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1. Introduction

In recent years, the air pollution by nitrogen @sd sulfur oxides and particulate matters
included in diesel exhaust gas in metropolitan atees become a very serious problem. On
the other hand sulfur impurities contained in didgel are irreversible poisons for catalytic
converters used for exhaust emission treatment wmdemm engines. Therefore, the
optimization of the hydrodesulfurization (HDS) ofdule distillates (diesel and light fuel oil)
represents a challenge for refiners and resear¢hepsovide clean transportation fuels to
meet increasingly stringent environmental regufeiavorldwide. In 2005, the sulfur limit of
diesel oil was reduced in Europe from 350 to 50 ppiesel oil with even less sulfur is
already on the market, e.g. in Germany [1]. In dagdiners began producing ultra-low sulfur
diesel (ULSD, < 10 ppm sulfur) before January 200Bis and many other countries are
planning to set the limit to 10 ppm by 2009 [2].rtRermore, zero-emission levels and
consequently zero or ultra-low sulfur content hadé achieved for most of the developed
countries in the next 10 years.
The problem of deep removal of sulfur has becomeererious due to the higher and higher
sulfur contents in the crude oils [3]. To achieeeazor ultra-low sulfur content in fuels the
efforts of industrial and academic researchers nmptove the reactor concepts and the
catalysts at the same time, which is a great aingdle
Changes of the reactor concepts in conventionalogalydrotreating units to convert the
alkyl substituted (di-)benzothiophenes - especitilyse substituted at the 4 and 6 positions —
make the deep HDS possible applying the followilbgrations:
Decrease of the throughput means that either Es®i¢jcan be hydrotreated or additional
reactor capacity must be installed.
The increase of hydrogen partial pressure prodfeels with a lower aromatic level
which is advantageous for diesel properties.
Introduction of more active HDS catalysts, parielyl for removing the refractory S-
containing molecules.
Increasing the temperature is the simplest optiduat it will increase the catalyst
deactivation by coke formation and suppress thedgahation of aromatics, which is an
equilibrium-limited reaction and very important owtering the aromatics level
specifications [4].
One should keep in mind that all these changesastty, and obviously the different
companies will only introduce these improvementsig necessary.
But the new technology of the Nebula catalyst dayed jointly by ExxonMobil, AkzoNobel

and NipponKetjen demonstrates that such an impraeéadity for ultra-low sulfur diesel is
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1. Introduction

possible. With the new approach fuels 5 ppm suéfwel can be produced by a one-stage
hydroprocessing under moderate conditions. Fosuwmerating at medium to high pressures
designed for 350 or 500 ppm sulfur this new tecbgplmeets the future specifications with
low or moderate investments [5].

Also Cosmo Oil has developed a new CoMo HDS catalys606A, for production of ultra-
low sulfur diesel (ULSD) fuels, enabling less thHeh ppm sulfur content when straight-run
light gas oil feedstock was treated under indushyarotreating conditions in a commercial
hydrotreater designed to produce 500 ppm sulfusedlifiels [6]. Lately, Haldor Topsoe has
developed new supports and new preparation proesdor a new family of high activity
hydroprocessing catalysts. This new BRY technology optimizes the rim site
hydrogenation (HYD) functionality and increases tate of the direct desulfurization (DDS)
pathway. Recently, a new CoMo catalyst was produde¢t576 BRIM™, for ULSD
production at a low hydrogen partial pressure ob@80with very high conversion rates. The
feedstock was a mixture of 25% light cycle oil (LIC&hd 75% straight run gas oil (SRGO)

diesel, and the feedstock sulfur content was ab@®@nvt% [7].
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1. Introduction

1.1 Raw oil components

The individual components in liquid fuels becomeyvienportant in controlling the catalysis
of HDS under deep hydrotreating conditions. Rawlsftere complex mixtures of various
compounds. The sulfur compounds found in petrolemsynthetic oils are generally
classified into heterocycles or non-heterocyclele Tatter comprises thiols, sulfides and
disulfides. Heterocycles are mainly composed abdghenes, with one or several rings and
their alkyl substituents. Examples of sulfur conilagg compounds found in raw oil are shown
in Fig. 1.1. There are several components presenttiich HDS to remove the sulfur atom in
the heterocycle is very difficult [3]. It has beebserved that methyl groups adjacent to the S
atom retard HDS due to steric effects, while thdistéant from the S atom generally increase
HDS activity, an effect attributed to an increasdectron density on the S atom (inductive
effect).

1.2 Hydrodesulfurization

Hydrotreating or hydroprocessing refers to a vgriet catalytic hydrogenation processes
which saturate unsaturated hydrocarbons and rerSowld, O and metals from different
pretroleum streams in a refinery, see Table 1.

Hydrotreating catalysts are commonly referred t&iBS catalysts. Hydrodesulfurization is a
catalytic hydrogenation process which removes suffupetroleum. To gain a quantitative
understanding of HDS kinetics, a common approado isarry out HDS of representative
model compounds. The HDS reactivity of the compeumay change depending on various

reaction conditions and catalysts, but it decreaststhe increasing number of rings [8].

Table 1. Main purposes for hydrotreating reactions.

HDS (Hydrodesulfurization) Eliminate sulfur in orgasulfur compounds

HYD (Hydrogenation) Hydrogenation of aromatic compds

HDN (Hydrodenitrogenation) Eliminate nitrogen inféterocyclic compounds

HDO (Hydrodeoxygenation) Eliminate oxygen of orgaakygen containing comp.
HDM (Hydrodemetallation) Eliminate metals from mletantaining organic impurities
HCR (Hydrocracking) Conversion to lighter fractions

In a high pressure experiment, DBT is one of thestmrmn-reactive sulfur compounds in
higher boiling fractions of fossil fuels. It is @by available commercially and therefore it is a
good model compound for characterizing the HDS dbieyn of heterocyclic sulfur
compounds. The HDS of DBT proceeds through twopeddent and parallel pathways (see
Fig. 1.2), proposed by the early work of Gates emaorkers [9]:

the direct desulfurization (DDS) pathway yieldinghenyl (BP) and

the hydrogenation pathway (HYD) yielding cyclohégthzene (CHB) with a
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1. Introduction

tetrahydrogenated compound as an intermediate.

Several authors [10-13] have proposed that bothwaats have a dihydrodibenzothiophene

derivative as a common intermediate (see Fig. 1T3)is intermediate can indeed be

transformed in two different manners:

) through further hydrogenation into tetrahydro arexdhydrodibenzothiophene and
after C-S bond cleavages eventually into cyclohsxykene (representing the HYD
pathway);

i) through a C-S bond cleavage as first step follobsethe partial hydrogenation of the
benzene ring bearing the S-H group to form a sedtihgidrointermediate which
subsequently will give biphenyl through C-S bone&aslage with rearomatization
(representing the DDS pathway). This process [h8blves a series of hydride and
proton additions, assuming a heterolytic dissammtf hydrogen [14] and C-S bond

cleavages through an elimination mechanism [15].

1

CO—CG0] GO
X oy

Fig. 1.2 HDS of DBT reaction pathways: a) HYD d)MDDS, from reference [16].

In hydrotreating reactions the relative contribotiof each pathway is determined by the
reaction conditions, i.e. mainly the hydrogen puessused, the reactant reactivity and the
catalyst chosen are the dominating factors. Bapjtears that in most hydrotreating reactions
pre-hydrogenation of the heteroatom ring occursrgo C-X (X = S, N or O) bond breaking
as a consequence of the relatively strong bondetgden the heteroatom and an aromatic-
type carbon atomsff bonding) in contrast to the weaker bonding with aiphatic-type
carbon ¢p° bonding). A possible exception is in the HDS dbfihene compounds, where the
S-C 6p) bond is relatively weak, and direct sulfur remoweay occur without saturation of
the heteroatom ring. It has been proposed thateasing the basic character of the sulfur
anions [17-20] the promoter enhances the rate 8flidnd cleavage through the elimination
mechanism. Consequently, this step is in the cdsBPBY rate-limiting for MoS/Al,O3
catalysts, and it becomes fast on promoted casa$gsthat the DDS route is preferred.
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Fig. 1.3 HDS of DBT reaction pathways involving iaydirodibenzothiophene intermediate,
from reference [21].

