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Abstract

Adsorption of thiophene on the coordinately unsaturated Mo atom on thg @3 plane of an MgsSs» cluster has been
investigated to develop fundamental understanding of the adsorption sites gtitafysts in the hydrotreatment process. By
using the density functional theory (DFT) method, full geometry optimization and vibrational analysis of the thiophene/cluster
complex have been carried out. Adsorption energies and vibrational frequencies for different adsorption configurations have
been computed. The thiophene molecule remains almost flat in the upright configuration, but becomes bent in the parallel
configurations. The C-S distances become longer for all the adsorption configurations, indicating that activation of the C-S
bond occurs. The € and C-C distances become shorter and longer for the upright configuration, respectively. For the
parallel configurations, the change of distances is in the opposite direction. The most stable configuration is the bridged and
rotated parallel geometry. It is easy to distinguish whether thiophene is adsorbed in the upright or parallel coordination on
sulfided Mo catalysts by means of the vibrational frequencies of adsorbed thiophene. With respect to the calculated vibrational
frequencies of free thiophene, thg€C=C)asym and (C=C)sym bands shift to higher frequencies for the upright configuration,
whereas they shift to lower for the parallel configurations.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction to a need for more efficient processes and more ac-
tive catalysts. A large number of experimental stud-
In the hydrotreatment process (i.e. hydrodesulfur- ies have been carried out to find the active sites on
ization (HDS) and hydrogenation (HYD)) to remove the catalyst surface and to examine the reaction mech-
sulfur from petroleum fractions, molybdenum sulfide anism involved in hydrotreatment (see reviews, e.g.
compounds are the important active element of the in- [1-3]). It has now been known that properly reduced
dustrial catalysts. The process has recently attractededges of molybdenum sulfide play the essential role
increasing interest due to new environmental legis- in the reaction. However, there is no consensus on the
lation requiring further reduction of the sulfur con- mechanism of formation of the active sites, the ex-
tent in oil products to less than 50 ppm, which leads act structural configuration of the atoms constituting
these sites, and the adsorption geometry of organosul-
"+ Corresponding author. Tek:81-298-61-4835: fur comp_ounds. Computational modeling technique_s
fax: +81-298-61-4634. can provide one possible approach to get a better in-
E-mail addresshideo-orita@aist.go.jp (H. Orita). sight into the nature of active sites of the catalysts
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and the geometry of the adsorbate/substrate complexof catalysts and adsorbates, the results of differ-
[4,5]. ent laboratories are distinct from each other as
Thiophene (GH4S) is the most extensively inves- pointed out by Ma and Schobefi8]. It is not
tigated as a model organosulfur compound for the easy to draw definite conclusions about the active
HDS reaction. As the first step toward clarifying the sites and adsorption geometry of adsorbate. Espe-
HDS mechanism, several studies have utilized vi- cially, the relation between the bonding configuration
brational spectroscopies to investigate the adsorption of adsorbate and their vibrational spectra remains
of thiophene and/or CO on sulfided or nitrided Mo uninvestigated.
catalysts[6—13]. In assigning vibrational spectra of In order to simulate the surface structure of a highly
adsorbed thiophene, vibrational and/or structural data dispersed Mo particle, we previously chose a reg-
for organometallic complexes containing thiophene ular hexagonal cluster of MeSs4 [20] because this
ligands are useful. These complexes have the greatcluster has correct stoichiometry and eletroneutrality
advantage that one can know from X-ray crystal data without any saturating H atom and charge compensa-
how the thiophene ligand is bound to the metal atoms. tion as well as its size (ca. 19 A) is comparable to that
Several different bonding modes have been observedof the real catalyst particle. We have performed a full
for thiophene in organometallic complexes'(S)-, geometry optimization of the MeSs4 cluster by using
M2, m*, 1°-, Mm%, S42-, m*,S+uas-bound geometries  the density functional theory (DFT) method. We have
[14]. These coordination geometries have been sug- found that the computed structure agrees well with the
gested as possible modes for thiophene adsorption onEXAFS data[21] and that the electronic properties
HDS catalysts. However, attention should be placed of the atoms at various sites (i.e. corner, edge, outer,
on using the data for organometallic complexes, since and inner positions) have been distinguished clearly
metal centers in organometallic complexes are not by means of charge distribution and molecular orbital
the same as sites in HDS catalysts. There are somecalculations. It is considered that the unoccupied MOs
disagreements in assigning the geometry of thio- mainly move down into the band gap of the MaSys-
phene adsorbed on sulfided Mo catalysts. Mitchell tal by the formation of the peripheral edges and that
et al.[7] have used inelastic neutron scattering (INS) the CUS Mo sites should show the stronger acceptor
and reported that thiophene is weakly chemisorbed properties, leading to reaction with an electron donor
to the catalyst surface, with 90-95% of thiophene such as thiophene in the hydrotreatment process. The
aligned parallel with the surfacenY-coordination) edge termination of the above model seems energet-
and the remaining (5-10%) adsorbed in the up- ically unstable compared to having several S atoms
right S-bound geometrynd(S)-coordination). Bussell  adsorbed at the Mo edge, as simulated recently by
and co-workerg8-10] have utilized infrared spec- Byskov et al[22], Raybaud et a[23], and Schweiger
troscopy and concluded that thiophene is adsorbed et al.[24], but none of their stable configurations in-
in the upright S-bound geometry on the coordina- volve CUS Mo atoms. As there is a general agree-
tively unsaturated (CUS) Mo sites located at the ment that the creation of CUS Mo atoms is needed for
edges of Moglike structures. The reason for this the activation of organosulfur compounds under HDS
disagreement is not clear, but it may be the dif- working conditions, it seems that our cluster is still
ference in coverage of thiophene. The geometry of useful for the model of the catalytically active surface.
thiophene depends on coverage, and it is likely to We have applied the previous calculational method
change parallel to upright as the coverage increasesto the adsorption of thiophene on an Mo8luster
[3]. model catalyst in the present work. We have computed
Since it is still difficult experimentally to charac- the adsorption energies and vibrational frequencies of
terize the chemical properties of the catalyst surface thiophene for different adsorption configurations, and
and the adsorbates, many attempts at the compu-compared our results with the experimental data of
tational simulation of the HDS reaction over metal other laboratories. The computed vibrational frequen-
sulfides have been made on various cluster or pe- cies of adsorbed thiophene are useful for assigning
riodic models[15-19] Although these studies of- the geometry of thiophene adsorbed on sulfided Mo
fer some detailed insights into various properties catalysts.
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2. Computational methods

