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Abstract

Ž .The decomposition of methyl iodide on Ni 111 surface alone or in presence of hydrogen gives rise to the desorption of
Ž .methane which appears as two peaks at two distinctly different temperatures 150 and 250 K in the course of a temperature

Ž . Ž .programmed desorption study TPD . The method of bond order conservation–Morse potential BOC–MP analysis has
been employed to rationalize the experimental findings by calculating the energies associated with the envisaged routes of
the reactions. It is concluded that methyl groups adsorbed on 3-fold sites react with adsorbed hydrogen atoms with an
activation energy of 14 kcalrmol to form gaseous methane desorbing at 250 K. The methyl group made mobile upon the
crowdedness of the surface and traversing over on-top sites and having higher energy than the methyl groups adsorbed on
3-fold sites react with hydrogen with zero activation energy and forms the methane peak at 150 K in the TPD regime. The

`cleavage of C I bond with an activation energy of 3 kcalrmol constitutes the rate determining step. The prediction
Ž . Ž .capabilities of the method are further proven by briefly considering the process on Ni 100 and Ni 110 surfaces where in

the former excellent agreement with the experimental findings is met and in the latter the theoretical findings are brought to
the attention of the experimentalist. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

w xIn a recent publication Mims et al. 1 have
studied the decomposition of methyl iodide on

Ž .Ni 111 surface both in presence and absence of
pre-adsorbed hydrogen by a broad range of
surface sensitive techniques. In their studies it
has been observed that the dissociatively ad-
sorbed methyl iodide either alone or co-ad-
sorbed with hydrogen desorbs as methane at a
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temperature of 250 K in the course of tempera-
Ž .ture programmed desorption TPD studies. On

the surface partially covered by pre-adsorbed
hydrogen, methyl iodide undergoes decomposi-
tion to yield methane as a TPD peak at 150 K.
Isotopic studies, CH IrD , revealed only CH D3 2 3

with no further isotopic scrambling. Adsorbed
CH , I and H entities were also detected on the3

surface by spectroscopic methods and crowding
the surface resulted in the enhancement of the
adsorption peak at 150 K. The origins of the
TPD peaks of methane at 150 and 250 K were
traced to the reaction of so-called ‘‘hot’’ or
unaccommodated surface methyl groups with
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adsorbed hydrogen and conventionally adsorbed
Ž .accommodated methyl groups with adsorbed
hydrogen, respectively. The ‘‘hot’’ methyl
groups are meant to be those more energized
than the adsorbed ones. The presence of such
species is claimed to rely on the crowdedness of
the surface caused by the pre-adsorbed hydro-
gen which presents the dominance of the access
of methyl groups to lower energy surface sites.
In the mentioned work no estimation of the
energetics, heats of adsorption, activation ener-
gies of desorption orrand surface reactions,
were made.

The purpose of the present work is to pro-
pose a model for the ‘‘hot’’ methyl species and
apply the method of bond order conservation–

Ž . w xMorse potential BOC–MP analysis 2 to esti-
mate the energetics of the processes and to
account for the observed TPD pattern. These
authors have successfully applied the method in

w xa number of cases 3–5 where good agreements
between the calculated and experimental find-
ings have been observed.

2. Method

In the method of BOC–MP the total bond
order between the adsorbate and its underlying

Ž .adsorbent atom s is conserved and the bond
energy is assumed to follow the Morse potential
model. The optimization of the energy of the
adsorbed ensemble, adsorbate and its underlying

Ž .surface atom s , is achieved by a variational
w xmethod 2 . The details of calculations can be

w xfound in the original literature 2,6,7 . The re-
sulting equations used in this work for the cal-
culations of the heats of adsorptions are given
below without going into the details of deriva-
tions. Firstly, the heat of atomic adsorption of A
on an n-fold surface site forming M –A isn

Q sQ 2y1rn 1Ž . Ž .A 0A

where Q is the two center bond energy. For a0A
Ž 1.mono-coordinated h admolecule AB with A

end down, M–A–B, three cases have been dis-

tinguished. If AB is strongly bonded onto the
surface and retains its localized unpaired elec-
tron as in the case of adsorption of free radicals,
one has

Q sQ2r Q qD 2Ž . Ž .AB A A AB

where D is the gas phase bond dissociationAB

energy of AB. On the other hand if AB is
weekly bonded onto the surface as in the case of
the adsorption of closed shell molecules, one
arrives at

