. (18) are the following: 

nNN = 2.5 + 0.25npto, 
nN0 = 1.5 - 0.75nPt0, 

nPt0 = nPtO, 

npt-pt = 1 - 0.5npt0, cm 

where 0 < n eto 5 2. The interaction energy 
calculated from Eqs. (19) and (20) is 
shown as a function of nPto in Fig. 3. There 
is an activation energy to adsorption of 
212.5 kcal/mol, and the adsorption reac- 
tion is exothermic by 452 kcal/mol. 

Adsorption reactions analogous to Eqs. 
(15) and (18) may also be written for the 
adsorption of N,O on a C covered Pt sur- 
face, henceforth denoted by PtC. The reac- 
tion analogous to Eq. (15) may be written 
as 

Pt=C + N=N,O(g) ---f 
Pt==C=N + NEO(g). (21) 

c 
\ 
\ 

+ NO(gl 

It is convenient to analyze t’he reaction of 
Eq. (21) in two steps, the first of which 
applies for 0 2 nCN < 1 and the second of 
which applies for 1 < ncN 5 2. This is due 
to the fact that the adsorbed C atom has 
one free valence electron present (7) which 
is available in the formation of a first order 
CN bond prior to perturbing the Pt=C 
bonds. The interaction energy for the first 
step mentioned above is the following: 

3 
1 
\ 
i 
\ 
\ 
\ 
\ 
\ 
\ 

-40 - 
\ 
\ - 
\ 
\ 
\ 
\ 
\ 
: P,=cl 

+N,(g) 

-60 

V=D NzO - EN~O,S - ECN, (22) 
where DN,p = 267 kcal/mol, and both 
EN,,,, and EC, may be found as a function 
of bond order from Fig. 1. The bond con- 
servation equations applicable to the reac- 
tion of Eq. (21) are the following: 

nNN = 2.5 - 1.5%N, 
nN0 = 1.5 + nCN, 

FIQ. 3. Calculated energetics for the following 
reactions: (- -) Pt + NzO(g) + Pt=N + NO(g); 
(- - -) Pt + NsO(p) + Pt==O + Nzle‘). .- 

%N = %N, 

nc!. = 0.5(1 - nCN), (23) 
where 0 _< nCN 5 1, and n,. represents the 
free radical nature of the adsorbed C atom 
(7). For 1 .,-, 5 nCN 5 2 there is a breaking of 
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the P&C bonds and the relationship de- 
scribing the interaction energy is modified 
somewhat, viz, 

T' = DN~O + DPU: - EN~O.S - &N - EPW, 

(24) 
where D,,, = 189 kcal/mol [a third order 
bond with single order bond energy of 63 
kcal/mol (6, 7, IO) 1, EN,,,, and EON may 
be obtained from Fig. 1 as a function of 
bond order just as before, and EPtC is given 
by (6,7,10) 

E ptc = 63mtc. (25) 

The bond conservation applicable to Eq. 
(24) are the following: 

72,~~ = 1 - n’o~, 
nN0 = 2.5, 
n’2N = 1 + n’CN) 

nPM: = 3 - dCN, 

nPt-Pt = n'CN, (26) 

where 0 < nlCN 5 1 (or equivalently, 1 5 
nCN 5 2). The interaction energy between 

/’ 
I’ 

>- I -20 i 
-40 1 I 

i 
i 

\* 
I \ 4 c “\ 

-60 ‘\..,-' 

FIQ. 4. Calculated energetics for the following 
reactions: (- -) Pt-C + NzO(g) + Pt==C=O + 
Nz(g); (- - -) Pt-C + NzO(g) + Pt==C=N + 
NO(g). 

an N20 molecule and a PtC surface accord- 
ing to the mechanism of Eq. (21) may be 
calculated using Eqs. (22)-(26) and the 
result is shown in Fig. 4. There is an acti- 
vation energy to the reaction of +36 kcal/ 
mol, and the reaction is endothermic by that 
same amount of energy. As may be seen 
from Fig. 4, there is a quasi-stable endo- 
thermic potential minimum which occurs 
at nPtC = 3, ncN = nNN = 1 and nNO = 2.5. 
It should be noted that if the final adsorbed 
state is Pt-C=N rather than Pt=C=N, 
the energetics of the reaction are essentially 
unchanged. The reaction is endothermic 
with an activation energy of 234 kcal/mol 
rather than 36 kcal/mol. 