All the calculations were performed with the pro-
gram package DM@l (version 4.2.1) in the Cerids
of Accelrys Inc. on SGI workstations of Tsukuba
Advanced Computer Center (TACC) in AIST. In the
DMol® method [25-27] the physical wave func-
tions are expanded in terms of accurate numerical
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report adsorption energies as negative values in that
they release heat.

Harmonic vibrational frequencies were obtained
from the matrix of Cartesian second derivatives,
known as the Hessian matrix, of the thiophene/cluster
complex. It is not possible to compute the Hessian
elements analytically in DM8l They are computed
by displacing each atom in the model and computing

basis sets. We used the doubled numerical basisa gradient vector, thus a complete second derivative

set with p-polarization function for hydrogen and
d-polarization functions for other atoms (DNP),
whose size is comparable to Gaussian 6-31, @nd
effective core potential (ECP) for Mo. The general-
ized gradient corrected (GGA) functional, by Perdew
and Wang (PW91), was employed. For the numeri-
cal integration, we used the MEDIUM quality mesh
size of the program. The tolerances of energy, gradi-
ent, and displacement convergence werg 202,

1x 1072, and 1x 1072, respectively. Applying sym-
metry conditions to reduce the computation time was
not possible when ECP was used.

The crystal of Mo$S shows a typical layered struc-
ture consisting of close-packed triangular double
layers of S with each Mo atom coordinated by six S
atoms in a trigonal-prismatic unj28]. The bonding
within the layers is covalent. There is only a weak van
der Waal's interaction between consecutive S—-Mo-S
layers. Cleaving Mog between the layers results in
a chemically inert @00 1) surface. Geometry opti-
mization of the Mo$ cluster started with an initial
structure with coordinates of all atoms identical to
those deduced from the lattice parametft9] of
an infinite Mo$ crystal, and the BFGS routine, in
which the gradients were computed numerically, was
employed. Adsorption of thiophene on the CUS Mo
atom was investigated starting from different con-

matrix is built up numerically. In the present work, we
calculated partial Hessian matrix including only atoms
of thiophene to reduce the computation time after
checking the results of the partial Hessian were almost
the same as those of the full Hessian ($able 4.

