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Abstract The present paper reports a Density Functional Theory (DFT) study of,& Mduster as a

model of the active phase in hydrodesulphurisation (HDS). Different types of sulphur vacancies are
considered and compared. The interaction of a thiophene molecule with a double vacancy is simulated
leading to the determination of a stable configuration which corresponds to a flat adsorption on the
edge of the Mogsheets. Thelissociative adsorption of molecullydrogen on a double vacancy is

also considered.
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Computational approaches can be used to give some in-
sight into the microscopic processes responsible for the HDS.
. _ . In previous studies, the structure of an Mg, cluster was
The increasing demand to convert sulphur-rich petroleunbptimised with the Density Functional Theory (DFT)
feed stocks as well as the need to produce clean fuel basgththog; its interaction with the alumina support [3] as well
on .the. pressing environmental requirement to reduce thgs its stability upon the exchange of some Mo atoms by Co
emission of sulphur compounds necessitates an improvegoms [4] were analysed. This cluster approach with the DFT
ment of the hydrodesulphurisation (HDS) catalysts. The Usgyethod was chosen to avoid the possible artefacts caused
of CoMo/Al,0; catalysts is well known for the hydrotreat- y the periodicity of defects in a periodic approach. The
ment of petrole_zum_ﬁctlons. Theact]ve phase.COHSIStS of mean length of the disulfide crystallite determined by high
molybdenum disulfide na}nocwstallltes well dispersed on &egolution electron microscopy (HREM) [5,6] is always about
y-aluml_na support and it is usually assumed that t'he sylpth nm. A coresponding Mo$ cluster would have the for-
vacancies at the edge of the Maabs are the active sites myja Mg, S, but it is unfortunately too large for a treat-
[1,2]. However, no experimental data are available for theyent with reasonable bases. The neutral Blg cluster is
precise _description of the nature of these sites, nor of thg good compromise permitting a quantum treatment on a
mechanism of HDS. model representing the real active phase [3].

In the present work the same M8, cluster has been
used to study the influence of the creation of sulphur vacan-
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Table 1 Description of the

: . : Frozen core STO-DZ exponents Polarisation exponents
basis of atomic orbitals used
in ADF [7]
Hydrogen 1s: 0.76; 1.28 2p: 1.25
Carbon 1s 2s:1.24;1.98 3d: 2.20
2p: 0.96; 2.20
Sulphur 1s-2p 3s: 1.60; 2.60 3d: 1.50
3p: 1.15; 2.15
Molybdenum 1s-3d 4s: 3.25; 4.85
4p: 2.65; 4. 35
4d: 1.30; 3.05
5s: 1.00; 1.80 5p: 1.36

cies on its structure and electronic properties as well as

V\iﬁﬁW the double zeta plus polarisation (DZP) basis set, ex-
reactivity toward thiophene and hydrogen. © o pus b ( ) '

cept Mo, which was treated with DZ. The default conver-

gence criteria of ADF were used for the SCF process as well

as for the geometry optimisation. Symmetry conditions were

Computational technique and models applied when possible in order to reduce the computing time.
The charges reported are taken from the standard Mulliken[11]

The DFT calculations were performed with the packa alysls. Other descriptions of the charge distribution like

Amsterdam Density Functiongl, ADF, version 2.0.1 [7] oﬁl}?e Hirshfeld scheme[12] calctéal in ADF werealso con-

SGI workstations with R4400 and R10000 processors. Tgidered. Although the; absolute yalues are different, they lead

local density approximation (LDA) to the exchange-correl the same conclusions and will not be reported here.

tion functionals is parametrised according to Vosko et al.%;s far as the energy is considered, the fact that ADF yields

The non-local gradient corrections were used as post-SERONding energy which is related to the fragments building
treatment according to Becke [9] for exchange and to Perd@y molecules has to be taken into account. E@ﬁm?lts'