Several authors have tried to explain the seldgtifar the HYD or DDS pathway during
catalytic reaction. One suggestion is that theedtiice between HYD and DDS centers would
depend on the way the reactant can adsorb on tieestive centers. DDS active centers
adsorb compounds like dibenzothiophene throughr thdfur atom as they would do for8
[22-23], while centers involved in the HYD pathwagsorb such molecules flat through one
of the aromatic rings [24-25]. Daage and Chiarjeli] proposed also an explanation for the
existence of different catalytic centers of unsupgbMo$S as function of the stacking height
of the Mo$ slabs in the so-calleé@im-Edge model (Fig. 1.4), corresponding to the specific
requirements of hydrogenation - flat adsorptiorthed substrate - and C-S bond cleavage -
adsorption through the sulfur atom. Their hypothedates that the rim-sites are active for
hydrogenation reactions and C-S bond cleavage wlidge-sites are active only in C-S bond
breaking. The proposed model did not include tloenmtion effect on selectivity.
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Fig. 1.4 Rim-edge model of a Mg8&atalyst, from reference [26].

— edge

Another explanation which in a way recalls thattlué rim-edge model was considered by
Egorova and Prins [24]. They supposed that the BEive sites are located at the edges of
the Mo$S slabs whereas, according to the proposal of Diteal 7], the HYD active sites
are located at the corners, and consequently callibdv the adsorption of the bulky
molecules and would be less sensitive to the poigoeffect of HS [21]. However, it must
be acknowledged that up to day there is no defmiproof of the existence of a common
dihydrodibenzothiophene intermediate to both HDShways, although this type of
intermediate must exist because hydrogenation lebat one of the aromatic rings proceeds.
1.2.1 Reaction sites

In order to understand the properties of hydroimgatatalysts it is important to obtain a
complete description of both the structures andsttess where the catalysis takes place, i.e.,
the active sites. This purpose is particularlyidifit to achieve due to the amorphous-like or
highly dispersed nature of the active species hadgsimultaneous presence of many different
types of phases. Additionally, the structure of Hwtive species depends on the process
conditions during the preparation of the catalystr decades, many studies have been
produced misleading results on the operating cst®lipecause they were obtained under
conditions far from those applied during catalygactions. Therefore, it is not surprising that
a large number of results and proposals contradich other. In-situ studies with different
analytic techniques are necessary for a betterrataadwling how such catalysts work under
real conditions.

Nowadays, several surface science techniques tidkmia force microscopy (AFM), scanning
tunneling microscopy (STM) and theoretical studike density functional theory (DFT) as
well as in-situ characterization techniques as reded X-ray absorption fine structure
(EXAFS) are available, and it has been establi§B8e29] that the active Mo is present as
small MoS-like nanostructures. Structural information on togceating catalysts has been in

many cases interpreted in terms of several modelshe monolayer model, the intercalation
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1. Introduction

model, the contact synergy model and the Co-Mo-8ahd he last model will be explained
below for an interpretation of the promoter effethickel and cobalt.
Since the early studies of Lipsch [30] and Kolb&][8 has been widely accepted that the
active sites are sulfur anion vacancies or cootiliely unsaturated sites (CUS) created in a
reaction with hydrogen. Recently, the first atorealged scanning tunneling microscopy
(STM) studies performed on a realistic HDS moddhlgat were reported by the Topsoe
group [32]. They studied a few nanometers wide goipported Mogparticles showing that
the unpromoted catalyst may exhibit a triangularphology in contrast to the hexagonal
morphology expected for bulk crystals. Later, tlens group synthesized single layers of
MoS; to study the material using STM techniques and etieg by DFT [33]. The studies
were performed simulating the HDS conditions with environment of hydrogen and
thiophene. The surprising result is that thiophenadsorbed through the triangular shaped
MoS; nanocluster fully saturated with sulfur which fareimers (Fig. 1.5).

PP NOOC

VOO W  moEdge (100%)
Fig. 1.5 Ball model of Mo@riangular single layer (left). Top and side viesighe edge
structure with the Mo edge with S dimers (S, brigho, dark) (right), from reference [33].

This result is clearly in contrast to the commomrtegted hypothesis that coordinatively
unsaturated sites (CUS) are required for the bmdihthe molecules. The binding sites are
one dimensional metallic brim sites (metallic edt@te) as proposed by DFT calculations.
Such sites were observed in STM images as a praeduoright brim located on top of the
triangular Mo$ nanocluster adjacent to the edge itself. The #tmal calculations [34-36]
show that the brim sites originate from d-d bondsmveen the first row of Mo atoms and p-d
bonds between the second row of S atoms and thetdfhes below.

Thiophene was -bonded to the brim site by a flaf-like adsorption geometry. After
supplying pre-dissociated hydrogen an adsorptiothersulfur dimers was observed, leading
to the formation of SH groups on the edges. In seaihhydrogenation the close vicinity of

the reactants may promote the reaction. The SHpgroway play an essential role, both in the

M. Poisot, CAU - Kiel, 2007. 7



1. Introduction

creation of vacancies and in providing hydrogen floe hydrogenation reactions. The
adsorption on the brim sites facilitated not orilg hydrogenation, but also the cleavage of
the first C-S bond. In summary, the reactivity tenexplained by a two step process in which
the thiophene is first hydrogenated and the firsg Gond is cleaved on the brim sites. Then
the ring-opened molecule is subsequently transpdae sulfur vacancy on the cluster edge,
where the second C-S bond can be broken and thedutfur extrusion could occur on a
vacancy [37]. The STM results indicate that the taaction of the HYD pathway may take
place on the same type of vacancy sites as thosdved in the DDS pathway. DFT
calculations [38] indicate that the DDS pathway may even more favored on the S-
terminated edges where vacancies are more easiheth but they are easily quenched with
the strong inhibition by b6 of the direct desulfurization pathway.
In order to conclude about the validity of thesedsts the catalyst must be studied after it has
been stabilized under the commercial operating itiond.
1.2.2 Promoter effect
The Co-Mo-S model was proposed by the Topsoe gf88jpby the direct observation of a
Co-Mo-S phase, identified mainly by in-situ Modssbawspectroscopy, extended X-ray
absorption spectroscopy (EXAFS), and infrared specbpy studies. The Co-Mo-S phase is
similar to the Mo$ structure with the promoter atoms located at 1) edge planes in five-
fold coordinated sites thus replacing a molybdeatom.
. o Y eVvaTo
T ceree9)
€LAD r@YYYYD)
AAA (Qrvvvv’
’“LJ‘AAAA*L‘ (qvvvvv
TYYYYD

L&AL {fyy‘;ﬁ'
- ...
Mo-edge -

K&

Fig. 1.6 Ball model of the proposed hexagonallyntated Co-Mo-S structure with Co fully
substituted at the S-edge (S, yellow; Mo, blue, 1€d), from reference [40].
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1. Introduction

Recently, the first Co-Mo-S structure was identifigith STM imaging techniques [40]. The
Co-Mo-S phase has a hexagonally truncated shage Xf6) opposed to the triangular shape
of the unpromoted MaoShanoclusters.

The hexagonal truncated morphology of this modeisphpresents both terminations with S
and Mo edges. In contrast to the previous mode&, STM images showed that the Co
promoter atoms have no effect onto the Mo edgasCbwatoms prefer to locate at the S edge.
The model proposes that at the S edge the Mo atmenfully substituted by Co atoms. A
tetrahedral environment of the Co atom is suggesteabling the adsorption of sulfur
containing reactants. It is also possible that éhbanced electronic density of the sulfur
atoms adjacent to cobalt atoms may be a key torsta&l the increased reactivity of the Co-
Mo-S structure. On the other hand, high angularukmndark field scanning transmission
electron microscopy (HAADF-STEM) applied to study-Mo-S nanoclusters allowed the
observation of the modification of the triangulaaped Mo$ nanoclusters with an additional
truncation leading to the hexagonal truncated malqgy [41].

The effect of the promoter onto the Mo-S bond gjtiens explained by the synergy model
[25] and on the basis of ab initio calculationsngsDFT [20]. The strength of the Mo-S bond
iIs more reduced when Ni substitutes Mo than whenisvieplaced by Co at the edges of the
MoS; slabs. As a consequence, in a NiMo catalyst tfarsanions would be more basic than
those in the corresponding cobalt catalyst, fatihig the neutralization of the acidic character
of H.S.

