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We present a scheme for calculating the heats of formation of adsorbed species on surfaces. Using this approach, we can estimate
the relative stabilities of surface intermediates
and adsorbate-surface
bond strengths. We report the application
of this method to
obtaining
a better understanding
of the mechanism
and energetics of ethylene decomposition
on clean and potassium-promoted
Pt(ll1).
We estimate heats of formation,
heats of reaction,
and Pt-carbon
bond strengths
for adsorbed
ethylene, ethylidene,
ethylidyne,
ethyl, vinyl, acetylene, vinyiidene, ethynyl, methyl, methylene, methyne, and carbide. These equilibrium
thermodynamic
estimates clearly rule out several previously proposed mechanisms,
favoring instead a reaction sequence in which ethylene isomerizes
to ethylidene, followed by dehydrogenation
to form ethylidyne, which then dehydrogenates
further to form ethynyl (via vinyl and
bond cleavage is also the~~yna~c~ly
accessible throughout
the decomposition.
Potassium
acetylene) and CUaj. Carbon-carbon
alters the metal-carbon
bond character
in these adsorbed hydrocarbon
fragments such that hydrogen-rich
adsorbates
are favored
over the more fully dehydrogenated
species, an effect attributable
to the relative stabilities of the isolated hydrocarbanions.
As a
result, although adsorbed hydrogen is stabilized by potassium,
the activation
energies for C-H and C-C bond cleavage increase
dramatically.

1. Introduction

Research into the f~darnent~
chemistry that
occurs on metal surfaces has been intense, but
progress has been slow in determining reaction
mechanisms. An important example of interest for
hydrocarbon conversion catalysis is the elucidation of the mechanism of ethylene decomposition
on Pt(ll1). A great deal of experimental work
[l-21] has been invested in identifying the intermediates associated with this reaction, some of
which has been successful. The primary challenge
is
to
observe and identify metastable inter-
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mediates by surface spectroscopic methods and,
once characterized, to determine their surface bond
energies. Temperature
programmed desorption
(TPD) is essentially the only experimental tool
available for measuring adsorption energies (for
nonactivated adsorption), but this method is useless for many adsorbed hydrocarbon
intermediates, since the barriers to subsequent surface
reactions are less than the corresponding desorption activation energies. Theoretical calculations
thus far have been limited in accuracy and method
(while ab initio theoretical methods exist to tackle
these types of problems [29], quantitative studies
of this system have not been carried out). Thus it
is essential to obtain equilibrium thermodynamic
data on the relative stabilities of surface species in
order to better understand the mechanisms of
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surface reactions. In this paper, we outline a
scheme that can be used to estimate the stabilities
of surface species and apply this approach to
understanding the mechanism of ethylene decomposition on clean and potassium-promoted Pt( 111).
Below, we briefly summarize the experimental observations for this reaction and various mechanisms that have been postulated to explain the
experimental data.
The adsorption and decomposition of ethylene
on Pt(ll1) has been studied extensively. Ethylene
absorbs molecularly at 100 K. HREELS studies
[l-3] have shown that ethylene is extensively rehybridized upon adsorption, forming a di-a-bonded
adsorbed species. Each carbon atom forms a covalent u bond to a surface Pt atom, eliminating the
C-C 7~bond and leaving a C-C single bond. The
surface coverage of this species is still unclear,
however, and is either 0.25 or 0.5 monolayer (see
ref. [3], and references therein). Much effort has
gone into identifying the structure of the stable
hydrocarbon species formed from ethylene decomposition. Due to the difficulty of this problem,
many intermediates have been incorrectly assigned
spectroscopically. A particular focus of early work
was to assign the species formed from ethylene
adsorption at 300 K (which can also be produced
by warming ethylene adsorbed at lower temperatures). Using a variety of experimental techniques,
investigators have suggested ethylidene (CHCH,)
[l], ethylidyne (CCH,) [4], vinyl (CHCH,) [5-71,
and vinylidene (CCH,) [8]. Complete resolution
of this issue was made possible by Skinner et al.
[9] who reported a comparison of the vibrational
spectra of ethylidyne tricobalt nonacarbonyl with
the HREELS spectra for the surface species. This
comparison, along with all of the other supporting
evidence, identified ethylidyne (CCH,) as the stable species formed. Ibach and Mills [lo] have
reviewed the evolution of the vibrational assignments for this surface species in a nice case study
format. Now, conclusive evidence for ethylidyne
exists from experiments using TPD [2,11,12],
HREELS [2], LEED [4], SIMS [12], and UPS [13].
Unfortunately, ethylidyne (CCH,) remains as the
only species from ethylene decomposition that has
been unambiguously identified on clean Pt(lll),
and no direct evidence exists for ethylidene

surface reaction energetics

(CHCH,), vinyl (CHCH,), or vinylidene (CCH,).
TPD is a powerful tool for determining surface
energetics, either adsorption energies or barriers to
reaction. Ethylene adsorption on Pt(ll1) at 100 K
is partially reversible. Upon heating, 54% of the
ethylene desorbs molecularly, 44% decomposes,
and 2% of the adsorbed ethylene is hydrogenated
to form ethane [3,14]. Ethylene desorbs in two
overlapping states, a peak at 285 K with a shoulder
at 260 K, with the high temperature peak corresponding to an activation energy for desorption,
E,, = 17.0 kcal/mol [3]. Since the adsorption of
C,H, is not activated, Ed also corresponds to the
heat of adsorption of C,H, on Pt(ll1). It should
be pointed out that in the early work of Salmeron
and Somorjai [ll], they did not resolve these two
desorption states and used an anomalously low
pre-exponential factor (lo6 s-‘) to account for the
broad width of the peak, leading to an incorrect
determination of Ed = 9.0 kcal/mol. C,H,
desorbs in a single peak at 295 K. This peak represents the reaction rate-limited hydrogenation of
chemisorbed ethylene with an activation energy
for reaction, E, = 17.5 kcal/mol [3], since ethane
adsorption is extremely weak and molecular desorption occurs below 100 K. Peaks in H, TPD
can be used to determine experimentally
the
activation energies for decomposition
reactions
liberating hydrogen, as long as H, desorption is
reaction rate-limited rather than desorption ratelimited and assuming some first-order process
governs the decomposition
kinetics. Hydrogen
derived from C,H,
decomposition
desorbs in
sharp peaks at 310 and 510 K, with a broad
shoulder beginning at 550 K and extending to 800
K [2,3,11,12,15]. The first peak at 310 K is due to
the decomposition of ethylene to form ethylidyne
(CCH,,,,). A second desorption peak at 510 K is
due to complete decomposition of ethylidyne to
form C,H,
hydrocarbon fragments. The broad
shoulder starting at 550 K represents the complete
dehydrogenation of the surface hydrocarbon fragments to form C,, polymers on the Pt(ll1) surface.
The apparent activation energies for the first two
decomposition steps (calculated assuming a preexponential factor of 1013 s-l) are 18.5 and 30.8
kcal/mol, respectively. There are several recent
direct measurements of the rate of ethylidyne for-
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mation from adsorbed ethylene on Pt(lll).These
results generally give slightly lower values for the
activation energy for dehydrogenation
of adsorbed
ethylene
of E, = 15 kcal/mol
(by SIMS [16]),
E, = 14.4 kcal/mol
(by T-NEXAFS
[17,18]), and
E, = 13 kcal/mol
at low coverage to E, = 18
kcal/mol
at high coverage (by IRAS [19]). The
coverage dependence
of E, also makes intercomparison between methods somewhat unclear.
While most investigators
now agree that CCH,
is an isolable, stable intermediate
in ethylene decomposition,
essentially no direct experimental
information
is available concerning
the mechanism
of conversion of ethylene to ethylidyne on Pt(ll1).
(Some indirect information
is available from studies of the kinetics of H,D exchange of CCH, on
Pt(ll1) [20,21].) Four mechanisms
that have been
proposed recently for the dehydrogenation
of ethylene to ethylidyne
on Pt(ll1)
are illustrated
in
scheme 1. The basic difference between the mechanisms is in the type of step that initiates decomposition.
In scheme
la, a dehydrogenation/
hydrogenation
pathway is proposed, in the second
mechanism
lb, the reverse process of hydrogenation followed by dehydrogenation
is postulated, in
scheme lc, isomerization
precedes dehydrogenation, and in scheme Id, dehydrogenation
precedes
isomerization.
The dehydrogenation/
hydrogenation
mechanism (scheme la) has been discussed by Kang and
Anderson
[22]. Adsorbed
ethylene loses one hy-
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drogen atom in the initial step, forming a surface
vinyl species (CHCH,).
Vinyl then undergoes further dehydrogenation
to form adsorbed vinylidene
(CCH,).
Vinylidene
is thought to subsequently
rehydrogenate
to make
adsorbed
ethylidyne
(CCH,).
To date, there are no unambiguous
experimental
observations
of vinyl or vinylidene
species on Pt(ll1). However, Zhou et al. [23] agree
on the basis of their SIMS data on clean Pt(ll1)
with the proposal that ethylidyne
is formed via
hydrogenation
of vinylidene
or vinyl
intermediates.
Somorjai et al. [24] have proposed an alternative ethylene decomposition
mechanism,
illustrated in scheme lb. The initial step in this reaction
sequence involves hydrogenating
adsorbed ethylene to form adsorbed ethyl (CH,CH,).
The hydrogen atoms necessary for the initiation
step of
this mechanism
are thought to come from dissociative
co-adsorption
of hydrogen
from the
background
gas in the UHV chamber or from low
temperature
decomposition
of ethylene adsorbed
at defect sites. Adsorbed
ethyl can be either hydrogenated
to form ethane (which desorbs immediately) or dehydrogenated
to form ethylidene
(CHCH,).
Ethylidene
is dehydrogenated
subsequently
to make adsorbed
ethylidyne
(CCH,).
The main problem with this mechanism
is that
adsorbed ethyl is proposed
to dehydrogenate
to
ethylidene.
Recent work by Lloyd et al. [25] on
ethyl iodide adsorption
on Pt(ll1)
shows that
adsorbed
ethyl instead dehydrogenates
to form
coadsorbed ethylene plus hydrogen, in direct contrast to this proposal.
Another
mechanism
has been proposed
by
Windham
and Koel [16] involving the simple isomerization
of ethylene to ethylidene,
followed by
dehydrogenation
of ethylidene
to ethylidyne
(scheme lc). This mechanism on clean Pt(ll1) was
proposed
based on observation
using HREELS
and TPD of ethylidene as a stable intermediate
in
ethylene decomposition
on K-promoted
Pt(ll1).
Based on SIMS evidence, Zhou et al. [23] agree
that this mechanism
is the dominant
pathway on
K-promoted
Pt(lll),
but did not suggest this
scheme for the clean Pt(ll1)
surface. Ethylidene
has been suggested previously as an intermediate
in H,D exchange in ethylidyne
[20], and is also
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present in the mechanism of Somorjai et al. [24] in
scheme lb.
Finally, Zaera [21] has proposed a mechanism
(scheme Id) in which ethylene undergoes C-H
bond cleavage to form vinyl, followed by a direct
isomerization to ethylidyne. Observation of an
enhanced H, desorption peak in TPD from the
decomposition of CHD=CD,
is suggestive of a
vinylic intermediate. However, this indirect evidence does not rule out isomerization of CHD=
(ethylidene) followed by
CD2@, to (CHD,)CD(,,
P-H elimination
to yield CD=CD,(,,
(vinyl).
H,D-exchange within adsorbed hydrocarbon fragments is facile, complicating the interpretation of
labelling studies.
The mechanism of ethylidyne decomposition is
also controversial. This is again due to the difficulty of direct experimental observation of intermediates. One stable intermediate in this reaction
that seems to be clearly identifiable is ethynyl
(CCH), but several other species including methylidyne (CH) have also been suggested to form by
various investigators. As shown in scheme le,
Somorjai et al. [24] proposed that ethylidyne decomposes via vinylidene to form CCH. Further
steps were not elaborated. Zhou et al. [23] proposed (as shown in scheme If) that ethylidyne
decomposes into CCH, but did not specify the
intermediate(s) for that reaction. In their mechanism, CCH was proposed to dehydrogenate, leaving C, species on the surface that polymerize at
very high temperatures, with no C-C bond cleavage reactions invoked to explain their observations.
Previous theoretical work assessing mechanistic
aspects of ethylene decomposition on Pt has been
limited to semi-empirical or empirical methods.
The studies of Kang and Anderson [22] and Shustorovich and Bell [26] serve well to illustrate the
ideas that result from such work.
Kang and Anderson [22] carried out atom superposition-electron
delocalization molecular orbital (ASED-MO) calculations for various C, hydrocarbon fragments on clusters of 16-19
Pt
atoms. A point to be kept in mind is that since
this method is not a total energy method and
furthermore is only a crude approximation to
Hartree-Fock
theory (which itself is incapable of