3. Results and discussion

3.1. Simplification of the MaSs4 cluster
to M016S32

In order to concentrate the investigation on the inter-
action of thiophene with the CUS Mo site of an MoS
cluster and reduce computationally expensive task of
vibrational frequency calculations, we have simplified
the previous Me;Ss4 cluster to a smaller, but still sto-
ichiometric, Mg gS32 one as shown ifrig. 1 The pe-
ripheral edges of the M@Sg; cluster also consist of
(1010) plane (S edge) and (30) plane (Mo edge)
only. The S atoms in the cluster can be classified into
four groups according to their coordinative charac-
ter: the corner and edge S atoms drO( O0) plane,
the outer S atoms on (330) plane, and the inner S
atoms, which are symbolized by, Sei1, So.i, and
Si.ui , respectively. The subscripts c, e, o, and i indicate
corner, edge, outer, and inner positions of the atom,

figurations. Adsorption energies were computed by respectively. Roman numeral shows the coordinative
subtracting the energies of the optimized gas-phasenumber of each Mo atom neighboring to the S atom.
thiophene and cluster from the energy of the opti- According to this notation, the Mo atoms also can
mized thiophene/cluster complex as showiEm (1) be classified into four groups: M@, and Ma |y on
(3030) plane, Mgy, on (1010) plane, and Mgy .
(1) The Mo atoms on (380) plane (i.e. Mgy and
Moe v) are two-fold coordinatively unsaturated sites.
These adsorption energies were derived from full  First, the structural and electronic properties of the
geometry optimizations. Therefore, they reflect any Mo1gS32 cluster are compared with those of M&8s4
structural changes in thiophene or cluster induced by to show that the simplification of the cluster size is
adsorption, and sometimes become a little larger than reasonable for examining the adsorption of thiophene.
the experimental values. The conventions used hereTable 1summarizes the Mo—Mo and Mo-S distances

Ead= Ethiophengcluster— Ethiophene— Ecluster
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Mo27S54 Mo16S32

thiophene

Fig. 1. Simplification of the Mg;Ss4 cluster to a smaller M@gSz,. The dark smaller and light larger balls in the cluster indicate Mo and
S atoms, respectively. Each point corresponding to S actually represents two atoms, situated respectively in the upper and lower plane.

in the Mo7Ss4 and MagSg2 cluster. The structure Mo vy are shorter (2.96-3.05 A) than that in the crys-
of the MoygSs, cluster is also relaxed towards the tal (3.16 A)[29], and the distances between g
edges, and two types of the Mo-Mo distances are and Mqy, are longer (3.22-3.32A) (for MgSsy,
clearly observed at the periphery. The Mo—-Mo dis- they are 2.97-3.08 and 3.25-3.29 A, respectively). The
tances between the Mo atom on (30) and M@ v or structure near the periphery of the M&;> cluster is
similar to that of M@7S54. However, the Mo—Mo dis-
tances inside the cluster (i.e. the distances between two