[10] for correlation. Thus all reported geometries correspofiff the atoms but they are considered as spherical spin-re-
to optimisations performed at the LDA level. All atoms wergicted atoms (equal up and down spin densities), while real
described by Slater-type orbital (STO) basis sets implemen@gM$s correspond to a spin-unrestricted, usually not
in ADF and the frozen-core approximation idefl in Table SP erically—symmetric, situation [13]. This difference is im-

1. All the calculations reported in this paper were performBgrtant when clusters with different numbers of atoms are
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Figure 1 Schematic representation of the V&, Model cluster. a) Projection on the xOy plane. b) Partial projection in the
xOz plane
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Figure 2 Non-local post-
SCF bonding energy of thg -255 4 Energy NL-P (eV)
thiophene on the MgS,,

cluster as a function of the 756 |
Mo-S; distance
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compared or when a real bond energy is discussed or cas1the number of atoms is constant, these corrections were
pared with experimental values. The correction of —0.84 @@t applied.
for Becke-Perdew was already calculated and published forModels with sulphur vacancies have already been studied
sulphur [13] and we performed the corresponding calcutas molecular mechanics on a M8, cluster [14] and by
tion of the correction for Mo. It turns out that for a triple-zeaFT on HMo,S, [15]. The first species is presently not trac-
basis set with the frozen core up to and including the 3d shalile with quantum techniques but the second one is so small
this correction is —4.52 eV, a reasonable value when caimat it can be expected that the molybdenum atoms are dif-
pared with Cr (-5.53 eV) in the preceding row of the pefferent from those present in the active disulfide nanocrystals.
odic table [13] . In the following we will use the term bondt has been shown that M&,, is a good compromise per-
ing energy for the non-corrected output of the ADF programitting a quantum treatment on a model representing the real
and bond energy for the corrected energies. For simplicityaictive phase [3] because the core atoms of the cluster were
Figures 2 and 4, where only relative energies are consideshdwn to have structural properties identical to those of the
bulk compound and the interactions of the cluster with
alumina turned out to be of local nature. Therefore it is rea-
sonable to assume that a cluster of this size is a good repre-
sentation of the active catalytic compound and that this model
can lead to at least qualitative hints about the microscopic
processes. This cluster is represented in Figure 1, according
to two projections with the numbering of the atoms used here-
after. In part (a) only the upper layer of sulphur atoms corre-
sponding to the odd atoms is represented; the parent sulphur
atoms with even numbers have been omitted.
In this model three types of molybdenum atoms exist:
i) internal hexa-coordinated atoms noted Mo(Mo atoms
4,7 and 8), ii) external hexa-coordinated atoms noteg Mo
(Mo atoms 3, 5 and 11) and iii) tetra-coordinated atoms noted
Moy, (Mo atoms 1, 2, 6, 9, 10, 12). Similarly three types of
sulphur can be identified: i) 5., (S atoms 9, 10, 11, 12, 17,
— 18), i) S3)ex (S atoms 3, 4,15, 16, 19, 20) and iij), $S
Si; ;T atoms 1, 2, 5, 6, 7, 8, 13, 14, 21, 22, 23, 24). Upon reduction
N=240 A non-bridging sulphur atoms are easily eliminated. Therefore,
g / they are not considered in the present model, which contains
1\"\ Mo atoms with unsaturated coordination; they can be con-
sidered as potential active sites in the catalytic process. Bridg-
ing S atoms are eliminated at higher temperature and coordi-

-~

Figure 3 ) interaction of thiophene with Mo
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Table 2 Comparison of the ; ;
uncorrected bonding energiesModel Vacancies Boncli\llrlig_)Penergy Bond energy  Mean bond energy

(non-local post-SCF: NL-P)
and corrected bond energies

in eV of the clusters as a funcM01,S,, - -219.719 -145.32 -2.42

tion of the vacancies (SeeV01,5 S -215.502 -141.94 -2.45

text) Mo,,S,; S, -214.297 -140.74 -2.43
Mo,,S,; S, -214.011 -140.45 -2.42
Mo,,S,, S, S -209.835 -137.11 -2.45
H2 - -6.728 -4.828 —
HZS — -10.814 -8.084 -

native unsaturated sites (CUS) are created. Because oftlieemost favourable possibility. This vacancy leads to a sys-
symmetry only three sulphur vacancies may be createdtem in which the MoS mean bonding energy is larger than in
this Mo,,S,, cluster; they correspond to the elimination dhe original Mq,S,, model or in models with a vacancy in
sulphur atoms in the positions 1, 3 and 11 leading to a cluster bulk. It is also possible to analyse the data of Table 2
Mo .S,.. according to the reaction

