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Recent measurements of the catalytic activity of a series of transition metal sulfides showed that
the ability of a particular sulfide to catalyze the HDS reaction is related to the position of the
transition metal in the periodic table (Pecoraro, T. A., and Chianelli, R. R., J. Catal. 67, 430
(1981)). In order to understand the specific origin of these periodic trends in activity, SCF-Xa
calculations of the electronic structure of cluster models of the first and second row transition metal
sulfides were carried out. The results of these calculations were used to identify several electronic
factors which appear to be related to the catalytic activity of the transition metal sulfides. The
computed quantities which measure these factors were combined to form an activity parameter for
each sulfide. This parameter shows a direct correlation with the catalytic activity of the sulfides. A
model for the binding of thiophenic molecules to the surface of the sulfide catalyst is suggested.
This model is consistent both with the correlation between bulk electronic structure and catalytic
activity of the sulfides and with the ligand properties of thiophene in transition metal complexes.

INTRODUCTION

In a previous paper we reported that the
primary effect in the hydrodesulfurization
(HDS) of dibenzothiophene (DBT) by tran-
sition metal sulfides is the ‘‘clectronic ef-
fect,” i.e., it is related to the position of the
metal in the periodic table (7). This effect,
which determines the ability of the transi-
tion metal sulfides to catalyze the HDS re-
action, varies over 3 orders of magnitude
across the periodic table. The first row tran-
sition metal sulfides are relatively inactive,
but the second and third row transition
metal sulfides show maximum activity with
Ru and Os. HDS activity as a function of
periodic position yields typical ‘‘volcano”
plots. The catalysis literature contains nu-
merous examples of model reactions which
display periodic maxima or ‘‘volcano’’ rela-
tionships, and Sinfelt has reviewed broad
relationships between the positions of vari-
ous metals in the periodic table and the cat-
alytic activity of these metals in hydro-
genation, hydrogenolysis, isomerization,
hydrocarbon oxidation, and ammonia syn-
thesis—decomposition reactions (2). In gen-
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eral, the catalytic activity of the metal in
these studies correlates with the metal d
electronic configuration (as ‘‘percentage d
character’’ of the metallic bond, as defined
by Pauling from valence bond theory) or
with the strength of the metal-adsorbate
bond.

Similar correlations also apply to the
transition metal sulfides and the observed
periodic trends in their HDS activity. For
example, a relation exists among the heats
of formation of the transition metal sulfides,
the metal-sulfur bond strengths, and the
catalytic activity of the sulfides (I). The
metal-sulfur bond strengths of the transi-
tion metal sulfides decrease continuously
across the periodic table, and the most ac-
tive sulfides from the second and third tran-
sition series have intermediate values of the
heat of formation (30-55 kcal/mol). This
suggests that in order to obtain the maxi-
mum desulfurization rate the strength of the
metal-sulfur bond at the surface must be
neither too strong or too weak. This reason-
ing is consistent with the commonly ac-
cepted idea that sulfur vacancies on the sur-
face of the catalyst are the active HDS sites
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(3). The well-known principle of Sabatier
(4) states that for catalysts exhibiting maxi-
mum activity in a given reaction the surface
complexes formed by the reacting molecule
will have intermediate heats of formation.
Following this line of reasoning, the sul-
fides exhibiting maximum activity for the
HDS reaction will have intermediate heats
of formation, presumably because the sur-
face complexes formed between the sulfur-
bearing molecule and these sulfides will
also have intermediate stabilities. This can-
not be the entire picture, however, since
even though the heat of formation of MnS
from the first transition series falls within
the required range (51 kcal/mol), MnS
shows very low activity. Additionally, it is
perplexing that Pauling percentage d char-
acter for the corresponding transition
metals correlates very well with the cata-
lytic activity of the transition metal sul-
fides. The most that can be concluded from
these correlations is that both the strength
of the metal-sulfur bond at the surface of
the catalyst and the presence of 4d or 5d
electrons in the catalyst are important in
determining HDS activity.

As a first step toward understanding the
basis for the catalytic activity of the metal
sulfides, we undertook a series of calcula-
tionsaimedat determininghow the electronic
structure of these sulfides varies as a func-
tion of the periodic position of the metal.
Using scattered-wave Xoa calculations we
studied the electronic structure of a series
of transition metal-sulfur clusters which
serve as simple models for the first and sec-
ond row transition metal sulfides. These
cluster calculations and the resulting en-
ergy levels and charge distributions have
been discussed in detail elsewhere (5). In
this paper, we explore the relationship be-
tween the trends in the electronic structure
of the metal sulfides and the trends in their
activity as HDS catalysts. The next section
summarizes the model cluster calculations
and describes the calculated energy levels
and charge distributions for these clusters.
In the third section we identify several elec-
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tronic factors which appear to be related to
catalytic activity and, using quantities de-
rived from our calculated results, we incor-
porate these factors into an activity param-
eter which correlates with catalytic
activity. Finally, we discuss the possible
implications of these correlations and pro-
pose a model for thiophene adsorption
which is consistent both with the correla-
tion between the electronic structure and
HDS activity of the transition metal sulfides
and with the ligand properties of thiophene
in transition metal complexes.