surface reactton energetrcs

describing covalent metal-carbon
bonds properly
[27]), it cannot be expected to provide reliable
relative energetics. With this caveat, we summarize
their findings. Kang and Anderson [22] predict
that decomposition of ethylene occurs via vinyl
(AH,,, = - 13 kcal/mol and E, = 21 kcal/mol),
through vinylidene (AH,,, = - 15 kcal/mol and
E, = 35 kcal/mol), and then on to CCH,,, (AH,,,
= - 2 kcal/mol and E, = 30 kcal/mol). Although
their own stated conclusions suggest formation of
ethylidyne from vinylidene, their results actually
indicate that ethylidyne would only be produced
at much higher temperatures if at all, since they
calculate a barrier to formation of ethylidyne from
vinylidene of 48 kcal/mol, much higher than the
barrier to CCH formation. Unfortunately,
no experimental evidence exists for the presence of vinyl
or vinylidene on Pt(ll1) and much experimental
evidence exists for ethylidyne on Pt(ll1).
More recently, Shustorovich and Bell [26] have
used an empirical theoretical
method (bondorder-conservation-Morse-potential
or BOC-MP)
to assess the thermochemistry of various C, hydrocarbons
on transition metal surfaces. The
BOC-MP theory is expected to yield upper bounds
on activation energies, since these quantities are
calculated from the intersection of diabatic Morse
surfaces. However, note also that their calculated
heat of adsorption for C,H, (12 kcal/mol) is 5
kcal/mol lower than the experimental value for
Pt(ll1)
[3], leading to activation energies for
processes involving adsorbed ethylene that are 5
kcal/mol too small. In what follows, the, we have
provided “corrected”
BOC-MP
predictions
in
parentheses. The hydrogenation of ethylene to adsorbed ethyl (CH,CH,)
was predicted to be subject to a barrier of 32 (37) kcal/mol, inconsistent
with the upper bound of 17.5 kcal/mol provided
by the measured desorption activation energy of
ethane from ethylene adlayers [3]. Subsequent hydrogenation of adsorbed ethyl to gaseous ethane
was found to be activated by only 8 kcal/mol, in
disagreement with the measured thermal desorption data of Lloyd et al. (E, = 14-18 kcal/mol)
[25]. The decomposition of C,H, was proposed to
proceed via C-H bond cleavage to form adsorbed
vinyl (E, = 43 (48) kcal/mol), followed by further
dehydrogenation to adsorbed vinylidene (E, = 13

E.A. Carter, B. E. Koel / A method for estimating surface reaction energetics

kcal/mol), which then is predicted to isomerize to
adsorbed acetylene with a barrier of 28 kcal/mol.
According to the BOC-MP calculations, the final
decomposition steps are not accessible (i.e., ethylidyne is never predicted to form), since, one
acetylene is formed, the most favorable (by more
than 30 kcal/mol)
reaction pathway is for
acetylene to desorb (Ed = 14 kcal/mol from their
calculation). We also point out that this desorption energy is in direct contrast to the experimental work of Avery [28], who has demonstrated that
adsorbed acetylene never desorbs before decomposing, i.e. the barrier to desorption is much larger
than the barrier
to decomposition
of 22.7
kcal/mol. While Shustorovich and Bell predict the
lowest energy ethylene decomposition pathway to
go through adsorbed vinyl with a barrier of 43
kcal/mol and while Kang and Anderson predict
the rate-limiting step to be the conversion of vinyl
to vinylidene (activated by 35 kcal/mol), recent
experiments [3,15-191 have measured the activation energy for the decomposition of ethylene to
be only 18 kcal/mol (at saturation coverage) and
many workers have demonstrated that a stable
intermediate in the decomposition
mechanism
involves ethylidyne rather than vinyl or vinylidene.
The contradictions
between experiment and
previous (semi)empirical theory indicate the need
for a new approach to understanding the mechanism of ethylene decomposition, prompting the
present study. In the next section, we outline and
illustrate our strategy for calculating equilibrium
thermodynamic energetics of adsorbates and reactions on surfaces, with application to understanding the mechanism of ethylene decomposition on
clean and K-covered Pt(ll1).

Table 1
Heats of formation (AH&,)
for adsorbates on Pt(ll1) and
related gas phase values (electronic state symmetries shown in
parentheses)
Species
C2%x,,

(‘A,,)

CH,CH,.(,,

(2A”)

CH,CH,-,a,
yf42;y4&_w
2

2

2.1. Scheme for calculating heats of formation of
adsorbates on surfaces
The heats of formation for both gas phase and
adsorbed species on Pt(ll1) are given in table 1.
In order to calculate heats of formation of adsorbates, the heats of formation of the corresponding gas phase species and the surface-adsorbate

(a)

CH,CH: (s) (3A”)
CH,CH=(,,
CH3C.c,,

C2E)

CH,C.(,,

C4E)

CH,=ca,

CH,=CH.(,)
(2A’)
$I’-CH,=CH-(,,
q2-CH,=CH,(,,

AH&cm

Ref.