M012824 + XHz - M012824-x+ Xst (1)

Results and discussion . . .
which yields the energy necessary for the creation of a va-

cancy during the treatment under hydrogen. Considering the
energies of formation of H(- 4.83 eV) and k6 (- 8.08 eV),
obtained with a DZP basis and corrected by the atomic terms

Table 2 presents the energies of the different,Sig clus- —0.95 eV for H and —0.84 eV for S [13], the energy of forma-

ters. It turns out that the creation of a vacancy in pOSiqontgarl]sgfnzgllggi]fleo\éaecggﬁ)s/i:jnefsoﬂlt;rl]tr?eoéiﬁvz\t/ig:Itsre\z/:':r%eelnst oc-
(S, elimination) leads to a configuration with larger bond:

ing and bond energies; it will be more stable than the t\%r.l‘cihaet rkr:lglhe éﬁg?i:?&g{grg?gi;?élldr?ngoedrilﬁitdmgsggirriz.ation
other lacunary structas. This stability is mainly due to the y P

fact that only two MoS bonds have to be broken to create,? Q%moéaﬁlyjﬁggcéﬁhzs dii?fgirizegf(tj inelageM%SWQLCnh drsei% otr‘;]se
S, vacancy while three are necessary for the creatiog af S usters. The decrease of the cozrr)dination of an Mo atom
Sy, defects. The mean bond energy is slightly higher for cl ééds to.a mean decrease of the corresponding bond length of
ters with § or §, vacancies (-2.43 eV’ or -234 kJ/mol) thatl ' 4 A, but the elimination of one sulphur atom on a

with S (-2.45 eV or —236 kJ/mol). We come to the concl§: I .
sion that the creation of a vacancy at the edge of the mod&'?se of the slab does not significantly modify the structure

Sulphur vacancies

Figure 4 Non-local post-

SCF bonding energy of tijg ~ -253 igijjfferZ\EL
interaction of thiophene with -~ _ | 262.50 -
the Mg _S,, cluster as a func- 262.60 1
tion of the distance between -255 1 ;22;3
(Mo,Mo,) and the aromatic s | 262.90 -
ring of thiophene . ggg?g 1
263200 AR

-258

-259 +

-260 1
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-Io-??l’l]ee ﬁ/lg/lse%r(;nbdosngnleAn)gths Bonds M012824 MOlZSZS MOlZSZS MOlZSZS
Vacancy S,y Vacancy g, Vacancy S,
MO gint = Sayint 2.392 2.405 2.398 2.398
Oeyint = Jzext 2.414 2.415 2.405 2.417
Ojext ~ A3)int 2.414 2.431 2.427 2.448
Owjext = 2) 2.380 2.390 2.403 2.381
Osyint = X3)0 ok 2.375 2.362 ok
O(S)Tnt i 3)int . 2395 2371 .
c)(5)|m ) 3)§xt ex S ais o » 383
Oa~ S | 2370 2368
Oy~ Sapext 2.350 2.353 2.350 2.350
Mo, - S, 2.315 2.319 2.315 2.312
MO, - Sgjext X ok 2.305 2.271
Mo, - Sy ok ok 2.268 2.292

around the sulphur atom on the other side of the layer. Hiem (S) into the central plane may limit the accessibility of
situation is completely different when the vacancy is creatéd potentially active Mo atoms.

in an § position. Indeed, the parent sulphur ator) (&- It was therefore useful to study a double sulphur vacancy
laxes. his leads to an equilibrium position in the mean plamtained by elimination of two parent,&toms ($and 3).
defined by the Mo atoms and with longer MoS bonds (Tablée corresponding energy of this , model is reported