1.2.3 Unsupported catalysts

The role of support interactions in HDS catalystsvery important because this is a key
parameter used to control the catalyst activity selgctivity. Using alumina as the support
Mo-O-Al linkages can be formed depending on theination procedure. The support effect
has been related to the formation of the Type IM&BS structure which is the low activity
form of the Type Il Co-Mo-S catalyst [42, 43]. Théare, the use of weakly interacting
supports such as carbon is nowadays preferredi4,

Typical sulfided hydrotreating catalysts consisCaf or Ni promoted MoSor WS supported
on alumina or silica. But it has been stated that iehavior of unsupported catalysts as a
function of the chemical composition is similartbat observed for supported catalysts [17].
Unsupported HDS catalysts have been prepared ®ralawnethods, including co-maceration
[8], homogeneous sulfide precipitation [46], thibsdecomposition [47], or impregnated
thiosalt decomposition [48]. The materials obtaingth these preparation methods need to

be activated by one of two wayex-situactivation in a H¥H,S mixture before being active in

M. Poisot, CAU - Kiel, 2007. 9



1. Introduction

catalytic reactions or directly bg-situ activation which consists in the direct decomposit

of the Mo or W containing precursors in the preseat a hydrocarbon solvent during the
HDS of DBT [49]. The catalytic properties of Mp&@nd WS prepared by one of these
methods depend strongly on the reacting atmos@met®n the heating conditions [8, 46-48].
Thiosalt decomposition is an interesting alterreffiveparation because it provides a simple
and reproducible method for obtaining Mo&talysts with controlled stoichiometry. Some
patents have reported the use of tetraalkylammonibimmetalates to generate carbon
containing Mo$ and/or W$ catalysts with high surface areas and an impractiyity for

the HDS of DBT. Such catalysts are described withdeneral formula MaSC, [50]. The
role of carbon in these HDS catalysts is not cotepteunderstood. Recent studies have
shown that carbon, at least partially, is includedhe arrangement of the active sites by a
replacement of sulfur atoms at the reactive eddedl@S, platelets. Carbon stabilizes
texturally the sulfide particles, keeping crystalii smaller and less stacked. The active
transition metal sulfide is called sulfided suppdrtransition metal carbides (SSTMC) [51].
The in-situ activation of tetraalkylammonium thiomolybdatetkya= propyl, pentyl, hexyl,
heptyl and octyl) generates low stacked Madtalysts with high surface areas and fine
dispersed active phases [52]. Applying thesitu activation of bimetallic Co-Mo
alkylthiomolybdates, mesoporous catalysts with ghtsurface area are produced with high
contents of carbon (C/Mo = 2.2 - 3.3). Such catalghow a strong enhancement of the direct
desulfurization pathway due to the synergistic ciffef the promoter. The use of carbon-
containing precursors leads to a strong increaghanHDS activity with a strong favored
hydrogenolysis function when longer alkyl chains ased in the precursor material [53].
Nowadays, optimizing the selectivity of a given @gss is often more important than
increasing the overall reaction rate.

In the present work nickel was chosen as promatemfolybdenum disulfide catalysts to
favor the selectivity for the DDS pathway. For theynthesis of the catalysts
tetraalkylammonium thiomolybdates were used asuypsecs trying to obtain high HDS

activity.
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2. Aim

Aim of the project and some remarks

The main objects of the work were:
Development of a one-step synthesis of high actik@moted molybdenum disulfide
catalysts containing carbon to improve the catalgctivity of hydrodesulfurization
(HDS) of dibenzothiophene (DBT)
Promotion of the catalysts with nickel to favor gedectivity for the direct desulfurization
(DDS) pathway in the HDS of DBT
Preparation of MoSbased catalysts for thogs-transisomerization of butene-2 and for the
isomerization of 2-methyl-1-butene.
Synthesis and characterization of appropriate psecs for the preparation of active
catalysts based on Mo and W sulfides
Study of the thermal decomposition pathways ohtgkylammonium tetrathiomolybdates

and tetrathiotungstates

The work was started with the intention to synthesiew molybdenum based catalysts for
isomerization reactions of selected molecules. dioposal for this work is supported by the
Deutsche Forschungsgemeinschaft. Unfortunatelycdi@borating group in Bochum (Prof.

Dr. W. Grunert) experienced several technical moid which could not be solved within a
reasonable time period. After about one and ayeaf we decided to change the direction of
the project towards the synthesis and characteizaf new catalysts for the HDS reaction.
Therefore, the main results presented in the thdsa with the materials prepared and

characterized for HDS catalytic reactions.
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3. Results

The results are organised in three main partseoftibsis:
Determination of the crystal structures of singlgstals of the tetraalkylammonium
tetrathiomolybdates and tetrathiotungstates usgueasirsors for the catalyst syntheses.
Investigation of the thermal decomposition behawiaihe precursors.
Chemical characterization of the promoted and umpted catalysts and investigation of
the catalytic activity during hydrodesulfurizatiidiDS) of dibenzothiophene (DBT).

Most of these results are published and the puldite are presented following the above

mentioned topics.

3.1 Crystallographic and characterization studies

3.1.1 Diammonium tetrathiotungstate, (N}WS;] determined at 150 K

The main purpose of this study was a more accuwetiermination of the H atom positions.
With this knowledge interatomic separations are arexcurate and the proposed hydrogen-
bonding interactions between cations and anionsoar@ more profound ground. In the
present structure several Nxi8xbonding interactions are observed connectingdtiens and
anions into a three-dimensional network. The owmnkwor this publication was the synthesis

of the crystal.

3.1.2 Synthesis, Crystal Structures and Propemiedhree New Tetrathiomolybdates with
Organic Ammonium Cations

The three new thiomolybdates R[M$SIR = pipH,, trenh, (prop)kN) were synthesised by
the base promoted cation exchange method. Inr$tetito compounds anions and cations are
joined via S¥k bonding interactions. The influence of the numbed strengths of these
interactions onto the Mo-S bond lengths is obviaisong S¥k bonds yield longer Mo-S
bond lengths. In the third compound n8*8 bonding interactions are possible and as a
consequence the Mo-S bond lengths scatter in afisagrtly narrower range. The thermal
decomposition was studied with DTA-TG experimet.compounds decompose to form
amorphous Mog materials. The thiomolybdate with R = (prgg)yields a very porous
material with large cavities. The reaction mechanef the decomposition was studied with
combined DTA-TG-MS experiments. The results sugg#sit during the two-step
decomposition trialkylamine and dipropyldisulfidelacules are emitted simultaneously. An
endothermic event at relatively low temperatureggssts a phase transition prior to the
decomposition reaction. When the reaction is stdgeer the first decomposition step, a new

M. Poisot, CAU - Kiel, 2007. 15



3. Results

compound is formed as is evidenced by X-ray povdiractometry. The own contribution
to this work was the synthesis and thermal charizetén of the last compound.

3.1.3 Synthesis, X-ray Structures, Spectroscopit Tdrermal Characterisation of Two New
Organic Ammonium Tetrathiotungstates

The two new tetrathiotungstates (p)VS,] and (trenH)[WS4]H,O were characterised by
elemental analysis, IR, Raman, UV-Vis afid-NMR spectroscopy, thermoanalysis and
single crystal X-ray work. Like in the analogous Mmmpounds the structures are
characterized by an extended N-8O bonding network. A similar influence of the rioen
and strengths of these interactions onto the W+l bengths is found like for the analogous
Mo compounds. Raman and IR spectra clearly inditaedistortion of the WStetrahedra.
The thermal decomposition of the compounds undeinart atmosphere yields amorphous
products with high C contents which is a charasterifeature of good HDS catalysts. In
addition, the decomposition of the materials does proceed via W§Sas an intermediate
material. The water molecule of the second compaamdbe reversibly de- and re-hydrated.
The own contribution to this work was the extendaady of the thermal behavior and the
characterisation of the decomposition products.

3.1.4 Bis(diethylenetriamine)cobalt(ll) tetrathiolylodate (V1) oxotrithiamolybdate(IV).

The crystal structure determination of this new ptax revealed that it is composed of two
superimposed anions, i.e., MogSand MoS® coexist in one compound. The Mo-S
vibrations in the infrared spectrum show a splitevidencing the reduced symmetry. The
Cc?* ion is surrounded by two tri-dentate diethylentriae ligands in a slightly distorted

octahedral environment. Compared to the analogainylemediamine compound the

distortion of the octahedron is less strong. Effotb obtain single crystals of the

corresponding nickel compound were not succesBfutlthe similarities of the X-ray powder

patterns of the two compounds suggest that theigastructural.