The alternate way in which N,O may ad- 
sorb on PtC is the analogue of Eq. (18) for 
clean Pt, namely 

Pt=C + O,NzN(g) --f Pt==C=O + N=N(g). 
(27) 

As before it is convenient to examine this 
reaction in two steps, the first step occurring 
when 0 5 nco 2 1, and the second step when 
1 5 n,, < 2. The first step occurs without 
the breaking of Pt-C bonds, and the in- 
teraction energy for this case is given by 

v = DN~O - E~2o.s - Eco, (28) 

where D,,, = 267 kcal/mol, and EN,,,, and 
E,, are obtained from Fig. 1 as a function 
of bond order. The bond conservation equa- 
tions which apply to this reaction are the 
following: 

n&TN = 2.5 + 0.5nC0, 
nN0 = 1.5 - ?‘hZO, 

nco = nco, 

m. = 0.5(1 - nco), (29) 

where 0 _( n,, 5 1. When the bond order 
of the CO bond increases above unity, there 
is a breaking of the Pt=C bonding. Then 
the interaction energy may be written as 

V = DN~O + Dptc - EN~O.S - ECO - EPIC, 
(30) 

where D,,, = 189 kcal/mol, EPtC is given 
by Eq. (25) and the other terms of Eq. (30) 
are as defined previously. The bond con- 
servation relations which apply in this case 
are the following: 
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nNN = 3, 
nN0 = 0.5(1 - n’co), 

wtc = 3 - n’c0, 

nco = 1 + n’c0, 

nrt--Pt = 0.5dc0, (31) 

where 0 < n’e,-, 2 1 (i.e., 1 5 n, 5 2). 
When 1 < nco 5 2, the value of E,,, in 
Eq. (3O)is no longer given by Eq. (25) 
since the bond energy of the single order 
Pt-CO bond is not equal to that of a single 
order Pt-C bond. The former is 46 kcal/ 
mol, whereas the latter is 63 kcalJmo1 (6, 
7). Thus, for 1 5 n, _< 2 the value of EFtc 
is given by (8, 7) 

E Ptc = [63 - 17(3 - mtc)lmtc. (32) 

‘The energetics of the interaction of N,O 
with PtC according to the mechanism of 
Eq. (27) and calculated using Eqs. (28)- 
(32), is shown in Fig. 4. There is an activa- 
tion energy to adsorption of ~12 kcal/mol, 
a weak minimum of depth + -59 kcal/ 
mol at n,, = 1.5, and a heat of reaction of 
+ - 54 kcal/mol. 

The calculated results for the various ad- 
sorption reactions of O,, N,, and N,O on 
clean Pt and of N,O on PtC have been pre- 
sented in Figs. 2, 3, and 4. Attention will 
now be given to the various reactions which 
regenerate the clean Pt surface. Two such 
reactions, namely the desorption of Nz and 
0, are analyzed in Fig. 2, i.e., the activat.ion 
energy for desorption of N, and 0, is 60 
and 71 kcal/mol, respectively. Another re- 
action which will free the Pt surface of ad- 
sorbed 0 atoms is the Rideal-Eley type in- 
teraction with an impinging N,O molecule. 
There are two cases to consider-one of 
which results in the formation of two NO 
molecules, and the other of which results in 
the formation of an N, molecule and an 0, 
molecule. These two cases will now be 
treated each in turn. 