CLUSTER CALCULATIONS AND RESULTS

Calculations were carried out for a group
of octahedral MS¢"~ clusters where the
transition metal M was varied systemati-
cally across the first transition series from
Ti to Ni and across the second transition
series from Zr to Pd. The clusters carry a
negative charge (n—) because enough elec-
trons were included in each cluster so that
every sulfur is formally S?~ and the transi-
tion metal has the formal oxidation state
appropriate for the corresponding sulfide.
All the calculations were carried out using
the SCF-Xa scattered-wave method with
tangent spheres (6). The metal-sulfur dis-
tances were taken from the experimental
bond distances in the appropriate sulfides,
and the atomic sphere radii were chosen
using Norman’s criteria (7). The atomic ex-
change parameter « values for the regions
within the metal and sulfur spheres are
those of Schwarz (8), and a weighted aver-
age of the atomic values was used for the
intersphere and outersphere regions.

A schematic diagram of the valence en-
ergy levels calculated for the clusters is
shown in Fig. 1. In each cluster a group of
levels arising from the sulfur 3s orbitals lies
at the lowest energy. Somewhat higher in
energy is a group of levels arising primarily
from combination of the sulfur 3p orbitals.
Included near the bottom of this group are
the 2e, and 1t,, levels, which are mainly
sulfur 3p in character but also contain some
metal d character. It is these levels, the 2e,
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FiG. 1. Schematic valence energy level diagram for
an octahedral MS¢"~ cluster.

and 1t,,, which are the sigma and pi bond-
ing orbitals, respectively, between the
metal d and sulfur p orbitals. Lying at the
top of the group of sulfur levels is the 1t,
level, a nonbonding combination of sulfur
orbitals. Finally at the highest energy (in
most of the clusters) are the levels which
correspond primarily to the metal 3d or 4d
orbitals. These orbitals, the 3e, and 21y,
also have a sulfur 3p component and are the
sigma and pi antibonding counterparts of
the bonding 2e, and 1t,, orbitals, respec-
tively. A major effect of varying the transi-
tion metal in the clusters is a shift in the
energy of the metal d orbitals relative to the
energy of the sulfur 3p levels. This effect is
illustrated in Fig. 2, where the separation in
energy between the lowest energy metal d
orbital (2t,) and the highest energy sulfur
3p orbital (1¢),), denoted as AE in the dia-
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Fic. 2. Plot of the energy difference (AE) between
the 21, and 1¢,, levels in the octahedral cluster MS¢"~
for each central metal M.
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gram, is plotted versus the central metal in
the cluster. For the second row transition
metals a large decrease in the energy of the
metal 4d orbitals relative to the energy of the
sulfur 3p orbitals occurs from the left to the
right side of the transition series. The only
break in this trend occurs between Tc and
Ru, where there is also an abrupt change in
oxidation state. The decrease in energy of
the metal d orbitals relative to the sulfur 3p
orbitals is less regular in the 3d series, pri-
marily because of the differing oxidation
states of the metals on the left side of the
series. On the right side of the 3d series,
however, a decrease in the energy separa-
tion is apparent. The overall decrease is
more pronounced for the second row
metals, so that for Rh and Pd the filled 2¢,,
orbitals actually lie at the same or lower
energy than the uppermost filled sulfur 3p
orbitals. Experimental photoelectron spec-
tra are available for several of the transition
metal sulfides, and these spectra are consis-
tent with the calculated trends in relative
metal and sulfur energies (5).

Shifts in the energies of the metal d orbit-
als which bring them closer in energy to the
sulfur 3p orbitals should result in a corre-
sponding increase in covalent mixing of the
metal d and sulfur p orbitals. In fact varia-
tions in d-p mixing do occur in the clusters
as the metal changes across either the 3d or
4d transition series. This is illustrated in
Fig. 3, where the metal contributions to the
2e, (sigma) and 1t,, (pi) metal-sulfur bond-
ing orbitals (labeled D, and D,, respec-
tively) are plotted versus the central metal
of the cluster. A larger metal contribution
to these orbitals, which are primarily sulfur
3p in character, is an indication of a
stronger metal-sulfur d—p interaction. It
can be seen from Fig. 3a that although the
metal orbitals in the 4d series generally
make a larger contribution to the sigma-
type bonding orbital, the metal orbitals in
the 3d series also make a substantial contri-
bution to this orbital. In fact, a comparison
of Figs. 2 and 3a shows that both the 3d and
4d orbital contributions to the sigma bond-
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Fi1G. 3. Plots of the metal d orbital contribution to
the (a) sigma bonding 2e, and (b) pi bonding 1¢,, orbit-
als in the octahedral clusters MS¢".