3.1.5 Synthesis, spectroscopic and X-ray struathegacterisation of
Bis(tetramethylammonium), Bis(tetraethylammoniung Bis(tetrapropylammonium)
Tetrathiotungstates.

Single crystals of the three new tetraalkylammontetrathiotungstates were synthesized via
the direct salt substitution route. The materiaégsencharacterized by single crystal structure

determination, IR and Raman spectroscopy. In thmpowunds no N-K$xinteractions are
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3. Results

possible and consequently the W&trahedra are only slightly distorted as is enael by IR

and Raman spectra. In contrast, the positionardigsoof the alkylammonium ions decreases
with increasing alkyl chain length. The non-hydnoggomic volume decreases in the same
direction suggesting that the interactions betwi#®nmore bulky alkyls groups is stronger
than between the small groups. Crystallographica ddbr tetramethylammonium
tetrathiotungstate were reported in the past. Baipresent study demonstrates that the correct
space group is R2:2;. The relation between the two unit cells is a dimgbof one of the
lattice parameters. An interesting observatiomé# tetraethylammonium tetrathiotungstate is
not isostructural to the analogous molybdenum camgo which crystallises in a triclinic
space group. Such examples are rare and until neng ire only few tetrathiomolybdates and

tetrathiotungstates which do not crystallize inshene space group.

3.1.6 Synthesis, Spectroscopic and X-Ray StruCthegacterisation of
Bis(tetramethylammonium) and Bis(tetra-n-butylamimar) Tetrathiomolybdates.

Like the analogous tetrathiotungstates the nevattebbmolybdates were prepared using the
direct salt substitution approach starting with ¢N¥Mo0S, as educt. Both compounds
crystallize in non-centrosymmetric orthorhombic @paroups. Attempts to determine the
crystal structure of tetraethylammonium tetrathibyhdate failed due to a very pronounced
disorder of the tetraethylammonium ions. Nevert®lethe crystal symmetry could be
determined as tetragonal with a centred space gbeupg the most probable choice space
group. It is notable that the analogous tetratmigstate compound was reported to crystallize
in the monoclinic space group $#2 Hence, this pair of compound is another raamgde in
the thiotungstate/thiomolybdate chemistry. In theucture of the tetramethylammonium
compound the MosSion is only slightly distorted in accordance witie absence of N-#6x
interactions. But the cations show a pronounceditippal disorder. Like for the
tetrathiotungstates the positional disorder is segged for the more bulky butylammonium
ion. The IR and Raman spectra of the compounds sh@hght shift of the Mo-S main
vibrations to lower energy with increasing alkylaai length, an observation which was also

made for the tetrathiotungstates.
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3.1.1
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Diammonium tetrathiotungstate(VI),
(NH;;)Q[WS;;J, at 150 K

A low-temperature structure determination of the title
compound, (NH,),|WS,], indicates several short N—H:--§
contacts between the two crystallographically independent
ammonium cations and the tetrahedral [WS,]*~ anions, which
are all located on crystallographic mirror planes.

Comment

that the (NH,)* ion
significantly influences the chemical behaviour of [MoS,]*";
this has been attributed to hydrogen-bonding interactions
between the cations and anions in (NH,)s[MoS,] (Schwarz et
al., 2003). In view of our recent interest in the chemistry of
tetrathiotungstates (Srinivasan et al, 2003), we have rede-
termined the structure of diammonium tetrathiotungstate at
low temperature. The title compound, (1), is 1sostructural with
(NH.)2|MoS,] (Lapasset et al., 1976), Csy[MoS,| (Raymond et
al., 1995), Rby[MoS,] (Ellermeier et al, 1999), K;[MoS,]
(Emirdag-Eanes & Ibers, 2001) and Rb,[WS,] (Yao & Ibers,
2004). The cell constants and space group for (I) are consistent
with earlier resulls determined from oscillation photographs
(Sasviri, 1963). In contrast with the older work, we have
located the H atoms.

In recent work, it has been shown

+

The asymmetric unit of (I) consists of halves of a tetrahedral
[WS,”~ ion and two crystallographically independent
ammonium cations, which are all located on crystallographic
mirror planes (Fig. 1). The W—5 distances range from
21836 (11) to 2.2090 (10) A (Table 1) and are comparable
with those of 2.171 (2)-2.205 (2) A recently reported for
Rb,| WS, (Yao & Ibers, 2004). In the crystal structure, anions
and cations are linked via N—H---S hydrogen bonding
(Fig. 2). No disordering of the H atoms in the NH," ion is
found in (I}, unlike in the corresponding Mo analogue, where
the H atoms are disordered over two orientations of both
NH,* cations (Schwarz et al., 2003). Several short N—H. . .S
contacts, with H- - -8 ranging from 2.57 to 3.03 A, are observed
between the cations and the anions, which are comparable
with those of 2.55-3.02 A reported for the Mo analogue
(Table 2). The N- .S distances for one of the cations fall in the
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Figure 1

The constituent ions of diammonium tetrathiotungstate, with the atom-
labelling  scheme. Displacement ellipsoids are drawn at the 50%
probability level [symmetry code: (i) x, #—y, z].

Figure 2

The crystal structure of diammonivm tetrathiotungstate, viewed along the
¢ axis (intermolecular hydrogen bonds are shown as dashed lines). Key:
W atoms are black circles, S atoms crosshatched circles and N atoms
circles shaded bottom left to top right.

range 3.242 (4)-3.5552 (7) A while the N- - -8 distances for the
second cation are longer, at 3.483 (4)-3.633 (4) A (Table 2).

Experimental

The title complex was prepared according to the procedure reported
by McDonald er al. (1983). The product was obtained as orange—
yellow crystalline blocks in 60% yield by passing a rapid stream of
H,5 gas for 9 h at 333 K into a solution of tungstic acid (5 g) dissolved
in concentrated ammonium hydroxide (40 ml) and water (10 ml). At
the end of 9 h, the reaction mixture was filtered and the filtrate was
set aside for a day, resulting in the formation of crystals of the title
complex.

Crystal data

(NH.)2[WS,] Mo Ko radiation

M, = 34817 Cell parameters from 7250
Orthorhombic, Prma reflections
a=9.6054(6) A #=10-25°

b= 69863 (5) A p=1497 mm !

© = 122557 (10) A T=150{2)K

V= 82243 (10) A®
Z=4
D,=2812Mgm*

Block, yellow
0.10 = 0,09 = 0.08 mm

Data collection

Stoe IPDS diffractometer 962 reflections with I = 2a(1)

§ scans Riny = 00032

Absorption correction: numerical Ay = 27,97
(X-SHAFPE; Stoe & Cie, 1998) h=-12- 12
Toin = 0238, T = 0297 k=-9%—9

7433 measured reflections I=—16— 16

1054 independent reflections

Refinement

E

w= e (F,2) + (D285 P)?
+ 11841P)
where P = (F,* + 2F2)3
(A )y = 0.001
Appa =074 e A7
Afpin = —136e A
Extinction correction: SHELXTS7
Extinction coefficient: 0.0029 (3)

Refinement on F*

R[F* = 2a(F%)] = 0018

wR{F?) = 0.048

5=110

1054 reflections

41 parameters

H-atom parameters constrained

Table 1 )

Selected geometric parameters (A, ©).

Wil—52 21856 (11) Wl—51 22090 (10}
W53 2.1870(7)

S2-WI—-53 108,25 (3) S2-WI1-51 11033 (4)
53 —WI—-53 108.23 (4) S53—-WI1—-51 109.87 (2)
Symmetry code: (i) x, '-},— Yy T

Table 2

Hydrogen-bonding geometry (A, 7).

D—H: A D—H HoA DA D—H: A
NI—HINI. ..52% (.86 278 3278 (3) 118

NI —HINI. ..53% 0,86 2H3 3489 (3) 135

NI —HINI. ..83% 0.86 283 3489 (3) 135
NI—H2NI. - .52 (.86 257 3242 (4) 136

NI —H2NI. .51 0,86 275 3439 (3) 139
N1—H3N1. ..583" 0.86 265 3414 (3) 149

N1 —H3M1. ..51" (.86 293 35552(7) 131
N2—HIN2. . .51 0.86 259 3483 (4) 128

N2— H2MN2. . .53" (.86 257 3513 (3) 133
N2—H2N2...53™ 0,86 287 3513 (3) 133

N2 H2N2. ..§1™ 0.86 303 3633 (4) 129
N2—H3N2. --53" (.86 252 3.563 (3) 146
N2—H3N2. ..52% 0,86 2.86 35289 (6) 136

Symmetry codes: (i) x =5
l=x1=yp1=z(vijx =

=z (i) =z 1=y z=5iiv) I-xl+vz=5¥
RIS PR W R OR SR (U TR O T

The H atoms were located in a difference map and were refined
with fixed bond lengths (N—H = 0.86 A) and fixed isotropic
displacement parameters [ Uy (H) = 1.5U.(N)] using a riding model.
The maximum electron-density peak is located 0.98 A from atom W1.