- 20.2

[311

28.36 + 0.4
-25

1321
144,451

12.5
-4
86+2
-20
136.0 + 3.5
152.7 + 3.5
-6
66.2 + 0.4
13
3

[311
13,191
1361
[44,451
[361
1371
144,451
[331
M451
[29,44,451
[38-411

q’-CH,=C=(,,
s2-CH,=C=(,,

97.2 f 3
144.6 f 3
39
29

H(=-CH(,, (‘z8’ )
cis-HC&H(,,
(3B2)
-HC=CH-,,,

133.3
17

P31
[28,29,44,45]

CH,=C:<,,

(‘A,)

CH,=C:(,,

C3B2)

HC=C.(,,

(‘Z’)

54.2

[421
PM451
[29,44,45]
[311

135*1

[351

H&?.(s)
(4A’)
TJ~-HC=C=,,,

214
45

1631
[29+,451

.C=c.,,
(‘“8’ )
$ =c=C=,,,

199+2
73

[311
[29,44,451

CH qsj (‘A,)
H,C.(,,

C2A’;)

H,C-ca,

H,C:(,,

C3W

H,C=w

- 17.9
34.3
-19

1311
1311
144,451

92
-14

1341
w.451

HC.(,,

t2W

142

1311

He:,,,

(42-)

158.7
0

1371
[44,451

q,, C3P)
q,, es)

170.9
267
65

1311
1431
w.451

HC=@,

2. Results and discussion

343

:C=(@

H.(,,

H-w

C’S)

52.1
-10

1311
[461

bond energies must both be known. In general,
these adsorbates correspond to gas phase molecular fragments that are relatively unstable (i.e.,
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radicals or excited states) and hence their heats of
formation
are not directly measurable.
Furthermore, most surface-adsorbate
bond energies for
such fragments are also unavailable.
We have developed a genera1 approach for estimating heats of
formation
for adsorbates
(the first applications
of
this approach may be found in ref. [29]), involving
a straightforward,
simple procedure:
(i) determine
how many chemical bonds are formed from the
adsorbate
to the surface and characterize
them
according
to either primarily
covalent,
ionic, or
donor-acceptor
character;
(ii) obtain the experimental heat of formation
for the gaseous species
in its ground electronic state (or estimate it via a
Born-Haber
cycle of known heats of formation
and bond dissociation
energies);
(iii) use electronic excitation
energies, electron
affinities,
or
ionization
potentials
to calculate a heat of formation for a gas phase species that most resembles
the local electronic state of the molecule when it is
adsorbed on the surface; and finally (iv) use measured heats of adsorption
(where available) or use
estimated
or calculated
bond energies (from, for
example,
ab initio electronic
structure
calculations) for u and r covalent or donor-acceptor
bonds [30] to predict the heat of formation of the
adsorbed
species by subtracting
the adsorbatesurface bond energies from the gas phase heats of
formation.
The heats of formation of the gas phase species
were obtained
as follows. Values of AH&,
for
C,H,,
C,H,,
C,H,,
CH,, C,(‘x,‘),
CH,, CH
(‘II),
C( 3P), and H were taken directly
from
Benson’s
compilation
[31], while
values
for
CH,CH,
[32], CH,=CH
[33], CH,(3B,)
[34], and
HC-=C(2Z+)
[35] were taken from more recent
reports. The heats of formation
for excited states
or radicals for which no AH: values are available
have been estimated
from electronic
excitation
energies, bond dissociation
energies, and by analogies to known systems. In particular,
we derived
(values shown in parentheses)
for: (i) 3A”
A f&m
CH,CH (86 + 2 kcal/mol)
from the known AH&,,
of ethyl radical and H atom and from an estimate
for the secondary C-H bond dissociation
energy
in ethyl radical (D,,(CH,CH-H)
assumed equal
to D,,(CH,-H)
= 109.8 f 1.6 kcal/mol
*‘; (ii)
*’ D 3oo = De + AZPE + finite temperature
1.5 kcal/mol).

De and

AZPE

are taken

corrections
(i R =
from ref. [36].

surf&e

reactron energetm

‘E CH,C . (136.0 + 3.5 kcal/mol)
from the known
of
H
atom,
the
above
estimated
AH:,,
of
A H&m
‘A” CH,CH, and an estimate for the tertiary’c-H
bond dissociation
energy in CH,C-H
(assumed
equal
to D,,,(HC--H)
= 102.1 k 1.52 kcal/mol
[36]); (iii) 4E CH,C . (152.7 + 3.5 kcal/mol)
from
the above estimate for A HF3,( *E CH,C . ) and
approximating
the 4E- 2E splitting
in CH,C by
the same splitting in CH (16.7 kcal/mol
[37]); (iv)
‘A, CH,=C
(97.2 f 3 kcal/mol)
from AHf3,,
(CH-CH)
and several theoretical
predictions
for
the endothermicity
of HGCH
+ ‘A, CH,=C
(43
+ 3 kcal/mo1[38-411);
(v) 3B2 CH,=C:
(144.6 f 3
kcal/mol)
from the above estimated
A Ht3,,(‘A,
CH,=C) and the experimental
‘B,-‘A,
splitting in
vinylidene
( A+,(CH,=C)
= 47.4 kcal/mol
[42]);
(vi) 3B2 cis-HC=CH
(133 kcal/mol)
from AHf300
(‘2; HCCH)
and
the experimental
adiabatic
3B2-‘Xz splitting in acetylene
of 79.1 kcal/mol
[63]; (vii) 4A’ HC=C.
(214.1 + 1 kcal/mol)
from
AH;3,,(2X+
HGC . ) and assuming that the (unknown) 4A’-2X+ splitting in HCC is the same as
the 3B2-‘Zl
splitting in acetylene; (viii) 4Z-. CH
(158.7 kcal/mol)
from AHf300(211 .CH) and the
4Z--211
splitting;
and (ix) “SC: (267 kcal/mol)
from AHF,,(C,
3P) and the experimental
sS-3P
atomic splitting (96.1 kcal/mol
[43]).
The heats of formation
of the adsorbates
were
obtained
from the procedure
outlined
above for
estimating these values, except for adsorbed ethylene, where the experimental
heat of adsorption
was used. We derived AHr(‘300 (values again shown
in parentheses)
for: (i) adsorbed ethyl ( - 25 kcal/
mol) by subtracting
the Pt-C single (I bond energy (53 kcal/mol
#2) from AHt3,(CH3CH2(,,);
(ii) adsorbed ethylene (-4 kcal/mol)
by subtract-

#’ This value of D(PttC
u) = 53 kcal/mol
for these hydrocarbon-platinum
bond strengths.
where the bonding is 0,
di-o, or tri-o, is taken from D(Pt-CH,)
(refs. [44,45]). The
conclusion
that Pt-C o bonds are worth E 50 kcal/mol
is
also supported
by other theoretical
calculations
of transition metal carbon IJ bond strengths
for second and third
row group VIII metals (cf. ref. [30b], and references therein)
and is consistent with the known Pt-C triple bond strength
of 145 kcal/mol
[37]. Since the diatomic has one c and two
n bonds and since e bonds are generally stronger than 71
bonds, the bond strength of 53 kcal/mol
per Q bond is
reasonable.
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ing the measured heat of adsorption
on Pt(ll1)
(17 kcal/mol,
[3,19]) from AH&,,(C,Hq,,);
(iii)
adsorbed ethylidene (- 20 kcal/mol)
by subtracting the chemisorption
bond energy (106 kcal/mol)
from
AH&,(CH,CH(,,),
assuming
that
‘A”
CHCH, forms two covalent u bonds to the surface,
each worth 53 kcal/mol;
(iv) adsorbed ethylidyne
( - 6 kcal/mol)
by subtracting
the chemisorption
bond energy (159 kcal/mol)
from AH&,(CH&,,,
4E )Y assuming that 4E CH,C - forms three covalent u bonds
to the surface, each worth 53
kcal/mol;
(v) adsorbed #-vinyl (13 kcal/mol)
by
subtracting
the Pt-C u bond energy (53 kcal/mol)
and adsorbed
n2-vinyl(3 kcal/mol)
in which one
carbon atom is u-bonded and both carbon atoms
are m-bonded to the surface by subtracting
an
additional
Pt-C
donor
s bond
energy
(10
kcal/mol
w3) from A#&,(CH,=CH~,,);
(vi) adsorbed nt-vinylidene
(39 kcal/mol)
by subtracting
106 kcal/mol
from AH&,(3B2
CH,=C(,,),
assuming that 31$ vinylidene
forms two covalent u
bonds to the surface, each worth 53 kcal/mol,
and
adsorbed n2-vinylidene
(29 kcal/mol)
by subtracting an additional
10 kcal/mol
for the a-bonding
interaction
with the surface; (vii) adsorbed
n2acetylene
(17 kcal/mol)
by subtracting
106
kcal/mol
from A@:,(
‘B, HC=CH(s,),
assuming
that 3B2 acetylene forms two covalent u bonds to
the surface, each worth 53 kcal/mol,
and subtracting 10 kcal/mol
for the s-bonding
interaction
with the surface;
(viii) adsorbed
ethynyl
(45
kcal/mol)
by subtracting
159 kcal/mol
from
AHt3,( 4A’ HC=C,,),
assuming
that 4A’ CCH
forms three covalent u bonds to the surface, each
worth 53 kcal/mol,
plus subtracting
an additional
10 kcal/mol
for the m-bonding
interaction
with
the surface; (ix) adsorbed
C, (73 kcal/mol)
by
assuming that the C-H bond strength in HCC,,,
is the same as the C-H bond strength in HCCH,,,
(80 kcal/mol,
calculated from the cycle HCCH,,,
+ HCC,,, + H,,) and using the cycle HCC(,, +
= 80 kcal/mol))
- this estiCC,,, + H@, (AK”
mate is used since the ‘Xi-lZg+
splitting in C, is
unknown;
(x) adsorbed
methyl (- 19 kcal/mol)