ing orbital exhibit an inverse correlation to
AE. As expected, a smaller AE corresponds
to greater d—p sigma mixing. On the other
hand, it can be seen from Fig. 3b that while
the 4d metals show the same type correla-
tion between AE and the metal contribution
to the pi bonding orbital, such a correlation
is not observed for the 3d metals. Indeed,
the metal 3d contribution to the pi-type
bonding orbital is small across the entire 3d
series. It is only for the larger 4d orbitals
that a pi component to the metal-sulfur d—p
bonding becomes important. The 4d metal
sulfides are seen to be generally more cova-
lent than their 3d counterparts, and this co-
valency is enhanced in the 44 metal sulfides
by the pi contribution to the orbital mixing.

It is clear that variations in both the en-
ergy levels and charge distributions emerge
when the results of the calculations are ex-
amined. The relative energies of the metal d
and sulfur p orbitals show much greater
variations across the 4d transition series
than across the 3d series. At the same time,
the bonding in the second row transition
metal sulfides is seen to be more covalent
than the bonding in the first row sulfides. A
major factor in this increased covalency is
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the ability of the metal 4d orbitals to inter-
act in a pi fashion with the sulfur 3p orbit-
als. Although the 54 metal sulfides were not
included in these calculations, we would
expect the trends in that series to be similar
to the trends in the 4d series. Comparisons
between these variations in energy levels
and charge distributions in the metal-sulfur
clusters and the trends in catalytic activity
of the transition metal sulfides themselves
suggest several correlations between the
electronic structure of the sulfides and their
catalytic activity. These correlations are
discussed in the following section.

CORRELATIONS BETWEEN ELECTRONIC
STRUCTURE AND ACTIVITY

We recall that the first row transition
metal sulfides are relatively inactive as
HDS catalysts and that the second and
third row metal sulfides are considerably
more active, with maximum activity at Ru
and Os. These trends in activity are shown
in Fig. 4, where the rate of HDS of diben-
zothiophene (DBT) by various transition
metal sulfides is plotted versus the periodic
position of the transition metal (/). Note
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that in this plot the activity is normalized
per millimole of metal. The activities can
also be normalized to BET surface areas,
and on this basis the trends in activity
change slightly (for example, in the surface
area plot Rh and Ir are closer in activity to
Ru and Os than they are in Fig. 4). How-
ever, the HDS activities of the sulfides do
not, in general, correlate with BET surface
areas. Normalization of activity on a per
metal basis appears to give a better measure
of the intrinsic activity of the sulfides, and
we have therefore chosen this normaliza-
tion for a basis of comparison. Considering
both the experimental trends in catalytic
activity of the sulfides and the calculated
electronic structure of the model metal-sul-
fur clusters, we are able to relate catalytic
activity to several calculated electronic fac-
tors. First, it was noted earlier that the
higher activity of the second and third row
sulfides emphasizes the importance of
metal 4d or 5d electrons to catalytic activ-
ity. It is possible that a difference between
the d electron configuration of the 3d metals
and that of the 4d and 5d metals in the sul-
fides provides a basis for the difference in
catalytic activity. Since the metal oxidation
states vary somewhat between correspond-
ing 3d and 4d metal sulfides, the difference
in activity could be related to the total num-
ber of d electrons. However, an examina-
tion of Fig. 5a, where the formal d electron
count is plotted for each of the first and
second row sulfides, shows that this is not
the case. In both transition series the d
electron count increases across the series,
and comparisons of pairs of first and second
row sulfides having identical numbers of d
electrons show that in each pair the second
row sulfide exhibits higher activity. Thus
the number of d electrons alone does not
correlate with catalytic activity. If we in-
stead consider the number of d electrons in
the highest occupied molecular orbital
(HOMO) of each cluster we find that a very
different pattern emerges. This pattern can
be seen in Fig. 5b, where the d electron
count in the HOMO (labeled n) is plotted
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F1G. 5. (a) Formal d electron count for the central
metal M in each octahedral cluster MS¢*~; (b) Formal d
electron occupation of the HOMO in each cluster.