3). The effect of the creation of such a vacancy on the mddi-Table 2. While the creation of a single \&cancy corre-
fication of the electronic distribution has been studied throughonds to an energy difference of 3.38 eV (or 326 kJ/mol)
the Mulliken distribution repded in Table 4. It shows thatbetween the clusters, the following elimination gfngéces-
significant variations are only localised on the three firsitates 4.83 eV (or 466 kJ/mole). Thus, the creation of two
spheres of coordination around the vacancy. The largest vaeparated single vacancies (E= 2*3.38 eV) would be easier
ations reach 23 (M®, 32 (Mq,) and 57 % (Mg) for the Mo than the creation of a double vacangySs The energy of
atoms, but only 17 (Sor ), 18 (§,) and 23 % (§ for the formation of a second defect according to reaction (1) is 1.58
S,;; S; and S vacancies, respectively. The creation of an 8V, i.e. a total energy of formation for the double vacancy of
vacancy induces the strongest variation with an increaseldf0 eV. The geometry of the cluster is strongly but only
the positive charge of the Mo atoms situated on the edgdafally modified upon creation of this double vacancy. The
the model (atoms Mo Mo, and MqQ). Thus, the Mo atoms distance Mg-Mo, of the Mo atoms which was 3.05 A in
on the edges of the model acquire an electrophilic charadio, ,S,, decreases to 2.87 A in MiS,, but to 2.32 A in
Such a vacancy in an $osition could be a suitable site foMo_,S,, upon creation of the, &nd S - S, vacancy, respec-
catalytic processes, but the relaxation of the parent sulptively. This result is in agreement with the EXAFS data of

b)
Mo4
\ /;
ST, ;\
11.55A
i &
1.55A ~¢hint
7 N1.55
P [N
MOS', ! \\\
::'2.56A Mo,
S Nodo S
13 1L.88AY ¢ 1.88A
1

v
.

H ext

Figure 5 Optimised configuratiof an hydrogen molecule dissociatively adsorbed on a sulphur vacancy,s8,Mb)
zoom on the active site
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Table 4 Mulliken charges of the molybdenum atoms in three
clusters ( in electronic charges)

S3 S
M012/ \M({ \Molo Mo,,S,, MO0,,S,3 Mo,,S,,
‘ l No vacancy Vacancy $ Vacancies $and S
Sis S17 Sig, Mo, 0.603 0.609 0.395
Moﬁ/ “vé& \M({ Mos Mo, 0.605 0.604 0.633
l l | l Moy, 0.530 0.476 0.474
Mo 0.586 0.253 0.338
S3a A /Sg\ P Mo, 0.532 0.682 0.653
Mos Moy Mo Moy 0.606 0.633 0.609
l | l Mo, 0.593 0.522 0.531
S S5 S Mo, 0.591 0.599 0.595
N 2N 7 Mo, 0.608 0.591 0.609
Moy Moz Mo, , 0.605 0.582 0.607
Mo, , 0.534 0.513 0.507
Mo, , 0.607 0.620 0.597