Table 1 Moj vi’s) are between 3.12 and 3.22 A (for M&s4,
Mo-Mo and Mo-S distances in the MiSss and MoeSs2 cluster they are 3.16-3.19 A). They are slightly different from
MO027S54 M016S32 the Mo—Mo distance in the MgSrystal, as observed
previously for the smaller MpS;4 cluster (3.27 A)
Mo |V—MOe.|\/ 3.13 3.10 . . . .
Moq iy —Mog v B 318 [20]. The inside of the cluster is also slightly relaxed
Mo iv—Mog,vi 3.06 3.01-3.03 due to its smaller size. There are edge atoms in the
Mog,iv—Moi vi 2.97 2.96-2.98 Mo16S32 cluster, and its relaxation is much smaller
Moe,1v—Moj vi 3.08 3.05 than that of M@>Sy4. For the Mo-S distances in the
Moo,vi-Moo.vi 3.13 8.13 Mo16Ss2 cluster, they are between 2.33 and 2.46 A,
Moo, vi—Moi vi 3.25-3.29 3.22-3.32 ; 4
Mo v1—Moi v 316-3.19 312-302  Which are the same in the M@Ss4 cluster and com-
" ' N ' 533 233235 parable to the Mo-S distance in the MoS8rystal
Oc,Iv—,1l . .33-2. _ . .
Mow S 238 2 38-2.40 (2.42R). 1_'he Mo-S distances at the periphery are
MOe 1v—So 238 239 shorter a little. N _
Moo vi—S. i 2.43 2.40-2.43 The Hirshfeld partitioned charges of the atoms in
Moo vi—Sei 2.38 2.38 the M7Ss4 and MogSsp clusters are tabulated in
Moo,vi=S.un 245 245-246  Taple 2 Mulliken charges are not used in the present
Mot vi—So.u 2.46 243-246  \ork pecause they are very dependent on the ba-
Moi vi—S.in 2.41-2.42 2.41-2.42

sis sets used. The Hirshfeld partitioned charges are
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Table 2 3.2. Adsorption energies, structures, and
Hirshfeld partitioned charges of the atoms in the M&4 and vibrational frequencies of thiophene for

MoseSs2 cluster different configurations

Atom Mo027Ss4 Mo016S32

group Number  Average  Number  Average The adsorption of thiophene on the M6z, clus-
charge charge ter has been studied starting from different configura-

Sel 12 —0.177 12 —0.182 tions. In the present work, we have limited adsorption

Sell 6 —0.168 2 —0.167 sites of thiophene only to the Mo atoms on the @)

So.n 12 —0.130 8 —0.128 plane because it is reported that the adsorption on the

mllv zg 78';2; lg 706_15?;9 S-terminated edge is always endotherfiic]. The

Mo v 3 0.241 1 0.233 four optimized adsorption configurations of thiophene

Moo, vi 6 0.291 4 0.284 are shown inFig. 2A-D (for top view, lower part of

Mo vi 12 0.228 5 0.233 the MoygS32 cluster is cut and only part of the (3®)

plain is shown). The thiophene molecules in configu-

ration A and others are bound to the cluster in the up-
defined relative to the deformation density. The defor- right and parallel geometries, respectively. Thiophene
mation density is the difference between the molec- remains almost flat in configuration A, but becomes
ular and the unrelaxed atomic charge densities. The bent in other configurations to reduce the geometrical
Hirshfeld procedure usually produces atomic charges restriction from the Mo atoms in the cluster. The bond-
of rather small magnitudes, but Hirshfeld charges are ing modes in the present cluster are somewhat differ-
not so dependent on the basis sets as Mulliken ones.ent from those reported in organometallic complexes
The outside layers of S are negatively charged, and [14]. We could not obtain any stable adsorption config-
the positively charged Mo plane is in the middle of uration inn®°-bound geometry even whern@-bound
the sandwiched structure. Highest occupied molecu- structure was used as initial starting geometry.
lar orbital (HOMO) and lowest unoccupied molecu- The computed results (adsorption energies and dis-
lar orbital (LUMO) are located at the energy value tances between atoms) as well as the experimental
of —5.224 and-5.077 eV, respectively (for MoSs4, data for thiophene are tabulatedTiable 3 The most
they are located at-5.251 and—5.101eV, respec-  stable configuration is not C (the optimized structure
tively). The unoccupied MOs move down into the band of C has two imaginary vibrational frequencies in the
gap of the Mo$ crystal. The HOMO and LUMO of  full Hessian vibrational calculation, and corresponds
both the two clusters are populated mainly on the Mo to a higher-order saddle point on the potential energy
atoms of the 1010) plane and the (330) plane, surfaces rather than a local minimum), but D. The
respectively. The structural and electronic properties geometry and adsorption energy for C are similar to
of the MogSs2 cluster correspond well to those of those reported by Raybaud et 7] in their peri-
Mo27Ss4 as mentioned previously, which indicates that odic model simulation. In configuration D, the thio-
the simplification of the cluster size is reasonable. phene molecule is rotating from configuration C, and