The reaction of an N,O molecule with an 
adsorbed 0 atom on a Pt surface following 
Rideal-Eley kinetics leading to the forma- 
tion of two NO molecules may be written 
as 

Pt-0 + N~N’z-O’(g) -+ 
Pt + N4k) + N&O’(g). (33) 

The interaction energy describing this sur- 
face reaction is given by 

v = DN~O + &to - EN~O,S - ENO - &to, 
(34) 

with D,,, = 267 kcal/mol, D,,, = 93.2 
kcal/mol, EN+,, and EN0 given in Fig. 1 as 
a function of bond order, and with Epto 
given by Eq. (13). The bond conservation 
relations which apply to Eq. (33) are the 
following. 

nNN’ = 2.5 - nN0, 

nN'0' = 1.5 + 0.4nN0, 

npto = 2 - 0.8Y’LNo, 
nN0 = nN0, 

nPt-Pt = 0.4nNOj (35) 

where 0 < nNO 5 2.5. The energetics of the 
reaction of Eq. (33) calculated according 
to Eqs. (34) and (35) is shown in Fig. 5. 
The reaction is endothermic by 253 kcal/ 
mol, and the activation energy to reaction 
is also ~53 kcal/mol. There is a quasi- 
stable endothermic energy minimum at 
nNo !z 1.5 as may be seen in Fig. 5. 

The alternate mechanism whereby an 

FIG. 5. Calculated energetic3 for the following 
reactions: (--) Pt==O + NzO(g) --) Pt + ZNO(g); 
(- - -) Pt==o + NzOk) 4 Pt + Ndg) f O&l. 
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N,O molecule may react with an adsorbed 
0 atom with Rideal-Eley kinetics is the 
following : 

Pt==O + O’zN=N’(g) + 
Pt + 0=0’(g) + N-N’(g). (36) 

The energetics of this interaction are very 
similar to Eq. (34)) namely 

V = DN~O + Dpto - EN~O,S - EOOJ - EP~o, 

(37) 

and all the quantities of Eq. (37) may be 
evaluated according to the methods given 
below Eq. (34). The bond conservation re- 
lations which apply to this reaction mecha- 
nism are the following: 

noIN = 1.5 - 0.75nOOl, 
nNN’ = 2.5 + o.%noo~, 
m0 = 2 - n001, 

no01 = noof, 

npt--Pt = 0.5n00r, (33) 

with 0 _< no,,, _< 2. The energy of interac- 
tion for the reaction of Eq. (36) calculat,ed 
using Eqs. (37) and (38) is shown in Fig. 
5 as a function of noo,. The reaction is endo- 
thermic by 213 kcal/mol, and there is an 
activation energy to reaction of +60 
kcal/mol. 

Attention will now be focused on the ways 
in which adsorbed N atoms may be removed 
from the Pt surface by impinging N,O mole- 
cules considering Rideal-Eley kinetics. Just 
as for the removal of adsorbed 0 atoms 
from the surface considered above, there are 
two possible reaction mechanisms. The 
Pt=N complex can either interact with an 
N atom or the 0 atom in the N,O molecule. 
The variant between this reaction and the 
one with Pt=O is that the product of this 
reaction is the same independent of the de- 
tailed mechanism, namely an N, and an 
NO molecule. However, the kinetics of the 
two possible reaction mechanisms are sub- 
stantially different as shown below. 

The first case to be considered is the in- 
teraction of the 0 atom in the N,O mole- 
cule with the adsorbed N atom. This reac- 
tion may be written as 

Pt=N + OzN+N(g) + 
Pt + NHXg) + N’=N(g). (39) 

The energetics of the reaction given by Eq. 
(39) are given by 

v = DN~O + &xi - E~2o.s - ENO - EP~N, 

(46) 

where D,,, = 2’67 kcal/mol, DptN = 120 
kcal/mol, E,,o,, and EN0 given in Fig. 1, 
and Ep,N is given by Eq. (9). The bond con- 
servation relations which apply to Eq. (39) 
are the following: 

nN’N = 2.5 + o.%NO, 
nON’ = 1.5 - 0.6nNo, 
nPtN = 3 - l.%tNO, 

nN0 = nNOJ 

npt-pt = o.hio, (41) 

where 0 5 nNO 5 2.5. The results of the cal- 
culated interact’ion energy are shown in Fig. 
6 as a function of nNO. The reaction is endo- 
thermic by +6 kcal/mol and the.activation 
energy to reaction is 245 kcal/mol. A weak 
endothermic potential minimum of V z 3 
kcal/mol is predicted at the point when 
n - 2. NO - 