Q sQ2 r Q qD . 3Ž . Ž .AB 0A 0A AB

In the intermediate situation the average of the
above values is employed

2Q s0.5 Q r Q qDŽ .½AB A A AB

2q Q r Q qD . 4Ž . Ž .50A 0A AB

So far as kinetics of the processes are con-
cerned, the activation energies of adsorptions,
surface reactions and desorptions can also be

w xrelated to the Q and D values 2 . The activa-
tion energy of the dissociation of AB impinging
on the surface is given by

)

D E s0.5 D q Q Q r Q qQŽ . Ž .AB,g AB A B A B

yQ yQ yQ 5Ž .AB A B

while the dissociation of the adsorbed AB
species occurs with the activation energy of

)

D E s0.5 D q Q Q r Q qQŽ . Ž .AB,s AB A B A B

qQ yQ yQ . 6Ž .AB A B

Concerning the recombination of chemisorbed
A and B entities, the activation energy of the
desorptive recombination is

D E sD E yD H 7Ž .r f

where D E is either D E) or D E) and D H,f AB,g AB,s

the enthalpy change in the reaction is obtained
from

D HsyS QqD y QqD 8Ž . Ž . Ž .P Ri i
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Table 1
Ž .Total bond energy in the gas phase D and heat of adsorption

Ž . Ž .Q kcalrmol
a Ž . Ž . Ž .Species D Q, Ni 111 Q, Ni 100 Q, Ni 110

H – 63 66 63
C – 171 179 171
I – 65 68 65
CH I 358 15 15 153

CH 398 6 6 64
Ž .CH n-fold 293 48 50 483

aŽ .CH bridge 293 43 43 433
aŽ .CH on-top 293 29 29 293

a w xRef. 1 .

where P and R refers to the products andi i

reactants, respectively. The details of the deriva-
w xtions can be found in the original literature 6,7 .

3. Results and discussion

Table 1 presents the values of Q’s calculated
Ž . Ž .on the basis of Eqs. 2 – 4 for all types of

surface species presumably involved in the reac-
tions under consideration along with the gas
phase bond energies, D’s. Q’s for atomic
species, C, H and I are taken from the literature
w x1,7,8 . Enthalpy changes in the reactions are

Ž .calculated using Eq. 8 and the results are
presented on Schemes 1–3. Scheme 1 considers

Ž .the adsorption in 3-fold hollow sites of Ni 111
surface where methyl iodide is favorably ad-
sorbed, D H sy15 kcalrmol, and the pro-ads

cess requires no activation energy. DG of this
process was worked out using this value and DS
given by

5r2 3r2
DSsyR 18.1q ln Tr300 mr28Ž . Ž .½ 5

9Ž .
where Ts150 K and m is the molecular weight

w xof methyl iodide 9,10 and was found to be ca.
y10 kcalrmol.

3.1. Reaction on 3-fold sites

The adsorbate, CH I, residing on a 3-fold3

site subsequently dissociates to adsorbed methyl
Ž .group and iodine, step 2 . The desorption of

Ž .methyl radicals into the gas phase, step 4 ,
Ž .requires 48 kcalrmol D E)0 which is a pro-

hibitively large value and this process is ex-
pected not to occur, which is in perfect agree-

w xment with the experimental findings 1 . On the
other hand the reaction of adsorbed methyl and

Ž .hydrogen to form gaseous methane, step 5 ,
requires an activation energy of ca. 14 kcalrmol
and is likely to correspond to the TPD peak of
methane appearing at 250 K.

` Ž .Scheme 1. The mechanism of CH I bond scission and methane formation on Ni 111 with CH on 3-fold site, the activation energies and3 3

the enthalpy changes are in kcalrmol.
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Ž .Fig. 1. The path of movement for mobile CH from bridge a and3
Ž . Ž .on-top sites b on Ni 111 .