Data collection: [PDS (Stoe & Cie, 1998); cell refinement: {PDS,
data reduction: [PDS; program(s) used to solve structure:
SHELXSY7 (Sheldrick, 1997); program(s) used to refine structure:
SHELXLY9T (Sheldrick, 1997); molecular graphics: XP in SHELXTL

Acta Cryst. (2004). EoD, i1136-i138
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(Bruker, 1998); software used to prepare material for publication:
XCIF in SHELXTL.

This work is supported by the state of Schleswig-Holstein
and the Deutsche Forschungsgemeinschaft. BRS thanks the
Department of Science and Technology (DST), New Delhi, for
financial assistance under grant No. SR/SI/IC-41/2003.
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Three new tetrathiomolybdates (pipH:)[MoSs] (1), (trenH:)[MoSs]-H20 (2) and [(prop)yN]s-
[MoS4] (3) (pip = piperazine, fren = tris{2-aminoethyl)amine and prop = n-propyl) were synthesized
and characterized by elemental analysis, infrared spectroscopy, single crystal X-rav crystallography,
and thermoanalysis. All compounds were prepared by the base promoted cation exchange method,
i.e. by the reaction of the ammonium salt of [MoSs]2~ with the corresponding organic amine or
organic ammeonium hydroxide. In the compounds 1 and 2 the organic amines pip and tren are dipro-
tonated and they are linked to the tetrahedral [MoS,]?~ dianions through weak hvdrogen bonding
interactions. The strength and number of these hydrogen bonds affect the Mo-S bond lengths and
a relatively long Mo-5 bond of 2.2114(8) A is observed in 1 while the longest Mo-8 bond in 2 is
2.1951(5) A. In compound 3 no S-- - H-N interactions are possible and the Mo-5 bond lengths scatter
in a more narrow range compared to those in compounds 1 and 2. The thermal behavier was investi-
gated using differential thermal analysis and thermogravimetry. On heating compound 1 decomposes
in two closely related steps while 2 loses first the crystal water followed by the decomposition of the
tetrathiomolybdate. The final products are amorphous molybdenum sulfides. The decomposition of

compound 3 vields a very porous material with sponge-like morphology.

Key words: Thiomolybdates, Crystal Structures, Thermal Properties, Optical Properties

Introduction

The chemistry of soluble metal sulfide complexes
15 emerging as a frontier area of research in view
of the relevance of metal sulfide compounds in hy-
drodesulfurization catalysis (HDS), energy, environ-
mental and material science [1]. In recent vears, the use
of tetraalloylammonium tetrathiomolybdates as precur-
sor materials for the preparation of MoS1 catalysts 1s
showing much promise in the field of HDS cataly-
sis [2]. The nature of the alkyl group in the precursors
has been shown to affect the surface area. pore size
distribution as well as HDS selectivity. Current and fu-
ture investigations will be focused on the preparation
of HDS catalysts, which have a large specific surface
and a distinct ratio of rim and edge sites. The field of

catalytically active transition metal sulfides has been
reviewed [3.4]. The synthesis and HDS activity of Ni-

Mo-5 catalysts [3] and Co-Mo-S catalysts [6] both de-
rived from thiomolybdates have been reported recently.

The group VI metal Mo exhibits a wide range
of metal to sulfur stoichiometries, metal oxidation
states, coordination geometries and bonding modes
of the sulfido ligands [7]. A wvariety of struc-
turally diverse Mo-S 501111301111:15 like [MoS(S 4)3]3—__
[Moa(5)2(1-5)2(52)2]77. [Moa(Sh(u-5)1(54)(52)]7.
[Moa(S)2(u-58)2(540217. [SMo(MoS4):]7~ efc. have
been prepared from tetrathiomolybdates by reacting
with the appropriate reagents, which indicates the im-
portance of the [1\'1054]2_ moiety as a building block
for the synthesis of several novel Mo-5 complexes [8—
12]. In recent vears the use of tetrathiomolybdate for
the treatment of metastatic cancer has added an en-
tire new dimension to its chemistry [13, 14]. Although
[MDS;]E__. one of the simmplest soluble Mo-S com-
plexes, has been known from the days of Berzelius

09320776 /04 / 10001083 5 06.00(T) 2004 Verlag der Zettschrift fiir Namrforschung, Tibingen - http:/znaturforsch.com
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[15]. a systematic chemistry of this complex has been
developed only in the last two to three decades pr-
marily by Muller and coworkers [16]. The use of
thiomolybdate as a versatile reagent for the prepara-
tion of a variety of compounds and also its relevance
in bioinorganic chemistrv and medicine has been re-
cently reviewed [17]. It has been shown by Bezverkhyy
et al. that [}«'IOS;l]:_ can be used as a precursor for the
facile synthesis of highly dispersed MoS; [18] The
same group has reported that the chemical properties of
[PvIoS4]2‘ can be substantially changed by surround-
ing 1t with organic ammonium cations for example
cetyltriethyl ammonium [19]. This report gams further
credence from the work of Rauchfuss and co-workers
wherein the reactivity characteristics of [MOS4]2_ to-
wards PMe; (Me 1s methyl) have been reported [20].
Here it has been shown that acetonitrile solutions of
(EtyN ) [MoS4] (Et 15 ethyl) and PMe; are stable, while
acetonitrile solutions of (NHy):[MoS,] and PMes re-
act to form the hexacoordinated Mo(IV) complex
[MoS;(PMej3)s] indicating the role of proton sources
for 5 transfer. A possible reason for this differing re-
activity of (INH4)2[MoS4] and(Et4N)2[MoS4] has been
attributed to the short H-bonding contacts between the
cation and amon 1n (NH4)2[MoSs] [20]. a structural
feature which is absent in (Et4IN)2[MoS4] [21].

In our work we have shown the importance of
hydrogen bonding interactions in the lengthening of
M-5 (M = Mo or W) bond distances 1n several
[MS4]*~ complexes [22—31]. The above observations
taken together with our recent results m this area
clearly indicate that a rich chenustry of thiomolyb-
dates can be developed by suitably changing the hy-
drogen bonding interactions between the cation and
[MOS4]2_. These studies can then be useful to de-
rive a structure-function correlation in terms of the
M-S bond distances. The H-bonding interactions in
thiomolybdates can be fine tuned by a proper choice
of the amine, which differs in 1ts bulkiness and also
the number of potential H-bonding donors attached
to the amino nitrogen atoms. In the present work we
have emploved the cyclic amine piperazine (pip). the
polyamine tris(2-amincethylamine) (tren) and tetra-n-
propylammonium hydroxide [(prop) sN]JOH generated
in situ from [(prop)sN]Br and NaOH, for the cation
exchange reaction with ammonium tetrathiomolyb-
date. From these reactions we have isolated the com-
pounds (pipH?)[MoS4] (1), (trenH2)[Mo54]-H20 (2)
and [(prop)alN]2[MoS4] (3). In compound 1 both N

atoms of pip are protonated resulting in the formation
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of (pipHg}J"', while only two of the four N atoms are
protonated in 2 leading to the formation of (trenH 1)24'.
The structure of compound 1 which was reported ear-
lier [32] has been redetermined by us at low tempera-
tures, because the quality of the earlier structural data
was poot. In compound 3 the N atoms of the cations are
fully alkylated and hence S-- - H-N bonding 15 not pos-
sible. The compounds have been characterized by el-
emental analysis, infrared spectroscopy. single crystal
X-ray crystallography and thermoanalysis. The results
of these investigations are described in this paper.