Agostini et al. [16] who found that the MoS bond length déisulfide cluster, (ii) thiophene perpendicular to this surface,
creases with the size of the clusters, i.e. when the numbebiofling to the active CUS through the sulphtona These
unsaturated Mo atoms ire@ses. Thus, &an be consideredtwo modes, respectivelyamedn, and n, according to the
that the creation of a double lacunary defect induces a metatfanometallic chemistry nomenclature are the most plausi-
lic interaction between the surrounding Moras. The Mo- ble configurations proposed by Angellicci [19] through a com-
Mo distance is similar to that observed in the (Ni¥0.S,,] parative study with organometallic complexes. In order to
compound (2.72 A) [17]. The Mulliken charges reported meduce the calculation time the Cs symmetry of the cluster
Table 4 reveal a decrease of the overall positive charge @ateracting with the thiophene was preserved.
ried by the molybdenum atoms and indicate that this decreaséor then, configuration two orientations of the thiophene
occurs mainly on the three atoms surrounding the vacameglecule were studied with respect to the molecular plane of
(Mo,, Mo, and Mg), the atoms located at the other side tfie adsorbate (i) perpendicular and (ii) parallel to the plane
the cluster remaining nearly unchanged f(Mdo,,). The of the Mo atoms of the cluster. The S atom of thiophene (S
atom Mg has the highest positive charge which is compemas set at the position of thg &om in the Mg,S,; cluster,
sated by a decrease of the charge of 8w Mgq; it is there- i.e. in the plane of the molybdenum atoms and thax@ of
fore the most electrophilic atom of the cluster. In a disulfidiophene was set perpendicular to the W, direction.
crystallite both edge and corner sulphur atoms are presilhttrials to relax the internal coordinates of thiophene and
[18], but the simulation of edge sites implies a larger clustre intermolecular distances between the cluster and the thi-
at least Mg, S, The present double vacancy corresponds oéphene molecule for both configurations led to a separation
a corner site that is the only one tractable with the clustérthe thiophene molecule from the \M8,, cluster without
model without periodic conditions; it gives some interestirany significant modification of its molecular structure. The
hints about the appearance of a metallic interaction by cregaluation of the total energy by stepwise varying the inter-
tion of double sulphur vacancies. It represents corner siteglecular distance with fixed internal coordinates led to Fig-
which are not very numerous on the real active phase; thie& 2 which obviously indicates the repulsive interaction be-
easy accessibility can compensate the low number of stwken the molecule and the cluster, whatever the orientation
sites and allow a high turnover, particularly for large arof the thiophene molecule. This conclusion cannot be inverted
matic molecules. This is the reason why we will now foclny the Basis Set Superposition Error (BSSE) which was esti-
on the interaction of sulphur-containing molecules with suahmated at 0.107 eV. It is interesting to note that the interaction
vacancies, considering this interaction as being the first stéghiophene with the cluster was also studied in the absence
of the HDS process.hiophene was chosen as it is the sinof vacancies and that these calculations qualitatively led to
plest molecule occurring in the petroleum feed stocks aih@ same result, whatever the starting configuration.
generally used as test molecule. As mentioned above, the M$,, cluster could also be
considered as a lacunary structure by the absence of the
monocoordinated terminal sulphur atoms,(Son the edge
Interaction with thiophene leading to Mo atoms which are only tetracoordinated. The
thiophene molecule could interact with such unsaturated Mo
Two extreme configurations were considered: (i) thiopheatoms through its Satom. Starting with configurations hav-
lying flat with its ring parallel to the edge surface of the
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e e e -

teraction of thiophene with t'lophene thlophgne thiophene thiophene

M : isolated Perpendicular Parallel Tt electrons

0,,S,, (in columns 2 and 3 interaction

these digits correspond to a

distance of 2.40 A)
Catalyst
Mo, 0.395 0.396 0.410 0.632
Mo, 0.633 0.621 0.615 0.610
Mo, 0.474 0.465 0.472 0.471
Mo, 0.338 0.380 0.378 0.344
Mo, 0.653 0.543 0.562 0.543
Mo, 0.609 0.598 0.620 0.609
Mo, 0.531 0.515 0.518 0.534
Mo, 0.595 0.592 0.591 0.595
Mo, 0.609 0.604 0.601 0.599
Mo, , 0.607 0.604 0.601 0.598
Mo, , 0.507 0.506 0.511 0.510
Mo, , 0.597 0.596 0.592 0.590
S, -0.385 -0.381 -0.387 -0.419
S, -0.348 -0.346 -0.346 -0.357
S, -0.222 -0.220 -0.221 -0.220
Thiophene
S -0.116 0.052 0.022 -0.010
C, -0.015 -0.090 -0.086 -0.087
C, 0.016 -0.039 -0.024 -0.072
H, 0.059 0.098 0.089 0.114
H 0.001 0.052 0.058 0.072

o

ing the § atom in the plane of the Mo atoms of the cluster fing (Figure3). The energy wadetermined step by step by
front of the Mo atoms a similar repulsion was observed. varying the distance between Mand the plane of the thi-