for each of the first and second row sul-
fides. This plot exhibits the same general
features as the experimental activity plot
for the sulfides. That is, the number of elec-
trons, n, for the first row sulfides peaks
with Cr while for the second row sulfides
this number peaks at Ru and Rh. The maxi-
mum value of # for the second row is twice
the maximum value for the first row. Thus
the maximum in catalytic activity for the
sulfides occurs in those sulfides with the
maximum number of d electrons in the
highest occupied energy level. It is informa-
tive to ask why the number of electrons in
the HOMO varies so between correspond-
ing 3d and 4d metals while the total number
of d electrons does not. A major reason for
this difference is the weaker metal-sulfur
interaction for the 3d metals. This results in
weaker d orbital splittings in the 3d series
so that for Mn and Fe both the 2t,, and 3e,
levels are partially occupied in a high spin
configuration. For the 4d metals (Ru and
Rh) where both of these levels might also be
occupied, only the 21,, level is occupied in a
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low spin configuration. For the other metals
on the far right of both transition series (Co,
Ni, and Pd) occupancy of the 3e, level is
forced by the total d electron count. Thus in
the less active 3d metal sulfides (Mn, Fe,
Co, and Ni) the HOMO is the 3e, (sigma
antibonding) level. For the 4d sulfides the
HOMO for all the metal sulfides except Pd
is the 21, level, and the activity increases
as the number of electrons in the 2¢,, level
increases. Therefore not only do the more
active catalysts have more electrons in the
HOMO, but also the HOMO in these active
catalysts is the 24, level.

Although there is a correlation between
n, the number of electrons in the HOMO of
each cluster, and the activity of the sulfide,
a comparison of the plot of » in Fig. 5b with
the activity plot in Fig. 4 suggests that n is
not the only electronic factor related to ac-
tivity. For example, comparisons between
Cr and Mo and between Mn and Tc show
that while n differs by only one electron in
either pair, the activities of Cr and Mo are
similar while the activities of Mn and Tc (or
Re)! are very different. Further compari-
sons show that for both Cr and Mo the
HOMO is the 2t,, level, while for Mn and
Tc the HOMO’s are different. These obser-
vations suggest once again that not only the
number of electrons in the HOMO but also
the nature of the HOMO itself may be re-
lated to the catalytic activity of the sulfides.
It is important to note, however, that the
changes in the orbital occupations of the
HOMO’s and the differences in the nature
of the HOMO from the 3d to the 4d transi-
tion series reflect significant changes in the
metal-sulfur bonding interactions. It is
likely that the strengths of the metal-sulfur
covalent interactions are also related to the
catalytic activities of the suifides. In order
to explore whether such a relationship does
exist, we compare variations in the metal-

! Since Tc is not a naturally occurring element and is
radioactive it was not included in the catalytic mea-
surements (1). In this paper, Tc calculations are as-
sumed to correlate to Re measurements since TcS; and
ReS, are isostructural and isoelectronic.
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FIG. 6. Relative metal-sulfur covalency, D, for each
MS¢*~ cluster.

sulfur covalency with changes in the cata-
lytic activity of the sulfides.

Before we can make such comparisons,
however, we must define a quantity which
measures the metal-sulfur covalency. In-
creased covalency is indicated by increased
mixing of the metal d and sulfur p orbitals in
the 2e, and 1¢,, bonding molecular orbitals.
As was illustrated in the previous section, a
larger metal contribution to these orbitals
indicates stronger mixing and increased co-
valency. Therefore the simplest measure of
covalency in the clusters is just the sum of
the metal d orbital contributions to the 2e,
(sigma) and 1t,, (pi) bonding molecular or-
bitals. We define a quantity

D = 2(D,) + 3(D,)

where D, and D, are the metal contribu-
tions (plotted in Figs. 3a and b), to the 2e,
and 11,, orbitals, respectively, and the fac-
tors 2 and 3 take into account the degenera-
cies of these orbitals. The sum of the sigma
and pi contributions, D, measures the over-
all covalent contribution of the metal d or-
bitals to the M-S bonding orbitals. Conse-
quently, it provides an approximate
measure of the relative covalency of the
various sulfides; a larger D corresponds to
increased covalency. Figure 6 shows a plot
of D versus the central metal in each clus-
ter. Not unexpectedly, it shows that the 4d
metal sulfides are generally more covalent
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and that the covalency in the 4d series in-
creases from left to right, with a break only
at Ru. Clearly, the plot of D does not show
the same behavior as the plot of experimen-
tal activities. It does show, however, that in
several cases there are marked differences
in metal-sulfur bonding in pairs of 3d and
4d metals with similar values of » but differ-
ent activities. For example, both the metal-
sulfur covalency and the catalytic activity
are considerably larger for Tc than for Mn,
while the value of n differs by only one
electron. This and other comparisons sug-
gest that both n, the number of electrons in
the HOMO, and D, the metal-sulfur cova-
lency, are related to activity. The more ac-
tive catalysts have larger values of n and/or
D, and the activity appears to be directly
related to both these quantities. If we as-
sume that both n and D are directly related
to activity, we can obtain a correlation be-
tween the calculated electronic structure
and the experimental catalytic activity of
the sulfides. The simplest relationship be-
tween these quantities and activity is found
by defining a parameter A, which is just the
product of n and D,