Table 3
Adsorption energies and distances between atoms for free and adsorbed thiophene

C4H4S (experimentaf) C4H4S (calculated) w(S) (A) 72 (B) n%S42 (C)  M2-S,C andn2-C (D)
Eaq (V) -1.11 -0.79 -1.81 —2.72
D(C-S) (A) 1.71 1.73 1.75 1.82 1.82 1.82, 1.85
D(C=C) (A) 1.37 1.37 1.36 1.44, 1.45 1.42 1.44, 1.49
D(C-C) (&) 1.42 1.42 1.44 1.39 1.41 1.40
D(Mo-S)first (A) 2.35 2.97 2.65 2.20
D(Mo-S)second (A) 4.02 4.28 3.10 3.35

a[14].
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Side view Top view

(A)

(B)

©

(D)

Fig. 2. Optimized adsorption configurations of thiophene on thag8p cluster. For top view, the lower part of the M3 cluster is
cut and only part of the (380) plain is shown.
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becomes closest and almost parallel to the 38D #15 §(ring)defm, v(CS)asym, and #13(ring)defm
plain. The right side of the cluster structure in con- modes, in which the contribution of the C-S stretch-
figuration D is slightly disturbed. The configuration B ing is definite, their frequencies become much lower
shows the smallest adsorption energy, and the S atomfor the parallel configurations than the upright one.
of thiophene does not interact directly with the Mo The frequency of the out-of-plain #1éwag(CH)
atoms in the cluster (the shortest and second shortestmode becomes higher for the parallel configurations
Mo-S distances(Mo-S)first andD(Mo-S)second)  than the upright one, which is also consistent with
are 2.97 and 4.28 A, respectively). This configuration the spectra of IN$7] and IR[10] for organometallic
may represent a weakly chemisorbed precursor statecomplexes.
as suggested by Mitchell et dl7]. The geometry Tarbuck et al. have measured the IR spectrum for
and adsorption energy of configuration A are almost thiophene adsorbed on the sulfided Mo catalyst, and
the same as those for the upright S-bound coordina- found a new peak located at 1430chij8]. They have
tion reported by Raybaud et dlL7]. The thiophene  assigned this peak as th¢C=C)sym mode of thio-
is tilted a little in configuration A (this structure has phene adsorbed in an upright geometry on the CUS
one imaginary frequency in the full Hessian vibra- Mo sites located at the edges of Mglike structures.
tional calculation, and corresponds to a transition state They did not observe any shift or shoulder of the
on the potential energy surfaces). When compared to strong peak at 1252 cnt (#8 v(ring) mode). The re-
free thiophene, the C-S distances become longer forsults presented here support their assignment of the
all the adsorption configurations, indicating that ac- bonding geometry of thiophene. For the upright ge-
tivation of the C-S bond occurs. The=C and C-C ometry, thev(C=C)sym mode shifts to higher fre-
distances become shorter and longer for the upright quency and the #8(ring) mode shifts little, whereas
configuration, respectively. For the parallel configu- the v(C=C)sym and #8(ring) modes shift to lower
rations, the change of distances is in the opposite frequency definitely for the parallel geometries. The
direction. IR spectra are unfortunately restricted to the region
The bonding modes can be distinguished clearly above 1000 cm! because of strong absorption of the
by vibrational frequencies of adsorbed thiophene. oxide catalyst support. It would be possible to make
Table 4shows the computed vibrational frequencies the assignment more definite by using our results if
for free and adsorbed thiophene as well as the ex- a spectrum below 1000 cm is measured together
perimental datd30]. We have followed the notation by other methods such as INS, Raman, and inelas-
of mode assignments ifil0]. Relative shift in the tic electron tunneling spectroscopies. The INS spec-
last column of Table 4 indicates significant shifts tra of adsorbed thiophene of Mitchell et &f] look
from the calculated frequencies of free thiophene more like the spectrum of pure thiophene than coor-