In a next step we tried to determine a possible interactimphene molecule from 1.50 to 3.50 A. Figure 4 shows the
of the it electrons of the adsorbate with the Mdom of the plot of the energy versus this distance. An energy minimum
Mo,,S,, cluster which presents an electrophilic character. Fsrobserved for a distance of 2.40 A, corresponding tgSo
this purpose a thiophene molecule with fixed geometry allt. S, bond distances of 2.66 A. In this geometry the energy
with its molecular plane perpendicular to the plane of tiestabilised by 0.745 eV (or 71.8 kJ/mol) in comparison with
Mo atoms and parallel to the Mo, was located with its the energy of the separated components obtained for distances
sulphur atom Sat the same distance of the Mand Mg above 3 A. This value corresponds to usual adsorption en-
atoms and with Mppointing in the direction of the aromaticergy of molecules on supports [20,21].

It is also useful to compare the Mulliken charges for the
three models of the interaction of M8,, with thiophene in
So3 /821 order to identify eventual charge transfers. The correspond-
Moys MG, Mo1o ing values are gathered in Table 5. Whatever the configura-
tion, the intermolecular transfer can be neglected because
‘ the charge remains near zero for each interacting component.
/515 STNGPE D But the distribution inside each component of the models
Mog Mo Mog Mog does really vary, particularly in the case of a flat adsorption.
l l l ‘ At the minimum of energy the polarity of the Mo, inter-
S action is inverted by the adsorption, while the polarity of the
813\ ,Sll\ N /57 molecule remains similar. In the twQ configurations which
Mos Moy Moz do not correspond to an adsorption, the polarity of the mol-
ecule is inverted and yields a positive sulphur atom.
S This series of calculation on the adsorption of thiophene
e on a possible active site leads to the conclusion that the prob-
Moy Moy ability to have an interaction of the thiophene with its sul-
phur atoms inserted in a vacancy of MaéSlow. The most
Scheme 1Atomic positions corresponding to table 5 stable configuration is found to be the flatausorption of
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Table 6 Mulliken charges of Hland Mq,S,, in the different
Mo, M4 Moy configurations discussed in the text

Mo,,Sy, +H,  Moy,S,,+H,  Moy,S,+H,

e Sl SN A0 isolated adsorbed dissociated
Mog Mo~ Mog Mog
l ‘ S Catalyst

S13 S11 Sy Mo, 0.395 0.485 0.642
N Sl Sl Mo, 0.633 0.620 0.622
l l Mo, 0.474 0.471 0.468
s S, S Mo, 0.338 0.383 0.628
Mo 0.653 0.556 0.848
\Mc{ \MZ/ M02 0.609 0.612 0.600
Mo, 0.531 0.504 0.529
Scheme 2 Atomic positions corresponding to table 6 Mog 0.595 0.589 0.589
Moy 0.609 0.608 0.603
Mo, 0.607 0.608 0.600
thiophene through an interaction of the p electrons with thi®,; 0.507 0.504 0.510
Mo, atom at the corner of the MS,, cluster. This interac- Mo,, 0.597 0.601 0.598
tion induces a strong variation of the charge distribution $; -0.385 -0.419 -0.354
the vacancy. Similarly, a flat adsorption is observed wherSa -0.348 -0.358 -0.340
thiophene molecule is approached to the J8g cluster (re- S, -0.222 -0.220 -0.210

sults not reported here) in agreement with ab initio perioditydrogen
calculations performed by Raybaud et al.[22]. Hi 0 0.016 -0.609
0 -0.076 -0.214

ext

Interaction with hydrogen
There | . . ., etry can be compared with the results of Martinez et al.[24]
ere is a general agreement in the literature to associate he interaction of Hwith a single molybdenum atom
active sites with the CUS located at the edges of the,M 1 @ single Molyn .
" y observed an homolytic dissociation with formation of
phase, but a complete description of the HDS process shciijg MoH bonds (1.73 A) and a distance of 2.73 A between
(j?ie H atoms. Obviously, the hydrogen molecule interacts dif-
rently with the Mo atom of a vacancy and with metallic

take the presence of hydrogen species[23] into account
that point is presently far from being completely understo
The chemical state of the involved hydrogen is still not Cler%rolybdenum.

