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The reaction of ethylene catalyzed by clean molybdenum foil is examined between 800 and 880 K. Products up to C7 are
detected in measurable quantities and hydrocarbons up to C8 are observed. The product distribution is well described by a Schulz^
Flory function where a plot of ln�Wn=n� versus n, whereWn is the yield of each Cn hydrocarbon, is a good straight line. Analysis of
the slope and intercept of the distribution shows that the slope has a zero-order ethylene pressure dependence and varies with tem-
perature with an activation energy of 4:6� 0:6 kcal/mol, while the intercept has a pressure dependence of 1.3 � 0.3 and an activa-
tion energy of 46� 4 kcal/mol. A kinetic model is proposed that successfully accounts for these pressure dependences. These data
suggest that the activation energy for degenerate ethylene metathesis should be 55 � 5 kcal/mol and that the reaction should be
first order in ethylene. These kinetic parameters are in good agreement with those found experimentally for the non-degenerate
metathesis of propylene.
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1. Introduction

Molybdenum-based materials are capable of catalyz-
ing a wide range of chemical reactions including hydro-
genation [1^6], hydrogenolysis [7,8], metathesis and
desulfurization [11,12]. Themost active catalysts for ole-
fin metathesis generally consist of supported molybde-
num oxides where the activity has been found to be a
relatively strong function of catalyst loading [13^15]. It
has also been shown that, at sufficiently high tempera-
tures, metallic molybdenum is capable of catalyzing ole-
fin metathesis albeit with a relatively low selectivity and
activity compared to the most effective supported cat-
alysts [16].

It is now well accepted, predominantly based on
mechanistic studies using homogeneous catalysts, that
the metathesis reaction is initiated by the formation of a
carbene ``active site'' and that this further reacts with
an alkene forming a surface metallacycle which ther-
mally decomposes by the reverse of the formation
pathway resulting in an overall metathesis of the alkene
[17^33].

The chemistry of alkenes adsorbed on a clean
Mo(100) surface has been studied in ultrahigh vacuum
and the results reveal that an adsorbed overlayer of
alkene thermally decomposes on heating to room tem-
perature via carbon^carbon bond cleavage; carbene for-
mation appears to be facile on these surfaces [34,35]. In
the context of the carbene-metallacycle model described
above, this should presumably result in a high rate of ole-
fin metathesis whereas it is found experimentally that
the reaction rate is rather low [16].

More recently we have investigated the catalytic
activity of a range of model oxide catalysts formed in
situ in an ultrahigh vacuum chamber and indeed find
that oxidized molybdenum is more active than the
metal, in line with previous experience with these cat-
alysts [36]. Measurements of the temperature depen-
dence of the reaction rate catalyzed by MoO2 shows
two distinct regions in the Arrhenius plot, one below
about 650 K where the reaction activation energy is
�6 kcal/mol and another region above this tempera-
ture where the activation energy is �60 kcal/mol [37].
This latter value compares well with that found for
metathesis catalyzed by metallic molybdenum (�65
kcal/mol). Moreover, the absolute rate and activation
energy measured in the low-temperature regime for an
oxidized molybdenum catalyst agree well with those
found for supported oxides. These results suggest that
the oxide mimics the supported MoO2 catalyst rather
well below 650 K and that the commonly accepted
carbene-metallacycle mechanism operates in this case.
However, the high activation energy found for metallic
molybdenum and for MoO2 above 650 K implies that
another mechanism may operate under these condi-
tions.

It has been suggested that carbenes, once formed,
may recombine on the surface and this pathway has been
invoked as one route by which a carbene can be removed
from the surface [38]. This is exactly analogous to the
polymerization step in Fischer^Tropsch catalysis where
monomeric species formed on the surface by hydrogena-
tion of carbon formed from carbon monoxide dissocia-
tion yield higher hydrocarbons [39^42]. A similar
reaction pathway could lead to metathesis products
when using ametallicmolybdenum catalyst. That is, car-
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benes formed on the surface of the catalyst could recom-
bine to form products rather than reacting with an
alkene. This proposed pathway reconciles the appar-
ently large rate of carbene formation with an overall low
rate of metathesis since the carbenes are no longer active
sites, but reactants.