p3 This is estimated from the pure n-donor bond energy for
C,H,

bound to Ag (cf. ref. [29]).
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by subtracting
the Pt-C
u bond energy of 53
kcal/mol
from AH~3,(CH3(,,);
(xi) adsorbed
methylene (- 14 kcal/mol)
by subtracting
the di-a
chemisorption
bond energy of 106 kcal/mol
from
assuming
3B,
CH,
forms
two
A$&,(CH,(,,,
3B,),
u bonds each worth 53 kcal/mol
to the surface;
(xii) adsorbed methylidyne
(0 kcal/mol)
by subtracting the tri-a chemisorption
bond energy from
4 Z - ), assuming
42,- CH forms
A&&(:CH(,,,
three u bonds each worth 53 kcal/mol
to the
surface; (xiii) adsorbed carbon atom (65 kcal/mol)
by subtracting
the di-a bond energy of 106
kcal/mol
from AiYt3,(C,,,,
‘P) (note that if C is
allowed to have three (sp3-like) u orbitals pointing
toward the Pt surface, we would subtract
3 u
bonds (159 kcal/mol)
from the AH,!‘3,(C,,,, ‘S) =
267 kcal/mol,
resulting in a AH,13,(C,,,)
= 108
kcal/mol;
since this is so much higher in energy,
we suggest instead that Ccaj involves 3P C using its
two unpaired electrons to form two bonds to the
surface); and (xiv) adsorbed hydrogen atom (- 10
kcal/mol)
by subtracting
the experimental
Pt-H
bond energy (62 kcal/mol,
derived from the experimental
heat of adsorption
(19 kcal/mol)
of
hydrogen on Pt(ll1) [46]) from AHr”3,(He,).
Our hypothesis that one C-C 7~ bond remains
intact in these vinylic or acetylenic
fragments
is
derived from the findings of Felter and Weinberg
[49b], who have shown
that both UPS and
HREELS data for acetylene on Pt(ll1)
are consistent only with a bonding description
involving
two u bonds and one donor 7~ bond, instead of 4
u bonds expected for a fully sp3-hybridized
adsorbed acetylene.
The only adsorption
energy that is well known
from experiment is that of ethylene and hence we
have chosen to use this experimental
value to
calculate its heat of formation
on the surface. To
calibrate our method, we can compare this number with that which could be calculated using gas
phase excitation
energies
and the Pt-C
bond
strength of 53 kcal/mol
as we have done for the
other hydrocarbon
species. The vertical singletenergy in gaseous
triplet (‘A, + 3 B,,) excitation
ethylene is 99.2 kcal/mol
[47]. If we then subtract
two Pt-C
u bond energies (106 kcal/mol),
we
obtain a value of 7 kcal/mol
for the heat of
adsorption
of ethylene. However, unlike the other
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hydrocarbon
species we have considered, the
geometry of adsorbed ethylene is significantly different from that of the electronically excited state
in the gas phase. Indeed, we expect that the vertical excitation energy provides an upper bound on
the appropriate excitation energy to be used for
ethylene in this approach, and therefore a lower
bound on the binding energy of ethylene to the
surface. The -reason that it is an upper bound is
due to the fact that the adiabatic singlet-triplet
excitation energy for gaseous ethylene is z 70
kcal/mol [48], where the equilibrium structure of
the triplet is not planar, but rather has the CH,
groups twisted by 90” with respect to each other
and stretched C-C bond length of 1.56 A. Evidence exists from near edge X-ray absorption fine
structure (NEXAFS),
photoemission, and vibrational spectroscopy [49] that adsorbed ethylene on
Pt(ll1)
has an elongated C-C bond, but has no
twist of the CH, groups. Thus, we expect that the
relevant excitation energy lies close to, but below,
the vertical excitation energy of 99 kcal/mol, and
the calculated heat of adsorption thus lies close to,
but above, 7 kcal/mol. Since we know the heat of
adsorption of ethylene on Pt(lll),
we can use this
quantity (along with the Pt-C di-a bond energy of
106 kcal/mol) to calculate the singlet-triplet excitation energy for the geometry of gaseous ethylene
appropriate to the adsorbed ethylene. The adsorption energy of 17 kcal/mol gives a singlet-triplet
splitting in the gas phase of 89 kcal/mol. Ab
initio calculations [48] indicate that such a singlet-triplet splitting corresponds to a C-C bond
length in adsorbed ethylene of = 1.46 A, in reasonable agreement with the NEXAFS
result
(R,_,
= 1.50 + 0.03 A [49a]. Thus, by using an
appropriate ethylene singlet-triplet splitting (that
for the observed R c_c = 1.50 f 0.03 A on Pt(ll1))
of 85 k 2 kcal/mol [48] and the di-o bond energy
of 106 kcal/mol, we obtain a heat of adsorption
for ethylene of 21 k 2 kcal/mol, in good agreement with the experimental
value of 17 k 2
kcal/mol.
The only other available adsorption energy for
a C, hydrocarbon on Pt(ll1) is a lower bound on
the heat of adsorption of acetylene from the TPD
studies of Avery [28]. Acetylene was found to
decompose (instead of desorb) at 370 K, corre-

for estimating surface reaction energetm
sponding to an E, = 23 kcal/mol. This lower
bound on the desorption activation barrier (or
heat of adsorption) is consistent with our calculated heat of adsorption for acetylene of 37
kcal/mol. We believe these two comparisons lends
credence to the method we have introduced in this
section for estimating heats of formation of adsorbates.
Finally, these calculated heats of formation for
adsorbed species are used to calculate a variety of
heats of reactions of adsorbed hydrocarbons on
Pt(ll1) (table 2) where we have assumed n2-configurations of adsorbates whenever possible. Since
both ethylene and acetylene are known experimentally to adopt n*-configurations upon adsorption, we believe this is the preferred geometry for
these other species as well. However, reaction energetics involving $-configurations
could be easily
calculated (if desired) simply by using the corresponding heats of formation from table 1. In the
next section, we employ these heats of formation
and heats of reaction in obtaining a potential
energy surface for the hydrogenation and decomposition of ethylene and acetylene on clean Pt( 111).
2.2. Calculated energetics for reactions
hydrocarbons on clean Pt(l1 I)

of C2

Fig. 1 displays our proposed mechanism for the
reaction of ethylene on Pt(lll)
using the energetits derived above. The energy zero is the heat of
formation of the elements in their standard states,
A H&,,(H 2~~) ) = A f%,,W
(s) ) =
A f%,,
= 0. Mass balance requires that we consider the heat of formation of the coadsorbed H
atoms required by stoichiometry. This mass balance is required even if the reaction is carried out
in vacuum under conditions where the hydrogen
recombines and desorbs at equilibrium, since we
assume that the nacent products of the reaction
include coadsorbed hydrogen, rather than H,(s).
The activation energy barriers shown were either
taken directly from experimental observations or
were deduced from a combination of experimental
activation energies and our calculated thermochemistry. In extracting predictions of unknown
barriers, we used these two kinetics principles: (i)
if the first elementary step is rate-limiting, then
;:.

cgraphi,ej)
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Table 2
Heats of elementary reactions of hydrocarbons on Pt(ll1)

(kcal/mol)

Reaction

Type

AH,,,

C-C cleavage
Hydrogenation, desorption

-8
+ 15

C-C cleavage
Isomerization
Hydrogenation
C-H cleavage
Desorption

-24
-16
-11
-3
+17

C-C cleavage
a-H cleavage
Hydrogenation
B-H cleavage
Isomerization

+1
+4
+5
+13
+ 16

C-C cleavage
Hydrogenation
Isomerization
8-H cleavage
a-H cleavage

-17
-13
-9
+4
+16

Hydrogenation
Isomerization
/3-H cleavage
C-C cleavage

-4
+9
+25
+52

C-C cleavage
Hydrogenation
Isomerization
C-H cleavage
Desorption

-17
-4
+12
+18
+31

b-hydrogenation
a-hydrogenation
Isomerization
P-H cleavage
C-C cleavage

-25
-16
-12
+6
+22

a-hydrogenation
P-hydrogenation
C-H cleavage
C-C cleavage

-18
-6
+18
+20

C-C cleavage

+57

C-H cleavage
Hydrogenation

-5
+11

C-H cleavage
Hydrogenation

+4
+5

Hydrogenation
C-H cleavage

-4
+55

CH,CHw,
CH,CH,w

* CHw
+ Hw j

+ CH,,,
C,H,w

C2Hq.s)
+ 2CH2~3,
C2Hqa,-+ W-WH,,,
C2Hqaj+ H,,, + CH,CHya,
+ H,,,
C,H,a, * $-CH,=CH(,,
C,H.w

j

C,H,,,

(CH,)CHc,,

-+

CHs(aj

(CH,)C%a,

-+

CH3%,

+

CH,,,
+

+

I-+,,

U-f,)%,,

+

H(a)