The alternate Rideal-Eley type reaction 
in which N,O reacts with an adsorbed N 
atom to form an N, and an NO molecule is 
the following 

Pt=N + N=N’zO(g) + 
Pt + N=N(g) + N’=O(g). (42) 

FIG. 6. Calculated energetics for the following 
reactions: (--) Pt=N + NN’O(g) -+ Pt + 
NN(g) + N’Ok) ; (- - -) Pt=N + ON’N(g) --f 
Pt + NO(g) + NW(g). 
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The energetics of the reaction described in 
Eq. (42) may be written as 

V = DN~O + DP~N - ENL,.S - Em - Em, 
(43) 

and the strong similarity with Eq. (40) 
should be noted. The bond conservation re- 
lations which apply to the reaction of Eq. 
(42) are the following: 

nNN’ = 2.5 - 0.833n~~, 
nN’0 = 1.5 + o.%%%NN, 

nPtN = 3 - nNN, 

nNN = nNN, 

nPt-Pt = hhNN, (44) 

with 0 5 nNN _< 3. The energy of interaction 
calculated according to Eqs. (43) and (44) 
is shown in Fig. 6. As pointed out previ- 
ously, the initial and final states of the re- 
actions of Eqs. (39) and (42) are identical. 
However, the kinetics of Eq. (42) are sub- 
stantially less favorable with an activation 
energy of 270 kcal/mol. 

A final way in which a clean Pt surface 
may be regenerated from one on which 0 
and N atoms are adsorbed is the surface re- 
action (Langmuir-Hinshelwood kinetics) of 
the adsorbed atoms to form an NO molecule. 
That reaction may be written as 

Pt=N + Pt==O --) 2Pt f N*(g). (45) 

The energetics of this reaction are described 
by the following equation: 

V = DP~N -I- Dpto - Em - -&to - ENO, 

(46) 

where DptN = 120 kcal/mol, DPt,-, = 93.2 
kcaI/mol, EPtN and Epto are given by Eqs. 
(9) and (13), respectively, and EN0 may be 
found as a function of bond order from Fig. 
1. The bond conservation relationships ap- 
plicable to the reaction of Eq. (45) are the 
following: 

nPtN = 3 - l.%NO, 

nPtO = 2 - O.&NO, 

nN0 = nN0, 

nPt-Pt = nN0, (47) 
with 0 < nNo < 2.5. The interaction energy 
for this Langmuir-Hinshelwood type cata- 
lytic reaction is shown in Fig. 7 as a func- 

-NO(g) 

FIG. 7. Calculated energetics for the reaction: 
Pt==O + Pt=N + 2Pt + NO(g). 

tion of nNO. The reaction is endothermic by 
461 kcal/mol, and the activation energy 
to reaction is equal to its endothermicity. 
As may be seen from Fig. 7 there is a quasi- 
stable endothermic minimum in the poten- 
tial energy diagram at a Vahe of nNO Z 1.5. 
This corresponds to a molecularly adsorbed 
state of the NO molecule on the Pt surface. 

DISCUSSION 

The major contribution of this work is to 
show the way in which the empirical BEBO 
model may be used to make a priori esti- 
mates of activation energies of elementary 
surface reactions, e.g., adsorption, desorp- 
tion, or heterogeneously catalyzed reactions 
obeying either Rideal-Eley or Langmuir- 
Hinshelwood kinetics. Detailed calculations 
have been made for most of the relevant 
reactions which occur when N,O interacts 
with either a clean or a C covered Pt sur- 
face. These reactions together with the re- 
spective activation energies and heats of 
reaction are summarized in Table 1. It is 
useful to apply the BEBO model to this 
gas-surface system since reactive scattering 
measurements of an N,O molecular beam 
from these surfaces have recently been re- 
ported (12). When the activation energies 
calculated using the BEBO mode1 are used 
in conjunction with the absolute rate theory, 
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TABLE 1 
CALCULATED REACTION RATES, ACTIVATION ENERGIES AND HEATS OF REACTION FOR THE 

ELEMENTARY SURFACE REACTIONS WHICH OCCUR WHEN NzO INTERACTS 
WITH CLEAN AND C COVERED Pta 

Reaction E, (kcal/mol)* AH (kcal/mol) Rate (cmp2 set-I) 