Experimental Section

Marerials and merhods

The amines pip. tren, tetra-n-propylammonium bromide
and ammontum heptamolybdate and the solvents were used
in this investigation as obtained from commercial sources.
(NHy)2[MoSs] was freshly prepared by literature method
[33]. Far-IR spectra (range 80 to 500 cm~!) were mea-
sured on a Bruker IFS 66 infrared spectrometer in pressed
polyethylene disks. MIR spectra of the compounds were
recorded 1n a KBr matrix. The samples were ground with
dry KBr into fine powders and pressed mte transparent pel-
lets. The spectra were recorded in the IR region of 430 to
3000 c:m‘l, (resolution 1 em™ ") with a ATI Mattson Gen-
gsis infrared spectrometer. Raman spectra were measured
in the region from 100 to 3500 cm~! on a Bruker IFS 66
Fourier transform Raman spectrometer. DTA-TG measure-
ments were performed simultaneously vsing the STA-400CD
device (Wetzsch). The thermal investigations were performed
in AlpO3 crucibles vsing a heating rate of 4 K/min up to
600 °C and purged in 2 nifrogen stream of approximately
75 mlVmin. EDX analysis was performed with a Philips
ESEM XL 30 scanming electron microscope equipped with
an EDAX analyzer. X-ray powder patterns were recorded 1n
transmission geometry using a STOE STADI P diffractome-
ter (Cu-Kg = 1.54056 &),

Praparation of (pipH2)[MoS54] (1)

Freshly prepared ammonium tetrathromolybdate (260 mg,
1 mmol) was dissolved in distilled water (15 ml) and an-
hydrous piperazine (86 mg, 1 mmol) dissolved mn distilled
water {5 ml) was added at room temperature. The reaction
mixture was stirred for ~ 5 min and then filtered. The clear
filtrate was left undisturbed in a refngerator. After 2 days red
blocks of compound 1 were obtamed which were filtered,
washed with ice-cold water (2 ml) followed by isopropanol
(10 ml) and diethylether (10 ml), and dried under vacuum.
Yield 65%. — IR data: 3000 (br), 1544, 1440, 1371, 1207,
1186, 1079, 010, 862, 655, 556, 479, 465, 445, 336, 267, 200,
133, and 93 cm~!. — Raman Data: 496, 478, 469, 448 438,
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Table 1. Technical details of data acquisition and selected re-
finement results for (pipH2)[MoS4] 1, (trenH;)[Mo54]-H:0
2, and [{prop)yN]>[MoS4] 3.

Compound (pipHz2)- (trenHz)- [(propuN]z-
MoSs] (1) [MoSy]H20(2)  [MoSs](3)
Formula CyHioMoN; 54 CsHapNaOMoSy CagHssNaMoSy
W [2/mol] 312.36 39047 596.93
Space group Flife P /e C2/c
a[A] 8.23200%) 11.470(2) 32.334(4)
bA] 11.238(1) 11.793(2) 13.812(2)
c[A] 11.929(2) 12.483(2) 15.017(3)
B 95.20(2) 111.63(1) 109.24(2)
Volume [A%] 1101.7(2) 1569.5(4) 6331.7(2)
Z 4 4 8
Temperature / K 203 203 203
i [mm—1] 1.90 1.336 0.69
F(000y 624 800 2560
dege [ em—?] 1.883 1.652 1.252
26 Range [7] 3-60 3-60 3-60
hkl Range 011:-14/4; —16/1;-16/16; —42/40;,-18/12;
—16/16 —1617 019
Eefls collected 5058 8614 14726
Eefls unigue K 4588 7637
Data [Fp=4a(F,)] 2238 3990 3001
Rins 0.0535 00229 0.0395
min./max transm. - 0.7867 / 0.8513 -
dp [=/A7] —0.69 /0.670  —0.80/0.46 028/ 047
Parameters 101 146 511
R [Fy=40(FR)[* 00290 0.0209 0.0305
wR2 for all data 0.0730 0.0560 00758
Goodness of fit 1.017 1.042 0977
* Ry =X||Fo| - |Fe||/Z|F ol

Table 2. Atomic coordinates [ 10%] and equivalent isotropic
displacement parameters [A2 » 10%] for (pipH2)[MoS4] 1.

Atom X ¥ z Lzg
Ma(1) T927(1) 2790(1) 5944(1) 22(1)
S(1) 7930(1) 392001) T418(1) 30(1)
5(2) 573%(1) 1646(1) 3854(1) 29(1)
5(3) 10115(1) 1663(1) G118(1) 29(1)
S(4) T1924(1) 386001) 4431(1) 331
N(1) 4594(3) 2698(2) 8239(2) 29(1)
C(1) 3680(3) 1376(3) 8328(2) 29(1)
C(2) 2314(3) 1739(3) 9079(2) 28(1)
N(2) 1242(3) 2737 5668(2) 28(1)
C(3) 2168(4) 3864(3) 8382(3) 340
Ci4) 3525(4) 3693(3) T823(3) 32(1)

Uq 13 calculated as one third of the trace of the orthogenalised [
tensor.

190, 184 and 175 em ' — Analysis found (caled): C 15.04
(1538), H3.83 (3.88), N 8.71 (8.97), 5 40.95 (41.06).

Praparation of (trenf)[MoSs]-H20 (2)
Freshly prepared ammonium tetrathiomolybdate (320 mg,

2 mmel) was dissolved in distilled water (30 ml) contain-
g > drops of ammonia solution. An aqueous tren solution
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Table 3. Atomic coordinates [ x 104] and equivalent 1sotropic
displacement parameters [AZ x 10°] for (trenHa)[MoS4] -

H,0 2.

Atom x ¥ z Ueg
Moe(1) 1787(1) 35731 2323(1) 26(1)
S(1) 331 3020(1) 2509(1) 41(1)
5(2) 1543(1) 3576(1) 498(1) EXTRN]
S(3) 3266(1) 2420(1) 3299(1) 40(1)
S(4) 2250(1) 3303(1) 300171y 39(1)
N(I) 6392(1) 3008(1) 3075(1) 29(1)
C(1) 6714(1) 2723(1) 3417(1) 33(1)
C(2) 2024(1) 2645(1) 4327(1) 341
N(2) 8369(1) 1440(1) 4636(1) 41
C(3) 5928(2) 4490(1) 3883(1) 341y
Ci4) 6272(2) 3731(2) 4004(1) 43(1)
N(3) T644(2) 3876(1) 4469(1) 46(1)
Ci3) M7 4004(2) 1886(1) 36(1)
C(6) 6023(2) 371002) O81(1) 39(1)
Ni(4) T069(2) 441(1) O76(1) 43(1)
o) £0393(2) 3453(2) 344102y 26(1)

Table 4. Atomic coordinates [ = 104] and equivalent 1sotropic
displacement parameters [A? x 10%] for [(prop)yN]s-

[MoS4] 3.

Atom x ¥ z g
Me(1) 3731 7430(1) 4146(1) 38(1)
S(1) 4195(1) 6680(1) 3596(1) 31(1)
S(2) 3163(1) 7934(1) 2083(1) 36(1)
3(3) 350401) 6435(1) 5006(1) 61(1}
S(4) 4036(1) 8660(1) 5010(1) 60(1}
N 2530(1) 4890(1) 6034(1) ERToN
C(y 2485(1) 5318(2) 5058(1) 351
C(3 2197(1) 6197(2) 4787(2) 45(1)
C(3) 2179(1) 6336(2) 3813(2) 49(1)
Cid 21121 4630(2) 6138(2) 42(1)
Ci3 1830(1) 3937(2) 5409(2) 36(1)
C(6) 1418(1) 3706(2) 5627(2) 64(1)
CM 2770(1) 5639(2) 6777(1) 41(1)
C(8) 2876(1) 5297(2) TT91(2) 65(1)
C(9 3095(1) G60835(3) 84359(2) 96(1)
C{10y 2829(1) 3983(2) 6141(2) 42(1)
C(11y 3310(1) 4137(2) 6277(2) 47(1)
C(12y 3515(1) 3196(2) 6119(2) 32(1)
N2 5000 0109(2) 2500 36(1)
C(21) 3070(1) 8454(2) 33312 40(1)
C(22) 3116(1) 8970(2) 4275(2) 33(1)
C(23) 3205(1) 8250(2) S075(2) 38(1)
C(24y 5397(1) a9758(2) 264002) 44113
C(25) 3823(1) 9242(2) 2772 38(1)
C(26) 6180(1) 9970(2) 2792(2) 75(1)
N3 3000 4220(2) 2300 441
C(31) 3224(2) 5056(35) 3192{d 33(1)
C(32) 3424(7) 4808(5) 4222(4) 722
C{3179) 5124(2) 4375(4) 3469(4) 4713
€329 3486(2) 5321(5) 37313 63(2)
C(33) 3594(1) 5632(2) 4786(2) 23(1)
C(34) 5338(1) 3395(4) 2648(4) 48(1)
C(35) 5771(2) 3621(5) 250004y 64(2)
C{34n 5366(2) 3842(4) 2179(4) 36(1)
€357 3606(2) 3028(5) 2733(3) T3(2)
C(38) 6025(1) 2754(3) 2540(2) 95(1)
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Table 5. Selected interatomic distances (A) and angles
(") for (pipH2)[MoSs] 1, (trenH:)[MoS4]-H20 2 and
[(prop)sN]> [MoS,] 3.