Alan

and then comparing the trends in A, to the
experimental trends in activity. A plot of A,
for the metal sulfides is shown in Fig. 7, and
it can be seen from the plot that this param-
eter does correlate with the activity of the
corresponding sulfides. In general, the
changes in A, across both the 3d and 4d
transition series are very similar to the ob-
served changes in activity, although some
differences are observed. For example, the
peak in A, for the 4d series lies at Rh rather
than Ru, and the peak in A, for the 3d series
at Cr is somewhat smaller, relative to the
other 3d metals, than we might expect from
the corresponding changes in activity.
(Both of these features in A, are similar,
however, to activities which are normalized
to surface area.) On the other hand, several
features of the plot are very satisfying. For
example, the values of A, for Cr and Mo are
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Fi1G. 7. Calculated activity parameter A, for each
transition metal sulfide.

very similar while the value of A, for Tc is
about three times larger than that for Mn. It
is only because A, includes both n and D
that this behavior is observed. Compari-
sons of Tc and Mn and of Mo and Cr show
that for Tc both n and D are larger but for
Mo n is smaller while D is larger. Thus for
Tc, where these two factors reinforce one
another, A, as well as the activity of Tc
sulfide is considerably larger than that of
Mn sulfide. For Mo, however, where these
two factors compete, we find similar values
of A, and similar activities for the Cr and
Mo sulfides.

Although the parameter A, appears to
correlate with activity, a slightly better cor-
relation can be obtained if we take one
more factor into account. It was pointed
out in the introduction that for the second
and third row sulfides intermediate heats of
formation and intermediate metal-sulfur
bond strengths correlate with high activity.
It was also noted that although the heat of
formation of MnS falls within the optimum
range for high activity, the actual activity of
MnS is one of the lowest of any of the sul-
fides tested. The cluster results indicate
why heat of formation and metal-sulfur
bond strength data alone cannot predict
catalytic activity. These quantities do not
give any indication of the relative sizes of
the ionic and covalent components of the
metal-sulfur bond. Our calculations sug-
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gest that it is the covalent component which
is related to activity; thus for MnS, where
this covalent component is low, it is not
surprising that the activity is also low. For
the second row sulfides, where the covalent
component to the metal-sulfur bond is
higher, we would expect better correlations
between heats of formation, bond
strengths, and activity. This suggests that a
better correlation between the calculated
electronic structure and catalytic activity
can be obtained if we take into account
some measure of not only the relative cova-
lency, but also the covalent bond strength.
Although our model calculations do not al-
low us to calculate quantitative bond
strengths, we can, using calculated quanti-
ties, define a parameter which provides a
measure of the relative metal-sulfur d-p co-
valent bond strengths in the different sul-
fides. This parameter will take into account
both the net number of bonding electrons as
well as the covalency of the bonds. We de-
fine

B =n,D, + n,D,

where D, and D, have been defined previ-
ously as the metal d orbital contribution to
the sigma and pi bonding orbitals and n,
and n, are the net number of sigma and pi
bonding electrons, respectively. That is,

ne = (4 - n)

where 4 is the number of electrons in the
2e, (sigma bonding) orbital and N3e, is the
number of electrons in the 3e, (sigma anti-
bonding) orbital. Likewise,

n, = (6— nleg)

where 6 is the number of electrons in the
1t,, (pi bonding) orbital and n,,, , is the num-
ber of electrons in the 21,, (pi antibonding)
orbital. Since D, and D, provide a measure
of the sigma and pi covalency and n, and n,,
measure the net number of electrons which
take part in the d-p sigma and pi bonds the
products n,D, and n,D, provide a relative
measure of the metal d—sulfur p sigma and
pi bond strengths. The sum of these quanti-
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ties, B, gives a relative measure of the over-
all metal d—sulfur p covalent bond strength.
This parameter takes into account the fact
that the covalent bond strength depends on
both the magnitude of the metal sulfur in-
teraction and the net number of bonding
electrons. In general, since throughout ei-
ther the 3d or 4d transition series D, and D,
increase as n, and n, decrease, the behav-
ior of B is somewhat different from that
seen earlier for D. A plot of B versus transi-
tion metal is shown in Fig. 8. It can be seen
that there are several differences between
D and B. First, the relative difference in the
size of B between the 3d and 4d metals
tends to be larger than that for D. Thus the
variations in relative metal-sulfur bond
strength between the first and second tran-
sition series are even larger than the varia-
tions in covalency, and the parameter B dif-
ferentiates more effectively between the
bonding in the metal sulfides. Also, B takes
into account the fact that although the
metal-sulfur orbital mixing is stronger on
the right-hand side of the transition series
the number of antibonding electrons is also
larger, so that the actual covalent bond
strength decreases. The parameter B thus
includes information contained in D about
covalent interactions as well a new infor-
mation about the actual covalent bond
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strength. Finally, the shape of the plot of B,
in comparison to the shape of the experi-
mental activity plot, suggests a closer rela-
tion between B and activity than between D
and activity. We would expect then that a
new parameter which is the product of n
and B should give an even better correla-
tion with the activity of the sulfides than did
A,. We define this parameter