and the nature of the adsorption of hydrogen on the transi- .
tion metal sulfides is still open. Does it participate through The energy of the relaxed system corresponds to a stabili-

. o : o . Btion by 0.53 eV (or 51 kJ/mol) in comparison with the iso-
non-d|3300|at|\{e ora dlssoqlatlve adsorptlon' of the hyqlro Fed components, whereby the BSSE correction is only 0.049
molecules? Is itan homolytlc oran heterolytllc adsorption ‘eV. This adsorptio’n energy is smaller than the value obtained
was therefore Interesting to test the behaviour of hydrogn%/nFréchard et al. for the adsorption of hydrogen molecules
molecules on the vacancies of the M8, cluster. on RuS with periodicab initio calculations [20] (129.6 kJ/

Similarly to the calculations performed for thiophene,

defined several configurations preserving the Cs symme ¥0|), but is of the same order of magnitude as the
The hydrogen molecule was therefore constrained to remej%rementmnned adsorption energy of thiophene on,MoS

. L . inally, it is interesting to note that from both initial configu-
Ljne;ifae;g.lane of the Mo atoms. Two initial geomedries Wel&tions an interaction between one hydrogen atom and the

, , N nearest sulphur atom Svas not observed during the relaxa-
i) H, perpendicular to the MeMo, direction, both MoH .. ; : . o
distances being 1.89 A. tion. Such an interaction could have led to the dissociation of

i) H, parallel to the MgMo, direction with a distance 0fthe molecule. The whole space could not be explored sys-

tematically, but this preliminary attempt leads to the conclu-
1.51 A between each hydrogen atom and the nearest Mo af Bh that theadsorption on Mpis a stable configuration to

In both cases the structure was relaxed, supppsing thatbt Feached from several different initial conditions.
Mo;,S,, cluster was rigid and that only the H-H distance, the Another configuration was discovered during the explo-

mutual orientation and the distances between the cluster ??Rﬂ)n of the space, which is energetically not optimal but
the hydrogen atoms could vary. Whatever the starting PQ%hich could be interesting for the role of the hydrogen in the
tion of the H, molecule, the final geometries after relaxatio S pocess. Thanitial geometry was defined by setting

were identical. The H-H bond length increases from 0.76 e H, molecule in the plane of the Mo atoms with one hy-

for the isolated molecule to 0.911 A after the adsorption 8Pogen atom in the middle of the MMo, line (H,,) and the
5 int.

the Mo, site and the MoH distances are 1.89 A. This 9e0ill *nd one (H) at a distance of 0.77 A outside the va-
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cancy. The optimised geometry is given in Figure 5. We R,
consider that the hydrogen molecule is dissociated as the
H distance reaches 2.56 A; the MgHistances are 1.55 A
from all the Mo atoms of the vacancy (M&lo, and Mg)

whereas the Mo}, ones are 1.88 A. The mean value of these

MoH distances (1.71 A) is similar to the bond length ob- _ SO o
tained by Martinez et al. for MoK while the HH distance isB' XYaénobnenlﬁieAj é}algv;g:kigléé Tgszggn’ S.; Grimblot,

somewhat shorter (2.73 A in MgH[24]. The total bonding . )

energy calculated for this system (-214.186 eV) is higherth%inggge’ P.; Payen, E.; Bougeard, ICatal., 1998 179
for the adsorbed molecules discussed above and for the jso-, ] } )
lated components by 2.913 eV (280.8 kJ/mol) and 2.377 }égv i\g))gl)\lzorlsgkolv, BJ) }T:a C‘ela?e;é Béns 'ETOEEE%I%I"] Bgt;te;
(229.1 kJ/mal), respectively. Such a structure cannot be a, ress, ' ye, % rayen, £, 9