Table 6. Hydrogen-bonding geometry (A, ®) for (pipH,)-
[Mo54] 1.

DH-A  d(D-H) 4l -A)dD-A) ZDHA Symmetry code
(pipEz ) MoSs] 1 NIHIA-SI 0000 2561 3298 13062
Mao(1)-5(4) 2.1683(8) Mo(1)-5(1) 2.1687(g) NI-HIA--S1 0900 2648 3303 13033 L
MU{I)—S(ﬁj 1_2{)0._1_(?} MU(I:I—S{I:I 12114(8) NI1-HI1B--82 0900 2379 3260 16621 X, —=y+ 3 ZII- 3 .
] 7 - - T
S()-Mo(1)-S(1) 11048(3) S(4)-Mo(1)-S(3) 100.71(3) o1 2C~53 0900 2465 3219 MIS0x—1 —y+ .24,
S(1)-Mo(1)-S(3) 108.66(3) S(@&)-Mo(1)-S(2) 110.04(3) o >12C~S4 0.900 2.884 3463 123.69x—1, —y+ 5,245
S()-Mo(1)-S() 10871(3) S(3)-Mo(1)—S(3) 10021(3) N2-HID-S3 0900 2454 3255 16291x—1y.:
NI-H2D--51 0.900 2819 3274 112.72x—-1,y.:z
(trenH:)[MoSs] Ha0 2:
Mo(1)-5(3) 21670(5)  Mo(1)-5(1) 2.1856(5) Table 7. Hydrogen-bonding geometry (A, ®) for (trenH,)-
Mo(1)-8(2) 2.1905(5)  Mo(1)-5(4) 21951(5)  [MoSs]-HaO 2.
S(3)-Mo(1)-5(1) 107.89(2) S(3)-Me(1)-5(2) 110.97(2) 3 1 1 v
S(1)—=Mo(1)=5(2)  109.79%(2) S(3)—Mo(1)=S(4) 109.79(2) _ _ - i
S(1)-Mo(1)-S(4) 10971(2) S(2)-Mo(1)-S(4) 108 68(2) D-H.A D-H H._..A D...A DHA Symmetry c?de :
[(prop)sNJa[MoS4] 3 NI-HI---52 0360 2383 3396 13803 x+1, —y+3.2+3
y (1‘; 5(;) B 1749) Mo(h—5(0) 2 183700 NI-HI-S1 0860 2936 3448 12006 x+ 1 —y+3.z+1
o(1)- 2.1749(7 o{1)—5( 21837(7 5 - e S N |
Mo(1)-5(2) 211885(8)  Mo(1)-5(1) 2.1928(7) Szij 2; g'zx ;';32 ijéz :fif: H:"” g
S(3)-Mo(1)=5(4)  109.19(3) S(3)—-Mo(1)=S(2) 10834(3) - 7 Bt N o __H_ =:—_1:1—-+1
S(4)-Mo(1)-S(2) 109.76(3) S(3)-Mo(1)-S(1) 109.48(3) N2-I3-N4 0.360 1.946 2.805 177.06 x.—y+3.2+3
S[d-]—Mo(lj—S(l) 10,9_?9(3) 5(2}—M0[1]—S[1] 110_15{3) N3-HI--54 0860 2623 3413 15312 —x+ 1, —¥y+ 1, —z+1
N3-H2--01 0.860 15885 2797 15711
(0.5 ml in 10 ml water) was added at room temperature. The ~ N3-H3--52 0860 2458 3313 17251 —x+1y+3. —z+1%
reaction mixture was filtered and the clear filtrate was left N4.H1--.83 0.890 29290 3715 14818 —x+1,y+ 1_[ —z+ :1!
undisturbed. After a day red blocks of compound 2 were N4-H2-.81 0.890 3.019 3638 128290 x+ 1.3,z
obtained, which were filtered. washed with ice-cold water O1-H1.--81 0.820 2499 3285 16138 x+1.y.z
(2 ml), followed by isopropanol (15 ml) and diethylether ©1-H2-.51 0.820 2.586 3305 16933 —.‘l'+1,}=+'l_r: —:+:1,

(20 ml), and dried under vacuum. Yield 70%. — IR data:
3462 (br), 3328(w), 3277(w). 3072, 3004, 2024, 2820, 1601,
1569, 1513, 1464, 1345, 1295, 1115, 1071, 1007, 963, 857,
755, 487, 467, 450, 357, 344, 248, 215, 203, 185, 132, and
101 em~!. - Analysis found (caled): C 1834 (18.45). H5.71
(5.64), N 1423 (14.35), $32.63 (32.83).

Preparation of [(prop)aNj2[MoSs] (3)

Freshly prepared (WHg)aMoS: (2 g 7.7 mmol) was
dissolved in distilled water (60 ml). This solution was
added to a mixture of tetra-n-propylammonium bromide
(4 g, 154 mmol) and NaOH (0.6 g, 155 mmol) in dis-
tilled water (10 ml). The resulting solution was stirred at
room temperature for 10 min and then kept undisturbed
overnight, precipitating red crystals of [(prop)sN]:MoS,.
The crystalline compound was filtered, washed with ice-
cold water (2 ml), followed by isopropancl (15 ml)
and diethylether (20 ml), and dred uvnder wvacuum.
Yield 80%. — IR data: 2965 (br), 2031, 2871, 1470 (s), 1376
(w), 1325 (w). 970 (s). 759 (w), 475 (sh), 465 (s), 448
(w), cm . — Analysis found (caled): C 47.05 (48.3). H 0.3
(04).N46(47),5208(21.5).

Single crystal X-ray diffractomery

Intensity data for compounds 1-3 were collected on a
AED2 four circle diffractometer at room temperature us-
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ing graphite monochromated Mo-Kg radiation. For 2 a nu-
merical absorption correction was applied. All structures
were solved with direct methods using SHELXS-07 [34] and
refinement was carried out against F2 using SHELXL-97
[35]. All non-hydrogen atoms were refined using anisotropic
displacement parameters. The hydrogen atoms were posi-
tioned with idealized geometry and refined using the riding
model with fixed 1sotropic displacement parameters. Four
carbon atoms of one of the three crystallographically 1n-
dependent tetra-n-propylammonium cations were disordered
in two posttions and were refined using a split model. The
technical details of data acquisition and some selected re-
finement results are summanzed in Table 1. The atomic
coordinates and equivalent tsotropic displacement param-
eters for compounds 1-3 are presented in Tables 2-4.
Selected bond lengths, and bond angles for compounds
1 to 3 and hydrogen bonding parameters are listed in
Tables 5-7.

Crystallographic data (excluding structure factors) have
been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC 241130 (1).
CCDC 241131 (2) and CCDC 241132 (3). Copies of the data
can be obtained, free of charge, on application to CCDC, 12
Union Road, Cambridge CB2 1 EZ, UK. (fax: +44-(0)1223-
336033 or email: deposit@cede.cam.ac.uk).
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Results and Discussion

Synthetic aspects

The synthesis of the title compounds has been
readily accomplished in good wyields by react-
g (NHa)a[MoS4] with the corresponding organic
amines. In the synthesis of 3, tetra-n-propylammonium
hvdroxide 1s generated in situ by the reaction of tetra-
n-propylammonium bromide with NaOH, which then
functions as the organic base. The formation of the title
complexes from ammonium tetrathiomolybdate on
treatment with the organic amines can be explained as
a base promoted cation exchange reaction, wherein the
stronger organic base replaces the weak ammoma of
(INH4 )2 [MoS4] as shown below. We have used a similar
methodology for the isolation of tetrathiomolybdates
as well as tetrathiotungstates [MS4]2_ (M = Mo. W)
with ethylenediammonium, 1,3-propanediammoninm,
N.N.N° N’ -tetramethylethylenediammonium and 1.4-
dimethylpiperazinium cations indicating the generality
of this reaction [26—30].