A2=nB

and show a plot of A, versus transition
metal in Fig. 9. Also shown on this figure,
plotted against the scale on the right, are
the experimentally measured activities. It
can be seen from Fig. 9 that trends in A, are
very similar to the trends in activity of the
sulfides. The difference within the 3d series
between Cr and the remaining 3d metals is
apparent, as are the differences between
the 3d metals Mn, Fe, and Co and the 4d
metals Tc, Ru, and Rh. Once again, how-
ever, the maximum in A, for the 4d series
falls at Rh rather than Ru. Also, we note
that the values of A, for Pd and Ni are
nearly the same, suggesting that we would
expect the activities for these two sulfides
to be closer than is actually observed. In
spite of these discrepancies between calcu-
lated and measured activities, the plots
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shown in Figs. 8 and 9 are really quite satis-
fying. The general behavior of both of these
plots suggests that we have identified elec-
tronic factors which are related to the cata-
lytic activity of the metal sulfides. These
factors include the number of electrons in
the highest occupied orbital, the degree of
covalency in the metal-sulfur bond, and fi-
nally, the metal-sulfur covalent bond
strength. Since the parameter A, takes into
account all three of these factors, it pro-
vides a good criterion for catalytic activity.
That is, a sulfide with a large calculated
value of A, would be expected to have high
activity. The existing discrepancies in this
correlation, however, suggest that as our
knowledge of the HDS process increases
we will be able to make further modifica-
tions to our activity parameters. For exam-
ple, as noted above, the similar values of A,
for Pd and Ni suggest similar activities,
while the actual activity of Pd is higher. It
may well be that for Pd, where the number
of antibonding electrons is large, the pa-
rameter B overemphasizes the weak metal-
sulfur bond and underemphasizes the very
strong metal-sulfur covalency. A refine-
ment of the weighting of these two factors
may be necessary. Another discrepancy is
the maximum in A, at Rh rather than at Ru.
Again, although this may indicate a need
for refinement of the activity parameter, it
should be remembered that the available
experimental data provides only a good in-
dication of intrinsic activities. It is very
likely that when true intrinsic activities are
measured there will be some changes in the
relative activities of the sulfides. The im-
portant result to be noted is the general
agreement obtained here between the be-
havior of A, and the trends in activity. This
agreement is sufficient to convince us that
we have identified electronic factors which
are related to activity.

DISCUSSION

The previous section clearly indicates
that there exists a correlation between the
electronic structure of the bulk transition
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metal sulfides and their catalytic activity.
Several questions immediately come to
mind about these correlations. Why do the
particular electronic factors identified
above correlate with the activity? What is
the relation between the bulk electronic
structure and the surface interactions
which directly affect the catalytic process?
Finally, since the bulk electronic factors
do appear to correlate with catalytic activ-
ity, what do these correlations suggest
about the important surface interactions? A
dominant factor in the correlations is n, the
number of electrons in the HOMO. Why
does this number appear to correlate so
closely with activity? The most obvious an-
swer is simply that the number of electrons
available at the metal center (in solid state
terminology, the metal d electron density of
states at the Fermi level) is particularly im-
portant. That is, greater available d elec-
tron density on the metal leads to higher
activity. This simple answer ignores, how-
ever, the symmetry of the occupied orbit-
als. The active sites in these catalysts are
probably sulfur vacancies, i.e., exposed
metal atoms, and if this is the case both the

occupancies and the symmetries of the-

metal orbitals at the active sites may be im-
portant. The fact that in the more active
catalysts the HOMO is the 2t,, level sug-
gests that the symmetry of the HOMO is
indeed important. These observations are
all suggestive, but a better understanding of
the nature of the metal sulfide surfaces, the
active sites, and the interactions between
these sites and the reacting molecules will
be necessary before we can completely un-
derstand the relation between HOMO oc-
cupancy and activity.