WH,)‘+,,

+

g2-CH,=CH(,,

CH,CH,,,

(CH,)CHw

--,

C2Hqaj

v2-CH2=CHc,,

--f

v2-CH2=CHc,,

+

v2-CH,=CH(,,
v2-CH,=CH(,,
q2-CH,=CH(,,

* CH,Ct,,
j s2-HC=CHc,, + H(,)
+ q2-CH,=C(,, + H,,,
-+

H,,,

‘=,(a,
H,,,

+

+ H,,,

-+

CH,,,

(CH3)CHo

CH3%,

+

CH3%

+

CH3%,

-+

v2-CH,=CH(,,
q2-CH,=C(,, + H,,,

CH&,

+

CH,,,,

q2-HC=CH(,,
q2-HC=CH,,,
q2-HC=CHc,)
q2-HC=CH,,,
q2-HC=CH,,,

j
+
+
+
4

(CH,FH,a,

+

Cca,

2CH,,,
H,,, + q2-CH,=CH(,,
q2-CH,=C(,,
v2-HCC,,, + H,,,
HC=CH(s,

~I~-CH,=C~,,

+

q2-CH,=Ct,,
q2-CH,=Ct,,

+ H,,, + q2-CH,=CHt,,
+ q2-HC=CHt,,

H,,,

-+

CH,Cc,,

q2-CH,=Cc,)

+ q2-HCCc,, + H,,,

v2-CH2=C,,

+

CH,,,

+

C,,,

q2-HCCc,, + H,,, + q2-HGCH,,,
q2-HCC,,, + H(,) --) v2-CH2=5,,
v2-HCCc,,

-+

v2-CC,,,

v2-HCCc,,

+

‘=,a,

92-q,,

+

2c,,,

+
+

C,,,

H,,
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Fig. 1. Energetics

and proposed

mechanism

every subsequent barrier en route to a stable intermediate must be lower than the first barrier and
(ii) if a later elementary step is rate-limiting, then
the barriers for all previous steps en route to a
stable intermediate (or final product) must be
lower than the observed activation barrier, Ezbs.
Below we discuss the heats of and barriers to
reaction for various postulated steps in the decomposition (or hydrogenation) of ethylene, comparing our predictions to experiment and to previously postulated mechanisms where possible.
Consider first the five possible reaction pathways for ethylene on Pt(ll1):
hydrogenation, dehydrogenation, isomerization, C-C bond cleavage,
and desorption. We find that the most energetically favorable reaction step (see table 2) is C-C
bond cleavage to form two adsorbed methylene
species (24 kcal/mol exothermic), followed by the
isomerization of adsorbed ethylene to ethylidene

for the reaction

of ethylene

on Pt(ll1).

(16 kcal/mol exothermic), with hydrogenation to
adsorbed ethyl the next most favorable (downhill
by 11 kcal/mol), followed by dehydrogenation to
adsorbed vinyl (exothermic by 3 kcal/mol), while
desorption of molecular ethylene is the least
favorable reaction step (endothermic by 17 kcal/
mol). While this thermochemistry determines the
reaction energetics and the concentrations of these
species at equilibrium, the concentrations of these
species measured in experiments is often determined by the kinetics of the reactions rather
than the thermodynamics. Thus, activation energy
barriers for these reactions need to be considered
to understand the species formed. Experimentally
(at saturation coverage), 54% of the adsorbed ethylene is observed to desorb molecularly (Ed = 17
kcal/mol [3]), 44% is observed to decompose via
some pathway to form ethylidyne (E, = 18 kcal/
mol [3,19]), while = 2% of the ethylene is hydro-
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genated to C,H, (E, = 17.5 kcal/mol [3]). Also,
Lloyd et al. [25] have recently measured the
activation barriers to convert CH,CH,(,,
to di-a
bonded ethylene to be 13 kcal/mol (or = 10r3)
and to hydrogenate CH,CH,(,, to ethane gas to be
14-18 kcal/mol (if v2 = lo-*-lo*)
on Pt(ll1).
The close agreement between the measured activation energies for the formation of ethane gas from
adsorbed ethylene or ethyl indicates that ethane
desorption from adsorbed ethylene layers proceeds via an adsorbed ethyl intermediate.
Large barriers may exist for C-C bond cleavage compared with those for C-H bond cleavage,
since C, adsorbates are not observed until much
higher temperatures, if at all. Indeed, one might
expect a higher barrier for C-C bond cleavage
compared to C-H bond cleavage because of the
less favorable geometries that the carbon atoms
must adopt in transition states involving C-C
bond cleavage compared to those for C-H bond
cleavage. However, we should note that the identification of various C, adsorbates by unambiguously distinguishing these from possible C, hydrocarbon species is difficult at best using most
surface analytical spectroscopies and perhaps impossible if mixtures of hydrocarbon adsorbates are
formed; thus, the validity of this lack of observation is still an open question.
Using the experimental activation energies given
above and our calculated heats of reaction, we
predict (fig. 1) that the barrier for formation of
from coadsorbed ethylene and hydro-wH2(,,
gen is 2 kcal/mol and that the barrier to dissociatively chemisorb ethane is small, only
z 3
kcal/mol using the calculated heat of reaction of
15 kcal/mol. The very small heat of molecular
adsorption (estimated to be = 4 kcal/mol, slightly
larger than the 3.5 kcal/mol heat of vaporization
of liquid ethane) results in a very short lifetime for
molecularly adsorbed ethane on Pt(ll1) at temperatures above 100 K in UHV. This very low
steady state coverage is the key factor responsible
for a negligible rate of dissociative adsorption of
ethane on Pt(ll1) in UHV, rather than the presence of an enormous activation barrier for this
reaction. Thus, the barrier for dissociation from
the molecularly adsorbed state is predicted to be
=
- 7 kcal/mol, while the barrier for desorption is