1. Pt=N + Pt=N + 2Pt + Nz(g) 60 +14 7.0 x 107 
2. pt=O + Pt==O --f 2Pt + Op(g) 71 +69 2.7 X 10”’ 
3. Pt + NzO(g) ---f Pt=N + NO(g) 15.5 -5 1.0 x 10’0 
4. Pt + N,O(g) + Pt===O + N,(g) 12.5 -52 3.8 X 10’9 
5. Pt==Q + NzO(g) --) Pt + Nn(g) + Oz(g) 60 +13 0.3 
6. Pt==O + NnO(g) ---t Pt + 2NO(g) 53 +53 6.7 
7. Pt=N + NzO(g) ---) Pt + Nz(g) + NO(g) 45 +6 1.1 
8. Pt=N + Pt.===0 ---t 2Pt + NO(g) 61 $61 9.8 x 109 
9. Pt-C + NzO(g) --f Pt=C=N + NO(g) 36 $36 1.1 x 109 

10. Pt=C + NzO(g) + Pt==C=O + NC(g) 12 -54 4.8 X 10”’ 

D Conditions: !!’ = 1125°K and pNaO N 10-8 Torr, i.e., an impingement flux of 10la cm-” see-l. 
* E, is the activation energy to the elementary surface reaction given in the first column. 

it is possible to predict absolute magnitudes 
for the rates of the various surface reac- 
tions. Using reasonable values for the pre- 
exponential of the rate coefficients, it was 
shown above that the appropriate rate ex- 
pressions for adsorption, surface reactions 
obeying Rideal-Eley kinetics, desorption, 
and surface reactions obeying Langmuir- 
Hinshelwood kinetics are given by Eqs. 
(3), (4)) (5) and (6), respectively. 

The rates of the 10 reactions discussed 
in the previous section may be calculated 
employing the experimental conditions of 
West and Somorjai (la), namely T = 
1125°K and an impingement flux of N,O 
molecules of +1013 cm-2 see-I. In order to 
calculate the rates of reactions 1, 2, 5, 6, 7, 
and 8 of Table 1, the equilibrium coverages 
of both N and 0 atoms must be known. 
These coverages may be easily calculated 
by using the absolute rate equations and 
equating the total rate of adsorption and 
that of desorption for both N and 0 atoms. 
Solving the two resulting coupled quadratic 
equations simultaneously gives 

f3N E 5.1 x 10-6, 
L90 ei 1.2 x H-P, (48) 

for the coverages of N and 0 atoms, respec- 
tively, for T = 1125’K and ~/(ZtilcT)~‘~ 
= 1Ol3 molecules/cm2 sec. Using these COV- 

erages the rates of the surface reactions are 
readily calculated, and the results are 

shown in Table 1. It should be noted that 
the rates of the surface reactions obeying 
Rideal-Eley kinetics proceed at a negligible 
rate (reactions 5, 6, and 7 of Table 1). The 
0 atoms are removed from the clean Pt at 
an appreciable rate by both reactions 2 and 
8, whereas only reaction 8 contributes sig- 
nificantly to the removal of N atoms from 
the Pt. 

Neither the clean Pt surface nor the PtC 
surface is exceedingly efficient at dissoci- 
ating N,O. Both surfaces dissociate 20.5% 
of the impinging N,O molecules (for clean 
Pt the sum of the rates of reactions 3 and 
4 or for PtC the rate of reaction 10, both 
divided by the impingement flux, namely 
1Ol3 molecules/cm2 set) . 

It is interesting to compare the expected 
scattering distributions of NO produced 
when N,O adsorbs on either Pt or PtC, i.e., 
reactions 3 and 9 in Table 1. On PtC the re- 
action is a direct scattering process with 
the NO evolved as the surface CN bond 
forms. The energetics of the following re- 
action under the conditions of temperature 
and pressure of Ref. (12) are so unfavorable 
as to not necessitate its consideration: 

Pt==C=N + Pt=C=O + SPt=C + N&(g). 
(49) 

Thus, it would be expected that the NO re- 
flected from a PtC surface as a result of 
the dissociation of N,O would not be 
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emitted with a random (cosine) distribution, 
but rather should be emitted with a dis- 
tribution peaked near the specularly re- 
flected angle, i.e., the NO molecule does not 
necessarily accommodate to the surface 
temperature. On the other hand, approxi- 
mately half of the NO emitted from the 
clean Pt surface is desorbed according to 
reaction 8 of Table 1. Thus, the spatial 
distribution of NO emitted from clean Pt 
would be expected to be much more nearly 
cosine indicating energy accommodation to 
the surface temperature. 