(shifts to higher and lower frequencies are indicated dinated one, which is also coincident with our results.
by + and —, respectively). For some adsorption con- It seems probable that thiophene is adsorbed on sites
figurations, we have calculated full Hessian matrix other than the CUS Mo atoms in their catalyst. There-
including all the atoms in thiophene/cluster complex. fore, the vibrational calculation of thiophene/cluster
All the frequencies except two modes in configura- complex is useful for assigning the geometry of thio-
tion C equal within 3cm?, which shows the partial  phene adsorbed on sulfided Mo catalysts. It is worth
Hessian calculation gives quite good results. With re- discussing as to why Bussell et al. did not observe
spect to the calculated vibrational frequencies of free a parallel configuration. The configurations of C and
thiophene, thev(C=C)asym andv(C=C)sym bands D, which are more stable than the upright configura-
shift to higher frequencies for the upright configu- tion of A, need two neighboring CUS Mo sites. As
ration, whereas they shift to lower for the parallel pointed out already by Mitchell et dI7], the pretreat-
configurations. This frequency change is consistent ment conditions of Bussell et al. are mild, and smaller
with the experimental results of organometallic com- amounts of CUS Mo sites are produced on their cata-
plexes reported by Mills et aJ10]. The frequency of  lyst. Probably there are few two neighboring CUS Mo
the #8v(ring) mode becomes lower for the parallel sites, which are suitable for the parallel coordination
configurations than the upright one. As regards the of thiophene, on their catalyst.
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Table 4
Vibrational frequencies (in cm™!) for free and adsorbed thiophene
No. Assignment® C4H4S C4H4S 11(S) (A) n? (B) n*.S-p2 (C) 12-S,C and Relative shift
(experimental)P (calculated) — — 12-C (D) —
Partial Full Partial Full Upright Parallel
1 v(CH) 3126 3223 3219 3219 3241 3210 3209 3203
2 v(CH) (3125) 3209 3208 3207 3184 3188 3188 3187
3 v(CH) 3098 3172 3191 3191 3113 3176 3176 3137
4 v(CH) 3098 3171 3179 3179 3059 3164 3166 3086
5 v(C=C)asym 1507 1485 1530 1531 1451 1376 1375 1334 + -
6 v(C=C)sym 1409 1343 1423 1432 1222 1274 1273 1209 ++ - =
7 v(ring) 1360 1395 1328 1327 1352 1401 1401 1437
8 v(ring) 1256 1237 1217 1218 1161 1194 1194 1181 — - -
9 8(CH)asym (1085) 1071 1065 1065 989 1040 1040 1026
10 8(CH)sym 1083 1073 1061 1060 1008 1061 1062 1075
11 v(ring) 1036 1029 1009 1008 1085 1044 1045 948
12 pwag(CH) 898 886 910 911 915 886 885 878
13 8(ring)defm 872 852 862 862 880 825 825 798
14 pwag(CH) 867 840 889 889 836 832 831 864
15 8(ring)defm 839 827 786 786 653 736 735 681 - - -
16 v(CS)asym 751 739 681 681 603 599 600 597 - - -
17 pwag(CH) 712 691 733 734 802 794 785 760 + ++
18 pwag(CH)(sh) 683 636 700 700 716 764 764 712 + +
19 8(ring)defm 608 607 604 604 506 509 507 498 5 — - -
20 7(ring) 565 545 530 529 532 543 544 548
21 7(ring) 452 444 412 409 414 421 426 454
2110].
b [27].
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4. Conclusions

Adsorption of thiophene on an M@S&luster model

catalyst has been investigated to develop a funda-

mental understanding of the adsorption sites of MoS
catalysts in the hydrotreatment process. First, the
Mo27Ss4 cluster, which was investigated previously,
has been simplified to a smaller, but still stoichio-
metric, MogS3» one. The structural and electronic
properties of the MgSs2 cluster are found to cor-
respond well to those of M9Ss4, showing that the
simplification of the cluster size is reasonable.

Full geometry optimization and vibrational analy-

sis of the thiophene/cluster complex have been car-
ried out. Thiophene is adsorbed on the edge Mo atom

on the (3 (1?0) plane to represent the adsorption on
the CUS Mo atom of sulfided Mo catalysts. Adsorp-
tion energies and vibrational frequencies for different
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