349

only z 4 kcal/mol, and hence adsorbed ethane is
much more likely to desorb than to dissociate.
Our predicted reaction barrier to forming adsorbed ethyl from ethylene is 2 kcal/mol while the
measured activation energy for forming ethylidyne
is 18 kcal/mol [3,19]. If ethyl was formed first, it
would immediately dehydrogenate back to ethylene, as observed by Lloyd et al. [25]. Thus, adsorbed ethyl is not a likely intermediate en route
to ethylidyne from ethylene, in contrast to the
suggestions of Somorjai et al. [24]. From fig. 1,
however, one might conclude that ethane should
be the primary product of ethylene decomposition. The reason ethane is not a major reaction
product is because hydrogenation of ethylene requires the presence of adsorbed hydrogen atoms.
This reaction only occurs after some ethylene has
been dehydrogenated (via ethylidyne). Berlowitz et
al. [14] have proposed that the observed 2% ethane
production may be due to a defect density of 2%.
(Ethylene is presumed to dehydrogenate more
rapidly at defect sites, thereby producing the necessary H(,) to form ethane.) However, recent work
[3] on a more nearly defect-free ( < 0.2%) Pt(ll1)
crystal also observed a 2% ethane production, and
thus the 2H,,, necessary to form ethane probably
originate from the small amount of H(,) formed
from the first molecules of CCH, formed on the
Pt(ll1) surface.
Having ruled out hydrogenation and C-C bond
cleavage, the next most favorable reaction for
adsorbed ethylene to undergo involves isomerization. Thus, in the absence of adsorbed hydrogen
atoms, we present that ethylene decomposes via
isomerization to ethylidene as a first step (E, = 18
kcal/mol and AH,,, = - 16 kcal/mol), with the
large kinetic barrier to isomerization allowing desorption of ethylene to compete effectively with
decomposition, even though this latter reaction is
endothermic by 17 kcal/mol. Similar barriers for
the interconversion of di-a-bonded olefins to alkylidenes via 1,2-H shifts have been observed in
several organotransition metal complexes [65,66].
Although ethylidene has not been observed as a
stable species on clean Pt(lll),
it has recently
been observed spectroscopically on Pt with coadsorbed K (vide infra) [15,23]. Presuming it is a
reaction intermediate in our decomposition mech-
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anism, ethylidene
can either undergo C-C bond
cleavage, dehydrogenate
to form ethylidyne
via
LX-Hcleavage, hydrogenate
to form adsorbed ethyl,
dehydrogenate
to form vinyl via P-H cleavage, or
isomerize
(revert)
back to adsorbed
ethylene.
Thermochemical
considerations
alone
(without
C-C bond cleavage) suggest that dehydrogenation
to ethylidyne
(AH = 4 kcal/mol)
would be the
most favorable reaction. Since we know that the
first stable
species produced
during
the decomposition
of ethylene is ethylidyne, we logically
postulate
that dehydrogenation
of ethylidene
to
ethylidyne is the next step. We predict this step to
be endothermic
by 4 kcal/mol
with a barrier of
< 18 kcal/mol
on clean Pt(ll1)
since ethylidene
is not observed as a stable intermediate.
Thus,
ethylidene
formation
is the rate-determining
step
in the formation of ethylidyne and no appreciable
concentration
of ethylidene
is observed
on the
Pt(ll1) surface. The formation of ethyl is the next
most energetically
favorable reaction, but this requires adsorbed hydrogen atoms that have yet to
be produced
by a dehydrogenation
step in our
mechanism.
Note that for temperatures
at which
only ethylidyne is present (2 300 K), all adsorbed
hydrogen
immediately
desorbs
as H, so that
negligible quantities
of H(,) exists at steady-state
under the ultrahigh
vacuum reaction conditions.
The formation
of adsorbed vinyl by /3-H cleavage
is much more endothermic
(AH,,, = 13 kcal/mol)
than a-H cleavage to form ethylidyne
directly.
While
perhaps
thermodynamically
accessible
(AH,,, = 16 kcal/mol),
isomerization
of ethylidene to ethylene is not a kinetically
important
reaction
due to the large barrier
(E, = 34
kcal/mol)
associated with this reaction.
The reaction
energies in table 2 allow us to
consider Zaera’s mechanism [21] in which ethylene
undergoes
a-H cleavage to form vinyl (AH,,, =
- 3 kcal/mol),
which then isomerizes
to form
ethylidyne
(AH,,, = -9 kcal/mol).
This reaction
pathway
can not be ruled out on the basis of
reaction
energetics
alone. We favor our mechanism (by way of ethylidene)
over this one, since
formation
of vinyl from ethylene is only 3 kcal
exothermic
and the barrier associated
with this
reaction (C-H bond cleavage) is expected to be
fairly large. This barrier arises in part from the
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rehybridization
necessary to convert adsorbed ethylene (both C atoms are sp3 hybridized)
to adsorbed vinyl (both C atoms are sp2 hybridized)
and is expected to be larger than the barrier for
the 1,2 shift required
to isomerize
di-a-bonded
ethylene to ethylidene (no hybridization
changes).
We note one important
detail here. While we
considered
an n2 structure for adsorbed vinyl, we
could not consider a fully sp3 hybridized
CH,CH
species. This is because we lack excitation
energy
information
for forming
the proper
radical (a
quartet state) in the gas phase. This fully rehybridized CH,CH species may well be important
in
the decomposition
mechanism,
but if it is invoked,
it should not be called “vinyl”
since this infers a
different mode of bonding within the species and
to the surface. This discussion
applies for all of
the hydrocarbon
species with H : C stoichiometries
less than 3 : 2; however, the energetics associated
with complete
rehybridization
to sp3 should be
similar for all of these species, so that the relative
energetics of these species in fig. 1 should not be
dramatically
altered.
Experimentally,
ethylidyne
decomposition
causes a peak in H, TPD at 510 K on clean
Pt(l11) (corresponding
to an activation barrier for
dehydrogenation
of 31 kcal/mol)
and is thought
to eventually
form such species as HCC,,, and
HC,,, [2,3,11,12,15].
Excluding
C-C bond cleavage, our calculations
suggest
that ethylidyne
should isomerize to form adsorbed vinyl (AH,,, =
9 kcal/mol)
or undergo P-H bond cleavage to
produce
adsorbed
vinylidene
(AH,,, = 25 kcal/
mol). There is evidence for conversion
of ethylidyne to vinyl via a 1,2-H shift in triplatinum
and
triosmium
complexes [67,68]. One path that can
be ruled out unequivocally
by thermochemistry
alone is C-C bond cleavage to form Ccaj and
(AH,_,, = 52 kcal/mol).
Furthermore,
unCH3@)
der the conditions
of the TPD experiments
done
in UHV, no hydrogenation
reactions
can occur
kcal/mol),
since
hydrogen
im(AH,,, = -4
mediately desorbs. The high barrier for ethylidyne
decomposition
(31 kcal/mol)
is likely due to two
effects: (i) the transition
state for C-H
bond
cleavage to form vinylidene
involves a severe distortion of ethylidyne in order to allow the H atom
to form the new bond to the surface and (ii)
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conversion of the carbon atoms from sp3 to sp2 in
vinyl and vinylidene
may also cost energy.
If adsorbed
vinyl is formed as a metastable
intermediate
from ethylidyne,
several subsequent
reactions
pathways
are available:
C-C
bond
cleavage to produce coadsorbed
methylene
and
methylidyne
( AH,,, = - 17 kcal/mol),
P-H cleavage to form adsorbed
acetylene
(AH,,, = 4
kcal/mol),
or cu-H cleavage to produce adsorbed
vinylidene (AH,,, = 16 kcal/mol).
While the conversion of vinyl to vinylidene (en route from ethylidyne) has been posulated for a triplatinum
complex [68], the most energetically
favorable path,
aside from C-C bond cleavage and hydrogenation, is to form adsorbed acetylene. If vinylidene
is formed instead, the most favorable reaction of
this species is to isomerize to adsorbed acetylene
anyway (AH,,, = - 16 kcal/mol).
Since acetylene
does not desorb on Pt(ll1)
prior to its own decomposition
[28], we postulate
that it is an intermediate
in the ethylene decomposition
reaction.
While C2HZcaJ has not been
observed as a stable intermediate
in ethylene decomposition,
it would be quite difficult for most
spectroscopic
methods
to distinguish
between
C,H,,,, and C,H,,,, given similar hybridization
at
the carbon atoms. Also, obviously,
C,H,,,,
may
not be stable on the surface due to subsequent
accessible reaction paths.
Once adsorbed acetylene is formed (perhaps as
a transient species in ethylene decomposition,
but
clearly as a stable species in acetylene decomposition), a variety of reaction pathways are possible:
C-C bond cleavage to form adsorbed CH groups
(AH,,, = - 17 kcal/mol),
isomerization
to vinylidene (AH,,, = 12 kcal/mol),
C-H bond cleavage
desorpto form HCC,,, ( AH,,, = 18 kcal/mol),
tion to form acetylene gas (AH,,, = 37 kcal/mol),
and back reactions
through vinyl to ethylidyne
(which require H,,,). Avery [28] has observed that
adsorbed acetylene does not desorb, but disproportionates
to ethylidyne and HCC,,, at 370 K on
Pt, corresponding
to an activation
barrier of 23
kcal/mol.
Since formation
of ethylidyne
utilizes
adsorbed hydrogen
atoms that must come from
production
of adsorbed ethynyl (HCC,,,), we postulate that the rate-limiting
step in the decomposition of acetylene is ethynyl formation.
We find
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this elementary pathway to be endothermic
by 18
kcal/mol,
consistent
with Avery’s activation
energy of 23 kcal/mol,
and predict a back reaction
barrier
of 5 kcal/mol
for HCC,,, + H,,, +
HCCH,,,.
In fact, we calculate an endothermicity
of 5 kcal/mol
for the disproportionation
reaction
of two adsorbed acetylenes to form ethynyl and
ethylidyne,
making
this the most energetically
favorable path, excluding C-C bond breaking and
hydrogenation.
Thus, the experimentally
observed
reverse reaction to form ethylidyne and the formation of HCC,,, agrees with our predictions.
We have excluded
hydrogenation
reactions,
since any adsorbed hydrogen formed at these temperatures
will desorb immediately.
Even though
C-C bond cleavage is exothermic by 17 kcal/mol,
we have no means of assessing
the activation
energy for C-C bond cleavage and the relative
importance
of this reaction.
It is logical that a
large barrier may exist to cleave what is still
effectively a C-C double bond in adsorbed acetylene [49b]. Our calculations
also predict that isomerization
to adsorbed vinylidene
is competitive,
uphill only by 12 kcal/mol.
No evidence for adsorbed vinylidene
on clean Pt has been presented,
however, since Baro and Ibach’s original vibrational studies [8] were later shown to correlate
with ethylidyne
rather than vinylidene
[9]. However, we cannot
rule out the possibility
that
vinylidene
is an unstable intermediate
formed en
route from acetylene to ethynyl.
The barrier from acetylene
to vinyl is I 23
kcal/mol,
derived from Avery’s activation energy
of 23 kcal/mol
for HCCH,,, decomposition.
Note
that the only factor that stops the formation
of
ethylidene
rather
than
ethylidyne
(E, I 14
kcal/mol
from ethylidyne) is the lack of adsorbed
hydrogen atoms. Regarding the activation energies
associated with each of the reaction steps leading
from CCH,(,, to HCC,,,, the barrier for the isomerization
to vinyl, the dehydrogenation
of vinyl
to acetylene, and the dehydrogenation
of acetylene
to ethynyl are all G 31 kcal/mol
(the experimentally measured activation
energy for decomposition of ethylidyne),
with the exact values depending on which step is rate-limiting.
The final step in the complete dehydrogenation
of both ethylene and acetylene involves the forma-
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tion of some carbonaceous overlayer. The more
exothermic hydrogenation reactions do not compete in UHV because of the lack of adsorbed
hydrogen under reaction conditions. Interestingly,
HCC,,, decomposition can occur either by C-H
bond cleavage (AH,,, = 18 kcal/mol) to produce
C Z(aj or by C-C
bond cleavage (AH,,, = 20
kcal/mol) to produce CH,,, + Ccaj. Importantly,
this is the only thermodynamically
accessible
pathway for producing adsorbed carbon atoms.
C Z(aj is predicted to be a much more stable
adsorbate than 2C,,, #4: we estimate that 2C,,,
by 57
formation
from Czcaj is endothermic
kcal/mol! We find relatively large endothermicities all along the reaction path associated with
production of isolated adsorbed carbon atoms.
This is due to the loss of one or two bonds to the
carbon
atom (D(C-C)
= 85 kcal/mol
and
D(C-H) = 95 kcal/mol) since atomic carbon can
only have two or possibly three bonds to Pt. We
suggest that Ccaj may not ever be formed, since
the large endothermicities may also be accompanied by a larger barrier than for C-H cleavage.
Rather, condensation should occur, consistent with
experimental
information
from negative
ion
TPSIMS [2,3], which indicates that mostly C, and
C, species (with some C, and C,, and only a small
amount of C,, species) are present on Pt(ll1) over
the range 640-1000
K. We further assert that
between 370 and 800 K, the primary species present will be HCC,,, and C&, and perhaps CH,,,.
Since C-C bond cleavage is energetically favorable at several steps in the ethylene decomposition
mechanism, it is entirely possible that CH,,, could
be formed either directly or from dehydrogenation
of CHZ(a)* Finally, two competing paths are available that are consistent with the fact that all of the
hydrogen from the adsorbed layer is completely
evolved by 800 K (corresponding to an E, z 50
kcal/mol); (i) the condensation of two CH,,, to
form C2(+ (AH,,, = 53 kcal/mol) and (ii) simple
dehydrogenation of CH,,, to form C,,, (AH,,, = 55
kcal/mol). Our endothermicities
for these reactions agree reasonably well with the measured