The relation between covalency, cova-
lent bond strength, and activity can be in-
terpreted in terms of possible surface inter-
actions. As mentioned above, a number of
proposed mechanisms for the HDS reaction
assume that the active catalytic site is a sul-
fur vacancy on the transition metal sulfide.
Our calculations suggest that it is not only
the formation of this vacancy but also the
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bonding capability of the metal at the va-
cancy which is important for high activity.
In the proposed HDS mechanisms a sulfur-
containing molecule such as thiophene,
benzothiophene, or dibenzothiophene
binds to the catalyst surface through the
metal atom exposed by the sulfur vacancy.
The nature of this interaction has not been
well established, but one likely mode of
binding, especially for thiophene, is
through the sulfur atom of the heterocyclic
ring. Since our results clearly indicate that
a metal’s ability to bond covalently with
sulfur is related to catalytic activity, we
propose that the sulfur-bearing heterocycle
does bind to the catalyst through the ring
sulfur atom. In fact the observed correla-
tions between metal-sulfur bonding and ac-
tivity suggest that the activity of the metal
sulfide depends strongly on whether the
metal atom at the vacancy can bind effec-
tively to the sulfur in the heterocycle.
How might this binding of the heterocy-
cle occur? An examination of the level
structure of thiophene, the simplest sulfur
heterocycle of interest, provides an answer
to this question. Figure 10 shows schemati-
cally the form of the three highest energy
occupied molecular orbitals and the first
unoccupied molecular orbital of thiophene.
Assuming that the thiophene ring binds per-
pendicular to the catalyst surface, binding
of the ring sulfur to the metal could occur
through electron donation from the filled
6a, (sigma) or 2b; (pi) orbital to the metal d
orbitals and/or back donation from a metal
d orbital into the empty 3b, (pi*) orbital.
From the previous discussion of metal-sul-
fur interactions in the metal sulfides we can
predict which interactions would be impor-
tant for binding of the ring sulfur to the
metal. We expect that sigma interactions
between the metal and the ring sulfur could
occur for either the 3d or 4d metals, but that
the sigma interactions would be stronger
for the 4d metals. On the other hand, we
expect that pi interactions would be signifi-
cant only for the 4d metals and that if pi
interactions are necessary, binding would
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F1G. 10. Schematic representation of the three high-
est energy occupied molecular orbitals (6a,, 25y, 1a;)
and the lowest energy unoccupied molecular orbital
(3b)) of thiophene.

only occur for the 4d metals. A quantitative
description of how such binding occurs of
course requires more detailed calculations
and experiments. We do know, however,
that the 4d metal sulfides are in general
more active and that the metals in these
sulfides are capable of both sigma and pi
interactions. This suggests that effective
binding of thiophene to the catalyst does
require both pi and sigma interactions. Fur-
ther evidence for this type of binding is
found if we examine the ligand properties of
thiophene in transition metal complexes.
It is well known that when bound to tran-
sition metals, sulfur-containing molecules
generally act as donor ligands. Aromatic
molecules such as thiophene, however, are
not particularly good ligands, and the ex-
planation usually given for their poor ligand
properties is that the sulfur electrons are
tied up in the aromatic system and there-
fore less available for donation. Certainly,
there are few known transition metal com-
plexes containing thiophene ligands, and
most of these are in fact weak pi complexes
containing first row transition metals (9). In

HARRIS AND CHIANELLI

these complexes binding does not occur
through the sulfur. The thiophene ring
binds flat through the ring pi system, so
that the bonding between the ring and the
first row metal is similar to the bonding be-
tween a cyclopentadiene ring and a transi-
tion metal. No pi complexes of this type
contain second row transition metals. On
the other hand, the only complexes con-
taining thiophene bound through the ring
sulfur atom contain the second row metal
Ru (10). These complexes are Ru(NH,)s
(SC4[‘I4)2+ and RU(NH})S(SC4H4)3+, and
the experimental evidence for the nature of
the metal-sulfur binding in these complexes
is consistent with our conclusions concern-
ing the ability of 4d metals to interact with
the ring sulfur. In a comparison of the two
Ru complexes, Kuehn and Taube (10)
found that although thiophene is only
weakly bound to Ru, the affinity of Ru(ll)
for thiophene is approximately 10® greater
than the affinity of Ru(III) for thiophene.
They attributed this greater affinity of
Ru(Il) to the pi acceptor ability of thio-
phene. That is, the metal-sulfur pi interac-
tion plays an important role in the binding
of the ring sulfur to the 4d metal Ru, and it
is the empty thiophene 3b, (pi*) orbital
which takes part in this interaction.
Returning to the discussion of HDS catal-
ysis, we know that one step in the catalytic
process must be the binding of the hetero-
cyclic molecule to the catalyst. If the het-
erocycle binds to an exposed metal at a sul-
fur vacancy, then the available evidence
from transition metal thiophene complexes
suggests that for the 3d metals binding of
the heterocycle through the ring sulfur
atom would occur with difficulty. For the
4d metals, however, this mode of binding is
more likely. This is consistent with the
results of our calculations, which indicate
that for the 44 metals bonding between the
metal of the catalyst and the sulfur in the
ring could have both a sigma and pi compo-
nent, while for the 3d metals this type of
bond would have only a weaker sigma com-
ponent. Since we know that the 4d metal
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sulfides are more active and that the activ-
ity appears to be related to the ability of the
metal to form covalent bonds with sulfur,
we conclude that (1) the heterocyclic mole-
cule does bind to the active catalyst
through the ring sulfur atom and (2) it is the
ability of the metal to bond covalently with
sulfur which determines whether this bind-
ing can actually occur. The more active 4d
metal sulfides have this ability. It is proba-
bly the ability of the 4d metals to form both
sigma and pi bonds with sulfur which is im-
portant for catalytic activity. Neither of
these interactions will be really strong, but
the combined sigma and pi interactions
could enable the heterocycle to bind to the
catalyst for reaction. As mentioned above,
thiophene can function as a sigma donor,
and it is potentially either a pi donor or pi
acceptor, depending on the relative ener-
gies of the metal and thiophene pi orbitals.
The importance of these effects will vary
for the different metals, and they cannot be
determined from the information at hand
since the correlations between the cova-
lency of the sulfides and their activity tell us
only that a metal-sulfur pi interaction is
possible. One very intriguing observation
can be made, however, if we return to the
correlation between HOMO occupation
and activity. We recall that for the 4d
metals the occupation of the 2¢,, level cor-
relates with activity. That is, increased 21,,
occupation corresponds to greater activity.
If thiophene binds to the metal, it is through
one of these 2¢t,, type metal orbitals that
metal-sulfur pi interactions will occur. We
saw earlier that for Ru(NH,)s(SC,H,)** pi
back donation from the metal to the ring pi*
orbital is apparently the important metal-
sulfur pi interaction. The fact that increased
occupation of the 21, level in the sulfides
corresponds to increased activity suggests
that pi backdonation from the metal to the
ring sulfur is also the important pi interac-
tion when the heterocyclic ring bends to the
catalyst. Finally, we should note that pi
backdonation would not only make it possi-
ble for the binding to occur, but would also
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aid in the carbon-sulfur bond breaking
which takes place in the HDS process. It
can be seen from Fig. 10 that the pi* orbital
is antibonding between the sulfur and adja-
cent carbon atoms. Therefore, population
of this orbital through backdonation from
the metal would result in a net weakening of
the carbon-sulfur bonds which must ulti-
mately be broken.