It is possible to compare the calculated 
results with the experimental results of 
West and Somorjai (12) in a least a quali- 
t’ative way. Unfortunately, due to the pres- 
ence of a large background pressure of CO 
it was impossible to monitor experimentally 
either reflected N, or CO. However, the re- 
flected NO was monitored mass spectro- 
metrically. Although more definitive experi- 
ments are required to fully test the model 
predictions, the following observations agree 
with the ART-BEBO model: (1) The Pt 
surfaces dissociate N,O very poorly, on the 
order of a percent of the impinging N,O 
molecules; and (2) The spatial distribut’ion 
of the NO molecules is peaked toward the 
specularly reflected angle for the PtC sur- 
face indicating a direct reaction without 
full accommodation at the surface, while 
the NO emitted by the clean Pt surface is 
much more diffuse indicating a greater 
energy accommodation at the surface. The 
expected importance of the desorption of 
CO from the PtC surface was also confirmed 
experimentally: It was necessary to rc- 
plenish the C overlayer on the Pt by ex- 
posure to C,H, after extensive scattering 
of N,O from the PtC surface. 

The experimental observation of a “ring 
structure” in the low-energy electron dif- 
fraction pattern for the C overlayer on the 
Pt surface indicates much of the surface is 
covered by the basal plane of graphite (12). 
However, the N,O almost certainly reacts 
preferentially with carbide type C rather 
than the basal plane of graphite. There is 
no free valence electron in the graphite to 
interact with an adsorbing N,O molecule. 
Also, to remove a C atom from a graphite 

overlayer requires breaking three effectively 
1.53 order CC bonds, i.e., 13 X 117 = 
351 kcal/mol. Removing a C atom from the 
carbide requires only 3 X 63 = 189 kcal/ 
mol (10). The graphite is much more stable 
and hence less react,ive. Consider the 
reaction 

C(s) + N=N=O(g) 2 N=N(g) + C=O(g). (50) 

This reaction is exothermic by 26 kcal/mol 
for carbide t,ype C, i.e., [ (3 X 63 + 267) - 
(226 + 256)] = -26 kcal/mol, although 
there is a calculated activation energy of 
212 kcal/mol as shown in Fig. 4. However, 
for graphitic type C, the reaction is endo- 
thermic by 136 kcal/mol, i.e., [3 X 117 + 
267) - (226 + 256) ] = + 136 kcal/mol. 
Thus, it is very reasonable to expect that 
the reactions of N,O with a C covered Pt 
surface proceed almost, exclusively on car- 
bide sites rather than on the smooth basal 
plane of graphite. The relative passivity of 
the basal plane of graphite to reaction with 
a beam of molecular oxygen has recently 
been demonstrated by Olander and co- 
workers (15). 

In conclusion, the ART-BEBO model has 
been described and applied to analyze in 
detail the interaction of N,O with Pt and 
PtC surfaces. ,4s has been discussed in de- 
tail elsewhere, the BEBO model is expected 
to give activation energies accurate to 
within a few kilocalories per mole (5, 11). 
The absolute rate theory aspects of the 
model calculation would be expected to 
yield prcexponential factors of the various 
rate coefficients accurate to within perhaps 
an order of magnitude. The close agreement 
bet’ween the calculated and observed frac- 
tion of N,O molecules dissociated by Pt 
tends to indicate the accuracy of the ART- 
BEBO model. The good agreement between 
the calculated results and the experimental 
data offers the hope that the ART-BEBO 
model may prove exceedingly useful in pre- 
dicting the kinetics of both numerous as 
well as diverse types of elementary surface 
reactions. 
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