*4 This had been predicted earlier in theoretical calculations
for C and C, on Ni clusters [50).

surfnce reaction energetio

activation energy for the final elimination of hydrogen from the hydrocarbon layer.
Another obvious feature of the potential energy
diagram of fig. 1 is that at equilibrium in the
presence of hydrogen, adsorbed methylene (-I,)
is predicted to be the stable C, surface species and
adsorbed ethylidene (CH,CH) is predicted to be
the stable C, surface species. This prediction has
important implications to hydrocarbon conversion
catalysis and Fischer-Tropsch
synthesis reactions
where these species should play important roles in
the catalytic reaction mechanisms.
It is useful to compare our values and experimental values for the heats of and barriers to
reaction in the decomposition
of ethylene on
Pt(ll1) to the values obtained by previous theoretical calculations for the same mechanistic pathway.
Shustorovich and Bell [26] predicted a barrier of 8
kcal/mol for the associative desorption of ethane
from ethyl and hydrogen, whereas we find an
endothermicity of 14.8 kcal/mol (a lower bound
on the activation barrier). Since C,H, does not
dissociatively
adsorb before desorbing from a
weakly molecularly chemisorbed state (binding energy I 4 kcal/mol), the barrier to dissociative
adsorption must be 2 4 kcal/mol. Hence our
estimate of the activation barrier for the desorption of ethane from ethyl + H(,) is 19 kcal/mol
(from 15 + 4 kcal/mol), close to the result of
Lloyd et al. [25]. The former authors estimate a
barrier to formation of ethylidene from ethylene
of 59 kcal/mol, who found the barrier to be
14-18 kcal/mol. Shustorovich and Bell predict a
barrier of 18 kcal/mol for P-hydrogen cleavage of
ethyl to form di-a ethylene, somewhat in disagreement with Lloyd et al.‘s experimental value of 13
kcal/mol
[25], surprising in light of the 16
kcal/mol exothermicity and in disagreement with
the experimental findings of E, = 18 kcal/mol[3],
assuming ethylidene is formed en route to ethylidyne. Indeed, the lowest barrier predicted in their
calculations for any C, H, decomposition pathway
was 32 kcal/mol (to form ethyl), far above our
predicted value of 2 kcal/mol derived from experimental activation energies and the thermochemistry, and in serious disagreement with the
experimental E, = 18 kcal/mol. The barrier for
ethylidene conversion to ethylidyne was predicted
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to be 24 kcal/mol,
somewhat
greater than an
upper bound of 18 kcal/mol
from experiment
if
ethylidene is an intermediate.
Conversion of ethylidyne to vinyl was estimated to be activated by 23
kcal/mol,
whereas experiment would place a lower
bound at 31 kcal/mol
for Ea. Conversion of vinyl
to acetylene was found to have a barrier of 16
kcal/mol.
Acetylene is known to adsorb irreversibly and to convert to ethylidyne with an activation
energy of 22.7 kcal/mol
[28], whereas in Shustorovich and Bell’s work all routes (except desorption, their most likely path) from HCCH,,,
have
activation barriers of at least 28 kcal/mol
(conversion to vinylidene).
For instance,
conversion
of
acetylene to two CH groups was predicted to be
endothermic
by 98 kcal/mol,
whereas we find this
reaction to be exothermic
by 17 kcal/mol,
consistent with observations
of adsorbed CH during
the later stages of acetylene and ethylene decomposition [15,28]. Conversion
to HCC,,, was predicted by Shustorovich
and Bell to be uphill from
acetylene
by 47 kcal/mol,
whereas we find an
endothermicity
of only 18 kcal/mol.
In all pathways, the BOC-MP
method appears to significantly overestimate
activation
energies, with results in significant
disagreement
with both the
present calculations
of thermochemistry
and past
experiments.
Kang and Anderson
[22] predict an endothermicity of 21 kcal/mol
for the conversion
of adsorbed ethylene to ethylidene, whereas we find an
exothermicity
of 16 kcal/mol.
Formation
of ethylidyne from ethylidene was found to be exothermic
by 28 kcal/mol,
but subject to a barrier of 18
kcal/mol,
consistent with the experimental
activation energy of 18 kcal/mol,
but predicting ethylidene as a stable intermediate
if this step were
rate-limiting
(which is not observed). We calculate
an endothermicity
of 4 kcal/mol
for this reaction.
Production
of vinyl from ethylidyne was predicted
by Kang and Anderson
to be downhill
by 7
kcal/mol
(no barrier was reported),
whereas we
estimate vinyl to be uphill by 9 kcal/mol
for an q2
geometry and 19 kcal/mol
for an q1 geometry.
Acetylene formation
from vinyl was predicted to
be activated by 35 kcal/mol,
close to the activation barrier for decomposition
of ethylidyne of 31
kcal/mol
(if this step is rate-limiting).
Formation
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of HCC,,, from acetylene was found by Kang and
Anderson to be uphill by 5 kcal/mol,
whereas we
find an endothermicity
of 18 kcal/mol.
Two final comments
on this energetic
and
mechanistic analysis can be made. First, new measurements of hydrocarbon
heats of adsorption
or
improvements
from chemical physical experiments
or theoretical
calculations
of excitation
energies
for reactive species and of metal-carbon
bond
strengths will greatly improve our ability to set
thermodynamic
limits on the stable species formed
on surfaces. Secondly, the heats of formation and
reaction shown in tables 2 and 3 and the type of
scheme shown in fig. 1 should be useful in general
for understanding
the reactions
of ethylene and
acetylene on other metal surfaces, simply by incorporating changes in the heats of adsorption for the
hydrocarbon
species, as well as any experimental
information
about the heats of adsorption
for
ethylene and acetylene and barrier heights on other
surfaces. In particular,
the estimates of heats of
formation
and reaction
energetics
for the adsorbed hydrocarbon
fragments can be obtained by
using the appropriate
metal-carbon
and metalhydrogen bond energies, dependent on the specific
transition
metal. Thus, this approach and the resulting values for adsorbate heats of formation are
expected to lend new insight into the mechanisms
of hydrocarbon
reactivity
on a variety of metal
surfaces. This approach to estimating surface reaction energetics
is certainly
not limited to only
hydrocarbon
reactions, and should be useful for a
variety of chemical reactions on surfaces.
2.3. The effect of K on the energetics
decomposition