3.2. Reaction of the ‘‘hot’’ methyl group

In order to account for the low temperature
TPD peak of methane appearing at 150 K where
the contribution of ‘‘hot methyl groups’’ has
been proposed, we assume a mobile two dimen-
sional gaseous CHa intermediate with stability3

somewhere between the gaseous and adsorbed
Ž .on 3-fold site methyl species. Furthermore,
this species is assumed to be the result of the
movements of methyl groups via

n-fold site™m-fold site™n-fold site

route. The activation energy for atomic surface
w xdiffusion 11 is

D E sQ yQ 10Ž .dif . n m

where in the present case n is 3 and refers to the
3-fold site and m is either 2 or 0 depending on
that the surface species traverses via bridge or
on-top sites, Fig. 1a and b, respectively. We
assume the surface CH acting like a quasi-3

atomic species which is fairly justified on ac-
count of the lack of the interaction of the methyl
hydrogens with the surface signified by the

absence of isotopic scrambling. The heat of
adsorption of CHa is thus given by3

Q sQ yD E 11Ž .2-dim.gas 3

which takes the form of

Q sQ 12Ž .2-dim.gas 2

or

Q sQ 13Ž .2-dim.gas 0

if its mobility is achieved by passing over the
bridge or on top sites, respectively.

Schemes 2 and 3 present the energetics of the
formation of the two dimensional mobile sur-
face gas, CHa, and its subsequent conversion to3

gaseous methane. Both routes, via bridge and
on-top sites, are favoured. The latter route re-
quires smaller activation energy and the cleav-

`age of C I bond with the activation energy of
only 3 kcalrmol seems likely to account for the
observed TPD peak at 150 K. The process of
the recombination of adsorbed hydrogen and

a Ž .CH , step 13 , occurs with no activation en-3

ergy. It is interesting to notice that the activa-
tion energy for surface mobility which is nearly
19 kcalrmol is largely provided by the dissocia-
tion of adsorbed methyl iodide to surface methyl
and iodine, the latter residing on 3-fold sites. It
should be emphasized that the adsorption, highly
likely on the on-top position, of methyl radical
formed in the gas phase onto the fully hydrogen
covered surface does not give rise to the appear-
ance of the methane TPD peak at 150 K point-
ing to the importance of the precursor and its
mobility. The total proposed reactions paths are
presented in Scheme 4.

` Ž .Scheme 2. The mechanism of CH I bond scission and methane formation on Ni 111 with mobile CH on 3-fold™bridge™3-fold sites,3 3

the activation energies and the enthalpy changes are in kcalrmol.
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` Ž .Scheme 3. The mechanism of CH I bond scission and methane formation on Ni 111 with mobile CH on 3-fold™on top™3-fold sites,3 3

the activation energies and the enthalpy changes are in kcalrmol.

The connection between our BOC–MP based
results and the previously reported TPD mea-

w xsurements 1 can be elaborated further. In Fig.
Ž .1 b of this reference two peaks have been

reported in the TPD pattern. The one at 150 K
is due to the reaction of mobile methyl group
with hydrogen, Scheme 3, which occurs with an

Ž .activation energy D E of 3 kcalrmol. Obvi-
ously, the activation energy is that of the disso-
ciation of adsorbed methyl iodide while the
surface reaction of adsorbed methyl and hydro-
gen species is not activated. The second peak
which is at 240 K is due to the formation of
methane from the reaction of methyl species
adsorbed on the 3-fold sites with the hydrogen,

Ž . Ž .step 5 or 17 , which occurs with an activation
Ž . w xenergy of 14 kcalrmol. Fig. 2 a of Ref. 1

shows two TPD peaks for the desorption of

methyl iodide. The first peak at 135 K is due to
the desorption of the physisorbed methyl iodide
and occurs with the activation energy compara-
ble to its heat of condensation. The second peak
at 150 K is due to the desorption of methyl
iodide. According to our calculations this pro-
cess at low surface coverage requires an activa-

Žtion energy of 15 kcalrmol the reverse of step
Ž ..1 . At higher coverages, however, D E de-
creases and methyl iodide can leave the surface
more easily at the temperature as low as 150 K.
This pattern of changes is also in accord with
the BOC–MP calculations we have previously

w x w xexercised 3 . In Fig. 4 of Ref. 1 which is
Ž .similar to Fig. 2 a , the influences of the in-

creasing of coverages are presented. The only
additional significant point is the shift of the
a-CH desorption peak from 170 to 150 K due4

Ž . Ž . aScheme 4. Presentation of the entire reaction paths, with CH a on n-fold site and mobile ‘‘hot’’ CH traversing via n-fold™on3 3

top™n-fold sites, activation energies are in kcalrmol.
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to the increasing of coverages which is also
w xpredicted by BOC–MP based calculations 3,12 .