In order to test this proposal, we have studied the
reaction of ethylene catalyzed by metallic molybdenum
using a high-pressure reactor incorporated into an ultra-
high vacuum chamber. This strategy allows an atomic-
ally clean sample to be obtained and its catalytic
behavior to be tested without intervening exposure to
air. In this case, olefin metathesis is degenerate in the
sense that metathesis of ethylene merely results in the
formation of ethylene. It, however, has the advantage
that, if any higher homologs are formed via surface poly-
merization, these will include all carbon numbers n
where the yield of hydrocarbon,Wn, should be described
by a Schulz^Flory distribution where a plot of ln�Wn=n�
versus n should be linear. It has also been found from
ultrahigh vacuum studies that ethylene adsorbs dissocia-
tively on Mo(100) and oxygen-covered Mo(100) and
that methane is formed on oxygen-covered Mo(100) by
the reaction of surface carbenes with hydrogen [45]. This
indicates that carbenes can be formed by reaction of
ethylene withmodelmolybdenum catalysts.

2. Experimental

The apparatus used for these experiments has been
described in detail in previous publications [43]. Briefly,
it consists of a bakeable, stainless-steel chamber that
operates at � 1� 10ÿ10 Torr following bakeout. It
incorporates facilities for sample cleaning, Auger and
LEEDanalysis, and a quadrupolemass spectrometer for
residual gas analysis and temperature-programmed de-
sorption experiments. The ultrahigh vacuum equipment
also incorporates an isolatable, high-pressure reactor
which allows catalytic reactions to be carried out at pres-
sures up to �1 atm while maintaining ultrahigh vacuum
in the rest of the equipment. The reactor operates as a
recirculating batch reactor and the reaction mixture is
analyzed by diverting aliquots to a gas chromatograph
equipped with a flame ionization detector. The output of
the detector is interfaced to a PC via a Keithly pico-
ammeter which is used to amplify the ion current. This
allows gas-chromatograph peak positions and areas to
be determined directly from the trace of current versus
retention time. The relative yield of each hydrocarbon
component was measured by assuming that the flame-
ionization detector sensitivity is proportional to the
number of carbon atoms in the hydrocarbon.

The molybdenum foil sample was cleaned using a
standard procedure and its cleanliness established using
Auger spectroscopy. It has been shown previously that
propylene metathesis is catalyzed with exactly identical

rates using both a Mo(100) single crystal and polycrys-
talline foil. That implies that the reaction is not strongly
structure sensitive [43].

The ethylene (Linde, CP grade) was transferred from
the cylinder to a glass bottle and further purified by
repeated bottle-to-bottle distillation and stored in glass
until use. The purity of the ethylene was tested using
mass spectroscopy and gas chromatography and no sig-
nificant impurities are detected after purification.

3. Results

A range of hydrocarbon products are formed by the
molybdenum-catalyzed reaction of ethylene in the stud-
ied temperature range between 800 and 880 Kwith ethy-
lene pressures up to 450 Torr. Reaction rates are
measured from the initial slope of the product accumula-
tion curves for low conversions (< 1%). It has been
shown previously that metallic molybdenum catalyzes
propylene metathesis in this temperature range [43].
Ethylene metathesis, however, merely yields ethylene
and these products cannot therefore be distinguished
from the reactants. Nevertheless, measurable amounts
of hydrocarbon are detected up to C7 under these condi-
tions and hydrocarbons up to C8 have been observed
where each carbon numberCn is represented. The forma-
tion of these products was followed for several thousand
turnovers of the model catalyst. In order to test whether
these are formed from reaction of a C1 monomer, the
product distribution is plotted in a Schulz^Flory form so
that ln�Wn=n� is plotted versus n, where n is the carbon
number and Wn is the yield of the hydrocarbon Cn. A
typical plot of this type is displayed in fig. 1 and clearly
yields a good straight line. Similarly good results are
obtained for reaction under all studied conditions. This
indicates that reaction products are formed from the
polymerization of a surface C1 monomer andmeans that
ethylene undergoes rapid dissociation into surface C1
species which react to form polymeric products rather
than an adsorbed C2 species reacting, since polymeriza-
tion of a surface C2 species would only yield even-num-
bered hydrocarbons.