of ethylene

Potassium
decreases
the amount
of ethylene
decomposition
and increases the activation energy
for C-H bond cleavage [3,15,23,51]. Low coverages of potassium
(0, z 0.05 ML) cause a 2-3
kcal/mol
increase in the activation
energy for
C-H bond breaking and the hydrogen evolution
at 310 K characteristic
of the dehydrogenation
of
ethylene
to ethylidyne
of Pt(ll1)
is eliminated
entirely. At 300 K and 8, = 0.12 ML, a metastable intermediate
assigned as ethylidene
has recently been observed in HREELS [15] and SIMS
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[23] during the decomposition
of ethylene to ethylidyne. High potassium
coverages (e,>
0.50 ML)
cause the activation
energy for C-H bond breaking to approach 30.8 kcal/mol,
resulting in ethylidene stabilization
on the surface over the temperature range 300-420
K. In this case, complete
dehydrogenation
of ethylene occurs with a similar
activation
energy to that for breaking
the first
C-H bond, without formation
of a stable ethylidyne intermediate.
We suggest that the strong
influence of potassium
on the activation
energies
of these surface reactions
(i.e., the inhibition
of
dehydrogenation
of surface hydrocarbons)
can be
understood
by considering
the relative stabilization of various metal-carbon
bonds in the hydrocarbon intermediates
caused by charge transfer
from potassium
to platinum.
In particular,
we
believe that potassium
transfers charge to the Pt
surface, which in turn forms more highly ionic
bonds to the adsorbates
(M”+-CS-).
Adsorbates
that can best accommodate
a partial
negative
charge will be stabilized by the presence of potassium; hence, those species with the largest gas
phase electron affinities (EA’s) are expected to be
stabilized the most on the K-covered surface.
We display in table 3 known [52-591 or estimated gas phase EA’s for the majority of hydrocarbon fragments
though to play a role in the
decomposition
of ethylene. We estimated the unknown EA’s of ethyl, ethylidene,
and ethylidyne

Table 3
Gas phase electron affinities (kcal/mol)
and hydrocarbon species a)
Species

c, (‘Zp’)
HC=c

(22’)

c (‘P)
(CH,)CH

(3A”)

H (2S)
CH,C (4E)
CH, (3B,)
CH (?-)
CH,=C (‘A,)
CH,CH,
(‘A”)
CH, (2A’;)

for various carbon

EA

LUMO

Ref.

78.4
67.8 f 2.3
29.2
(18.8)
17.39 * 0.007
(15.2)
15.0*0.1
11.4*0.2
< 9.9
(5.64 + 0.7)
1.84f0.7

2sP
2sP
2P
2sp2

1541
[531
1581
[601

IS

(521

2SP

1601

2spz

[561
I551
[591
WI
[571

2SP
2p?r*
2sp3 to 2p
2sp3 to 2p

a) Values for EA shown in parentheses are estimates (see text).

by using the fact that methyl substituted
hydrocarbons
have a higher gas phase polarizability
than
their
unsubstituted
counterparts
(+ 3.8
kcal/mol
for ethyl anion relative to methyl anion
[60]). Thus, by adding 3.8 kcal/mol
to the experimental EA’s of CH,, CH,, and CH, we provide
estimates of the EA’s of CH,CH,,
CH,CH,
and
CH,C, respectively.
Along with the EA’s, we list in table 3 the
character of the corresponding
lowest unoccupied
molecular orbital (LUMO). With some slight variations, the overall trend is that the larger the
percentage of s-character in the LUMO, the larger
the EA, since s-orbitals are lower in energy than
p-orbitals
of the same quantum
number. H atom
has a relatively high electron affinity because the
electron is added to an s orbital. Extremely high
EA’s for HCC and C, are due to the fact that
these molecules are more polarizable
than atoms
and these EA’s are for adding an electron to the
ground state of the neutral molecule. In contrast,
CH and CCH, have lower EA’s because the electrons are being attached to excited states of these
radicals (the appropriate
states for bonding to the
surface - vide supra). Ground
state CH, and
C(CH,)(H)
have slightly higher EA’s than the
excited states of CH and CCH,, but much smaller
than the ground
state HCC or C, molecules.
Ground
states of methyl, ethyl, and vinylidene
follow the expected trend for ground state neutral
species with sp3 to p hybridization
(small EA’s).
Carbon
atom is another anomaly;
although
the
electron is added to a p-orbital
(implying
a low
EA), the extra exchange stabilization
energy gained
from having three high spin electrons leads to a
high EA.
In discussing
the effect of potassium
on the
stability of these hydrocarbon
intermediates,
we
restrict our attention to those adsorbates for which
the EA of the corresponding
gas phase fragment is
known. In other words, we will consider only the
effect of K on the binding energies of H, C, CH,
CCH,,
CH,,
CH,CH,
CH,,
and CH,CH,
on
Pt(ll1).
(Diabatic
EA’s for the corresponding
bonding electronic states of HC%C (quartet excited
state), C, (quintet
excited state), and CH,=C
(3B1) are not known, but are expected to be quite
low.)
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Clearly, the effect of K will be to stabilize all of
the former species, since their EA’s are positive
quantities. However, the adsorbates will be stabilized by differing amounts: H(,) by z 17 kcal/mol,
Cca) by z 29 kcal/mol, HC(,, by = 11 kcal/mol,
CH,C,,, and H,C,,, by each by z 15 kcal/mol,
CH,CH,,,
by = 19 kcal/mol, CHjca) by z 2
kcal/mol, and CH,CH,,,
by z 6 kcal/mol. These
values have the following implications for the
effect of K on ethylene decomposition: (i) the
observation of a stable ethylidene intermediate
can be explained in terms of the predicted larger
stabilization of ethylidene over ethylidyne in the
presence of K (due to a AEA z 4 kcal/mol); (ii)
due to its high EA, H(,) is expected to be dramatically stabilized by K coadsorption, entirely consistent with thermal desorption data for H on Pt
[61,62]; (iii) the fact that the activation barrier for
C-H bond breaking increases with K coverage
indicates that the overriding factor determining
the activation energy for ethylene decomposition
is the relative stabilities of the hydrocarbon intermediates (in particular, K stabilizes ethylidene
more than ethylidyne such that decomposition to
ethylidyne occurs at a higher temperature) and not
the stability of Hca) or Cca, (since their increased
stabilities might suggest a lower barrier for C-H
bond cleavage in the presence of coadsorbed K);
(iv) K should inhibit C-C bond cleavage from
ethylidyne or ethylidene because CH,,,, is expected to be unstable in the presence of K; (v) the
observation that K induces complete dehydrogenation of C,H, is consistent with the fact that
the most stable species in the presence of K are
predicted to be Cca) and H(,), since they have the
highest EA’s (no other intermediates aside from
the experimentally observed ethylidene have competitively high EA’s and thus ethylidene is expected to decompose straight to H,,, and C,,,; and
(vi) K is predicted to inhibit hydrogenation of
ethylene, since Hca) is expected to be greatly
stabilized (hence more inert) and since absorbed
ethyl should not be very stable in the presence of
K. This explains the dramatic decrease in the yield
of ethane observed in K + C,H, coadsorption experiments on Pt(ll1). Indeed, the overall decomposition is expected to be inhibited by K due to
the decreasing electron affinity of the increasingly

dehydrogenated fragments
polarizable). We believe that
ble to explain the influence
tions (e.g., Fischer-Tropsch
same line of logic [64].
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(since they are less
it may also be possiof K on other reacsynthesis) along this

3. Summary
A detailed methodology is presented for calculating the heats for formation of adsorbed species
on surfaces. We have applied this approach to
understanding mechanistic aspects of the decomposition of ethylene on clean and K-promoted
Pt(ll1). We have calculated the heats of formation
of all the relevant surface species that may play a
role in the decomposition process. These heats of
formation were then used to predict the thermochemistry of various possible pathways to ethylidyne and beyond. Barriers to each step were
taken from or deduced from experimental data.
Throughout our analysis we have made no attempt to include coverage effects on adsorption
energies and reaction barriers in order to simplify
the approach. Our calculations indicate the following mechanism is probably operative in the decomposition of ethylene on Pt(ll1):
ethylene
isomerizes to ethylidene, which dehydrogenates to
ethylidyne; ethylidyne dehydrogenates to ethynyl
and methylidyne via vinyl and acetylene; and
ethynyl decomposes directly to CZfa)or to CH,,, +
C (+. Importantly,
the only thermodynamically
accessible route to carbon adatoms at moderate
temperatures is through HCC,,,.
Only at extremely high temperatures will methylidyne and
CZca)decompose to C&. We have shown also that
the influence of K on the decomposition energetics can be directly correlated to the electron
affinities of the corresponding gas phase fragments, the major result of which is that ethylidene
is stabilized more than ethylidyne, leading to an
increased barrier for C-H bond cleavage all along
the decomposition path. In closing, we wish to
emphasize that the technique introduced herein to
calculate adsorbate thermochemistry is potentially
extremely powerful and should be very useful for
providing microscopic mechanistic understanding
of a wide variety of surface reactions.
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