The profile of the desorption of methane from
Ž .Ni 111 surface looks the same in all studies

and appears at 150 K. This points to the fact
that the combination of H and CH is not the3

rate determining step in a-CH formation. This4

is confirmed by the BOC–MP calculation which
predicts zero activation energy for this step
Ž Ž . . Ž .step 13 of Scheme 3 and assumes step 12
with the activation energy of 3 kcalrmol to be
the rate determining step.

To further amplify the findings, the BOC–MP
results of the analysis of reaction

CH a ™CH a qH a 14Ž . Ž . Ž . Ž .4 3

Ž Ž ..presented in Scheme 1 reverse of step 3 were
compared with the literature. The activation en-
ergy of this process calculated on the basis of
BOC–MP method is 14 kcalrmol. The pre-

Ždicted values calculated by ASED-MO atom
superposition and electron delocalization molec-

.ular orbital and ab initio valence orbital config-
Ž .uration interaction multiple parent methods are

w x15 and 17 kcalrmol, respectively 13,14 and
the experimentally determined value is 13

w xkcalrmol 15 . It is clear that the result of
BOC–MP analysis is in good agreement with
the results obtained by more sophisticated and
detailed methods as well as with the experimen-

w xtal findings 13–15 . Also, the method of BOC–
MP predicted that the enthalpy of the mentioned

Ž Ž ..process reverse of step 3 to be nearly zero,
which is again in agreement with the previous

w xreports by other researchers 14 .
To emphasize the prediction capabilities of

the method, this process was examined on
Ž . Ž .Ni 100 and Ni 110 surfaces. The heats of

adsorptions for the possible surface species were
calculated by the method of BOC–MP and are
presented in Table 1. D Es are presented on
Scheme 4. The reaction of methyl iodide on

Ž .Ni 100 surface has been experimentally studied
w x16 and it has been found that in the absence of
pre-adsorbed hydrogen, methane desorbs at 220
K while in the presence of pre-adsorbed hydro-

gen, methane desorption forms two distinct
peaks at 150 and 220 K. Our BOC–MP calcula-
tions show that D E of the formation of methane

Ž .from the hot methyl species, step 15 , and from
the methyl species adsorbed on four fold sites,

Ž .step 17 , are 2 and 17 kcalrmol, respectively.
`The experimental D E of the cleavage of C I

Ž . Ž . w xbond, step 14 , on Ni 100 is 3.5 kcalrmol 17
and is in fair agreement with the BOC–MP
based value of 2 kcalrmol. Also, according to
BOC–MP calculations the activation energies of
` Ž .C I cleavage, step 14 , and the formation of

Ž .a-CH , step 15 , are both 2 kcalrmol and both4

processes should occur at the same temperature,
which is in agreement with the experimental

w xfindings 17 . No experimental studies have been
reported in the literature concerning the hy-

Ž .drogenolysis of methyl iodide on Ni 110 sur-
face. We have worked out D Es for all steps of

Ž .the reaction of methyl iodide on Ni 110 surface
previously covered by hydrogen. The results are

Ž .presented in Scheme 4. Ni 110 behaves simi-
Ž .larly to Ni 111 in so far as the formation of

methane is concerned. It is expected that the
Ž .hydrogenolysis of methyl iodide on Ni 110

surface under the TPD regime would also give
rise to two methane peaks, one at around 150 K
and the other around 240 K. The confirmation
of these findings are left to the experimentalists.

4. Conclusion

On the basis of the above calculations the
involvement of more energized ‘‘hot’’ surface
species in the course of the decomposition reac-

Ž .tion of methyl iodide on Ni 111 surface, previ-
ously largely covered by adsorbed hydrogen, is
justified. The Scheme 3 shows that the rate
limiting step of the process which gives rise to

`the peak at 150 K is the CH I bond scission,3
Ž . Ž .step 12 , D Es3 kcalrmol and the H-atom

Ž .transfer in a-methane formation, step 13 , is
Ž .not the rate limiting step D Es0 . This is in

perfect agreement with the experimental finding
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where in all TPD experiments, a-methane peaks
appear at the same temperature and are of simi-
lar shapes. Also, the power of this astonishingly
simple and successful theoretical method in de-
riving the energetics of the catalytic processes is
signified.
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