stable configuration of the system, but it could be an int%r- P i

esting transient state representing a model for the heterolyficf%yegléti'l;{'glaaﬂ?R'l;;gaSZtelan’ S.; Poulet, O.; Grimblot,

dissociation of H (Table 6). Both hydrogen atoms have i )
large negative charge, particularly inside the vacancy, agn'd Stoc.kmang, RM.; Zandbergen, H.W. Van Langeveld,
. . . A.D.; Moulijn, J.A. J. Mol. Cat 1995 102, 147.
get an hydride character as proposed in ref. [25]. Fmally,./asa) G. te Velde ‘Amsterdam Density Functional. users
already observed for the adsorption of thiophene, the major /., ! : ISity ~ut T T
charge variations are observed on the Mo atoms surroundin uide', 1995, Theoretical -Chemistry Vrije Universitett,
oelelaan 1083, 1081 HV Amsterdam, The Netherlands.

the vacancy Mp Mo, and Mg, b) Baerends, E.J.; Ellis, D.E.; Roshem. Pks. 1973
2, 41.
8. Mosko, S.H; Wilk, L.; Nussair, MCan. J. Phys1980,58,
Conclusions 1200.
9. Becke, A.DPhys. Rev. A988 38, 3098.

This DFT study of a cluster MsS,, considered as a model10- Perdew, J.Fhys. Rev. B986 33, 8822. o
of a MoS-based HDS catalyst leads to the conclusion thigt- @) Mulliken, R.SJ. Chem. Phys.955 23, 1833. bjbid.
the model has the suitable size to analyse potential catalytict993 23, 1841. cjbid. 1955 23, 2338. djibid. 1955 23,
sites, because all perturbations only affect the model locally 2343 _
so that no frontier effect has to be expected. Several modejsHirshfeld, F.L.Theoret. Chim. Acta977, 44, 129.
of sulphur vacancies have been tested leading to the confiBaerends,E.J.; Branchadell, V.;Sodupe,Qviem. Phys.
sion that edge double sulphur vacancies are potentially ac-Lett. 1997,265 481. .
tive catalytic sites. Thénteraction of the sulphur atom ofl4.Brunier, T.M.; Drew, M.G.B.; Mitchell,.€.H. J. Chem.
thiophene molecules with sulphur vacangydonfiguration) _ Soc. Faraday Transl992 88, 3225.
is not the energetically most favourable state. ihenode 15-Mitchell, P.C.H.; Plant, CBull. Soc. Chim. Belgl995
of adsorption, in which the thiophene interacts throughtits 104 293. o _
system with one of the Mo atom near the vacancy appeard@e/Agostini, G.; Ledoux, G.; M.J.; Hilaire, H.; Maire, G. In
be a more stable configuration. Hydrogen adsorption on this Preparation of catalysts Iy Delmon, B., Grange, P.,
Mo atom is also suggested whereas a dissociation could ocJacobs, PA., Poucelet, G., Eds. ; Elsevier : Amsterdam,
cur as a transient state through a direct interaction with the1987, p.569. i
double vacancy. 17.Miller, A.;; Wittneben, V.; Krickemeyer, E.; Bogge, H.;
This work shows the power of the DFT techniques to study Lenke, M.Z. anorg. allg. Cheml991, 605 175.

reaction processes and reveals the fact that in the clusterl&pkasztelan, S.; Toulhoat, H.; Grimblot, J.; Bonnelle, J.P.
proach MQq,S,, is a good model for the HDS study, permit- APPl- Catal.1984 13, 127.
ting a realistic description of the microscopic behaviour wilP- Angellicci, R.JBull. Soc. Chim. Beld.995 104, 265.
a reasonable computing time. Preliminary results on cobg#- Fréchard, F. These de doctorat, Ecole Normale Supgrieure
promoted clusters show a strong influence of the doping onLyon, 1995.
the electronic distribution and work on the creation of vaca#l- Sinclair, P.E.; CatlowC.R.A. J. Chem. Soc., Faraday
cies on such promoted clusters is under progress. Trans, 1997 93, 333.
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Supplementary material available The ADF optimised
structure of Mg@,S,, is available in PDB format.
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