The temperature and pressure dependencies of both
the slope and intercept of the Schulz^Flory plot can be
measured. The pressure dependence of the slope of the
Schulz^Flory distribution for reaction at 870 K is shown
in fig. 2 as slope versus ln�P�, where P is the ethylene
pressure. This plot shows a straight line with a slope of
0� 0:1. Similarly, the pressure dependence of the inter-
cept of the Schulz^Flory distribution, again for reaction
at 870 K, is plotted as intercept versus ln�P� in fig. 3 and
yields a slope of 1:3� 0:2. The reason for plotting slope
and intercept directly rather than their logarithms will
be discussed below.

The temperature dependence of both the slope and
intercept of the Schulz^Flory distribution are plotted in
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figs. 4 and 5 respectively. Since these quantities are
functions of elementary step rate constants, they would
be expected to exhibit Arrhenius behavior. Fig. 4 shows
the slope of the distribution when using 450 Torr of
ethylene, plotted versus 1=T , which yields a good
straight line. Measurement of the slope of this curve
yields an activation energy of 4:6� 0:4 kcal/mol.
Similarly, the temperature dependence of the intercept
of the Schulz^Flory distribution when using 450 Torr of
ethylene (fig. 5) plotted as intercept versus 1=T yields a
good straight line. The activation energy measured from
the slope is 46� 4 kcal/mol. Again, the reason for plot-
ting slope and intercept directly will be discussed
below.

4.Discussion

The formation of higher hydrocarbon products that
include all carbon numbers with a distribution that is
well described by a Schulz^Flory distribution (fig. 1)
indicates that these hydrocarbons are produced from the
polymerization of surface C1 species. It has been shown
from experiments on the chemistry of ethylene on clean
and oxygen-covered Mo(100) that carbon^carbon bond
scission in these species on molybdenum is facile
[34,35,44]. The monomeric species are therefore pro-
posed to form by this process. These are then suggested
to polymerize on the surface to form higher hydrocar-

Fig. 1. A typical Schulz^Flory plot for the formation of hydrocarbons
from the reaction of ethylene catalyzed by molybdenum at 870 K using

450Torr of ethylene.

Fig. 2. Plot of the pressure dependence of the slope of the Schulz^
Flory distribution plotted as slope versus ln�P�, where P represents the

ethylene pressure for reaction at 870K.

Fig. 3. Pressure dependence of the intercept of the Schulz^Flory distri-
bution plotted as intercept versus ln�P�, where P is the ethylene pres-

sure for reaction at 870K.
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bons. Note again that the reaction of CO and hydrogen
over Mo(100) leads to formation of hydrocarbons up to
C3, so there is a precedent for this reaction scheme [45].

If the equilibrium coverage of a hydrocarbon of chain
length n adsorbed on the surface is �n, it is assumed that
this can react with an adsorbed C1 species of coverage �1
to form a hydrocarbon with an additional carbon with a
rate constant kp. It is also assumed that the chain termi-
nates by reaction between a Cn and a C1 hydrocarbon
with rate constant kt. The rate of change of coverage of
eachCn hydrocarbon is then given by:

d�n
dt
� kp�1�nÿ1 ÿ kt�1�n ÿ kp�n�1 : �1�

Assuming steady-state conditions so that d�n/dt � 0,
yields for the relative coverage of eachCn hydrocarbon:

�n �
�

kp
kt � kp

�nÿ1
�1 : �2�

If �1 is written as �, then the rate of evolution of each
Cn hydrocarbon into the gas phase, rn, is given by:

rn � kt��nÿ1 : �3�
Substituting from eq. (2) into eq. (3) yields a Schulz^
Flory distribution of reaction products as follows:

ln
�
rn
n

�
� n ln

�
kp

kt � kp

�
� ln

�
kt�2

�kp=�kt � kp��2
�
: �4�

This reproduces the experimentally found product dis-
tribution (fig. 1). Note therefore that the slope of this dis-
tributionS is given by:

S � ln
�

kp
kt � kp

�
�5�

and the intercept I is given by:

I � ln
�

kt�2

�kp=�kt � kp��2
�
: �6�

Thus, these values are already written in terms of loga-
rithms so that the pressure and temperature dependences
are obtained by plotting the slope and intercept versus
ln�P� and 1=T respectively.

The rate of metathesis can also be calculated from
eq. (3) and is given by:

rm � kt�2 : �7�
Since the slope of the Schulz^Flory plot depends only
on the rate constants kt and kp (eq. (4)), it does not
depend on pressure in accord with the results displayed
in fig. 2 where the slope is essentially zero. In contrast,
the intercept depends on �, the coverage of C1 species.
According to the data of fig. 3, the pressure dependence
of the intercept is 1:3� 0:3 and so has an approximately
first-order pressure dependence. The rate constants kp
and kt in the equation for the value of the intercept (eq.

Fig. 4. Temperature dependence of the slope of the Schulz^Flory distri-
bution plotted as slope versus 1=T for reaction using 450 Torr of

ethylene.

Fig. 5. Temperature dependence of the intercept of the Schulz^Flory
distribution plotted as intercept versus 1=T for reaction using 450 Torr

of ethylene.
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(6)) do not depend on pressure so that the pressure
dependence is contained in the C1 coverage �. This
means �2 / p1 so that � / p1=2. Since � is the concen-
tration of adsorbed C1 species that are proposed to
derive from the dissociative adsorption of ethylene, this
rationalizes the half-order pressure dependence in this
case. The temperature dependence of the rate constants
in the slope of the Schulz^Flory distribution is given in
the Arrhenius plot of fig. 4 as 4:6� 0:4 kcal/mol and
therefore reflects the temperature dependence of
�kp=�kt � kp��. A stronger temperature dependence of
the intercept is found from the data plotted in fig. 5
where the activation energy in this case is 46� 4 kcal/
mol. The formula for the intercept is given in eq. (6) and
allows the contributions to the activation energy of the
intercept to be written as:

Eact�I� � Eact�kt�2� ÿ 2Eact�kp=�kt � kp�� : �8�

Note that Eact�kp=�kt � kp�� is found to be 4:6� 0:4
kcal/mol and yields a value of Eact�kt�2� of 55� 7 kcal/
mol. Note that from eq. (7) this is the calculated rate of
olefin metathesis and predicts that this reaction should
proceed with an activation energy of 55� 7 kcal/mol.
This is close to the experimentally measured value for
propylenemetathesis of 64� 5 kcal/mol [43] formetallic
molybdenum. In addition, eq. (7) predicts that the reac-
tion rate is proportional to �2 and should therefore be
first order in reactant pressure as previously found for
propylenemetathesis catalyzed bymetallicmolybdenum
[43].

5. Conclusions

The reaction of ethylene catalyzed by molybdenum
metal between 800 and 880 K produces hydrocarbons
with chain lengths up to C8. The product distribution is
well described by a Schulz^Flory function suggesting
that products are formed via a carbene recombination
pathway where surface carbenes combine with Cn sur-
face species. The kinetic parameters for the degenerate
meta-thesis of ethylene calculated based on this mechan-
ism give its activation energy as 55� 7 kcal/mol and its
ethylene pressure dependence as 1:3� 0:2. These param-
eters are consistent with the activation energy and pres-
sure dependence observed for propylene metathesis
catalyzed by molybdenum metal and MoO2 under simi-
lar temperature and pressure conditions indicating that
this reaction also proceeds by a recombination mechan-
ism.
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