CONCLUSIONS

In this report we have attempted to lay a
theoretical foundation for understanding
HDS catalysis by transition metal sulfides.
In particular, we have explored the bulk
electronic structure of the first and second
transition series sulfides and shown that a
relation exists between the calculated bulk
electronic structure of the transition metal
sulfides and their activity as HDS catalysts.
We have identified several electronic fac-
tors which appear to be related to catalytic
activity. These are the orbital occupation of
the HOMO, the degree of covalency of the
metal-sulfur bond, and the metal-sulfur co-
valent bond strength. Using quantities de-
rived from the results of our calculations,
we have incorporated these factors into an
activity parameter A, which correlates with
catalytic activity. That is, if the calculated
value of A, for a particular metal sulfide is
large, we would predict that this sulfide
should exhibit high activity as an HDS cata-
lyst. This is the first time, to our knowl-
edge, that such a parameter has been ob-
tained.

A true understanding of the fundamental
basis for the observed correlations between
electronic structure and catalytic activity
will require better experimental and theo-
retical knowledge of the HDS process. We
have shown, however, how the relation be-
tween catalytic activity and metal-sulfur
covalency in the sulfides, combined with
experimental observations of thiophene-
transition metal bonding, suggests a spe-
cific surface binding model for thiophene.
This model invokes binding of the ring sul-
fur of the thiophene to an exposed transi-
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tion metal on the surface of the catalyst,
and it is consistent with the relation be-
tween metal-sulfur covalency in the bulk
sulfides and their activity. If the metal is
able to bind effectively to sulfur in the bulk,
it is more likely to be able to bind effec-
tively to the sulfur in a heterocyclic ring.
This model thus suggests why the bulk elec-
tronic structure of the sulfide may be re-
lated to the surface properties and ulti-
mately to the catalytic properties of the
sulfide.

Two remaining fundamental questions
are (1) what is the actual surface electronic
structure of the bulk catalyst and (2) what is
the relation of this structure to the catalytic
activity of the sulfide? In an attempt to an-
swer these questions we are carrying out
calculations on extended neutral metal-sul-
fur clusters which serve as better models
for the transition metal sulfides. This ap-
proach will give us a clearer understanding
of the surface electronic structure of the
sulfides and allow us to examine various
types of vacancies on the surface as poten-
tial active sites. Perhaps most importantly,
these model systems will allow us to study
the interaction between a reacting molecule
such as thiophene and the model catalyst
surface. The cluster calculations reported
in this paper have made it possible to pro-
pose a model for this interaction which is
consistent with both the trends in catalytic
activity of the sulfides and the bulk elec-
tronic properties of the sulfides. Other the-
oretical studies have also proposed models
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for this interaction ({1, 12), but these too
have been based on very simplified model
systems. The extended cluster systems
should allow us to develop a much more
definitive model for the interaction between
a thiophenic molecule and the catalyst sur-
face. Finally, another area of particular in-
terest is the relation between the ‘‘pro-
moted’’ transition metal sulfide systems
and the binary transition metal systems. In
particular, what is the basis for this promo-
tion? Preliminary results indicate that cal-
culations on clusters which model these
promoted systems will yield considerable
insight into this problem. These promoted
systems will be discussed in a future report.
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