(NHy )2 [MoS4] + amine/ammoniumhydroxide
—1—342NH;3

The compounds are quite stable 1n air and less soluble
in water unlike ammonium tetrathiomolybdate.

Crystal structures

In the structures of the title compounds tetrahedral
[.MoS;;]z_ anions and the counter cations (pipHg:]I2+ (in
1. (trequ)z"' (in 2). and [(prop)4N]* (in 3) are found.
In 1 and 2 all unique atoms are on general positions
whereas in 3 N(2) and N(3) are located on special po-
sitions. In compound 1 piperazinium cations and tetra-
hedral [MOS4]2_ anions are connected via weak hy-
drogen bonds. In 1 the cyclic organic cation adopts the
chair form and the C-C and C-N bond lengths and bond
angles are in good agreement with those reported for
other complexes containing the same cation [36,37].
The MoS4 tetrahedron 1s distorted with S-Mo-5 angles
between 108.66(3) and 110.04(3)°. The Mo-5 bond
distances vary from 2.1683(8) to 2.2114(8) A_ with a
mean Mo-S bond length of 2.1872 A (Table 5) Al-
though the geometric parameters of 1 are 11 agreement
with those 1 other thiomolybdates like (enH 1 )[MoS54]
(en = ethylenediamine) [26] or [Cos(tren)s;][MoS4]>
[24]. two of the Mo-5 bond distances are longer,
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Fig. 1. Crystal structure of (pipHz)[MoSs] 1 with labeling
and displacement ellipsoids drawn at the 50% probability
level (top). with view in the direction of the crystallographic
g-axis (middle) and c-axis (bottom) (hydrogen bonding 1s
shown as dashed lines).

while the other two distances are shorter than the av-
erage Mo-5 bond length of 2.177(6) A reported for
(EtaN)2[Mo54] [21]. The elongation of Mo-S bond
distances mn 1 can be attributed to the observed short
hydrogen bonding contacts (2.379 to 2.884 A} between
the cation and anion (Table 6). This results m an ex-
tended three-dimensional network as shown in Fig. 1.
The 5---H distances in 1 are shorter than the 5---H
distances of 2.55t0 3.02 A reported for (NH4)2[MoS4]
[20]. The atoms 5(1,2.3) have two S---H contacts and
5(4) has one such mteraction. This feature 1s responsi-
ble for the very short Mo-5(4) distance of 2.1683 A
The small D-H--- A bond angle of 123.65° together
with the longest S.--H distance of 2.884 A observed
for 5(4) mdicates a very weak interaction. The short-
est S---H distance of 2.379 A is accompanied by the
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Fig. 2. Crystal structure of (trenH,)[MoS4]-H,O 2 with la-
beling and displacement ellipsoids drawn at the 50% proba-
bility level (top). with view in the direction of the crystallo-
graphic g-axis (middle) and c-axis (bottom) (hvdrogen bond-
ing 1s shown as dashed lines).

largest D-H- - - A angle which can explain the long Mo-
5(2) bond of 2.2114(8) A. The intermediate Mo-$
bond lengths can be similarly explained based on the
strengths of the H-bonding interactions. To the best of
our knowledge the Mo-5(2) distance of 2 2114(8) A
1 is one of the longest Mo-5 bond lengths reported so
far for tetrathiomolybdate complexes. It 15 also noted
that the difference between the longest and the shortest
Mo-S bond distances of 0.0431 A in 1 is very large.
This 1s probably responsible for the appearance of a
split Mo-5 vibration 1 the IR spectrum.

In the structure of 2 diprotonated trem cations,
tetrathiomolybdate anions and crystal water are present
(Fig. 2). Only two of the four N atoms in tren are pro-
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tonated while the tertiary atom N(1) as well as one of
the primary amino group N(4) are not protonated. A
similar feature has been observed in (trienH;)[MoS54]
(trien = triethylenetetramine) which 1s derived from the
isomeric amine trien [38]. All interatomic distances
and angles in the tren cation are in agreement with the
data reported for complexes containing the tren moi-
ety like [Coa(tren);][MoS4]2 [24]. As in 1 the [MoS4]
tetrahedron 1s distorted with 5-Mo-5 angles between
107.89(2) and 110.97(2)° and Mo-S bond lengths from
2.1670(3) to 2.1951(5) A with a mean Mo-8 distances
of 2.1846 A (Table 5). In 2 three of the Mo-S bonds
are longer than the average Mo-$ distance of 2.177 A
reported for (EtaN)2[Mo54][21]. In 2 short 5. -H con-
tacts are observed between the organic cation and the
anion (Table 7). and the crystal water 15 also mvolved
in two H---5(1) interactions. The resulting H bond-
ing network i1s shown in Fig. 2. The 5---H contacts
range from 2.458 10 3.019 A and are shorter than those
(2.55 to 3.02 A) reported for (NH)>[MoS,] [20]. The
shortest Mo-S bond length of 2.1670(5) A is observed
for 5(3). which has only one contact to a H atom
at a distance of 2.929 A (Table 7). The analysis of
the situation for S(1) and 5(4) shows some interest-
ing trends. The atom 5(4) has two H atoms at dis-
tances 2.623 and 2.530 A with corre sponding angles of
153.12 and 169.34° and the longest Mo-5 bond length
of 2.1931(3) A On the other hand. 5(1) has four inter-
actions with H atoms. two with H atoms of the am-
monium groups and two with H atoms of the water
molecule. The two former are very weak (2.936 A, an-
gle: 120.06°; 3.019 A 128.29%) while the latter two in-
teractions are significantly stronger (2.499 A 161.38°;
2.586 A, 169.33%). The resulting Mo-S(1) bond of
2.1856(3) Ais surprisingly short as one would ex-
pect that this bond is at least as long as the Mo-5(4)
bond. One possible explanation may be that despite
the short S(1)---H distances to the H atoms of the
water molecule the interactions are weaker than with
H atoms bound to N with S- - -H separations of compa-
rable lengths. Finally, S(2) has two short contacts (Ta-
ble 7). and the Mo-5(2) bond amounts to 2.1905(5) A.
The difference between the longest and the shortest
Mo-S bond distances in 2 of 0.0281 A is slightly
smaller than that observed in 1.

In compound 3 three crystallographically indepen-
dent [(prop)sN]t cations are observed with two of
them located 1n special positions (see Fig. 3). The C-C
and C-N bond lengths as well as the angles observed
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Fig. 3. Crystal structure of [(prop)sIN]2[MoS4] 3 with label-
g and displacement ellipsords drawn at the 50% probability
level (top), with view 1n the direction of the crystallographic
c-axis (bottom).

for the cation are i the nommal range. The S-Mo-5
angles between 108.34(1)° and 110.25(1)° (Table 3)
demonstrate the distortion of the [MoS;;]l_ tetrahe-
dron. The Mo-S bond lengths scatter i a more nar-
row range than in 1 and 2 with values from 2.1749(7)
to 2.1928(7) A and a mean Mo-S bond distance of
2.1850 A  The difference between the longest and
shortest bond amounts to 0.0179 A and is the low-
est value for all three compounds. It 1s mteresting to
note that the average Mo-S distance in 3 1s significantly
longer than in (Et;N);[Mo$s] of 2.177(6) A

Spectral studies

Several bands in the central part of the IR spectra
observed for compounds 1, 2 and 3 can be attributed to

M. Poisot, CAU - Kiel, 2007.

absorptions of the cations. The infrared spectrum of 2
exhibits a broad and strong band at around 3462 cm -1
that 1s assignable to the O-H stretching vibration of the
crystal water. In contrast. the anhydrous compounds 1
or 3 are devoid of any bands above 3100 cm ~! The
N-H stretching vibrations appear at around 3000 em !
in 1 and at 3072 and 3004 em~! in 2. Since com-
plex 2 contains protonated amine as well as free amine
more bands are observed for 2 in the N-H region.
The shift to lower wave numbers compared to the
free amine in 1 or 2 can be attributed to the H-
bonding interactions (N-H---S) between the organic
cation and the tetrathiomolybdate anion. For the free
tetrahedral |_'_|\vIoS4]2_ anion four characteristic bands
vi(A1), va(E), va(F2), and v4(F2) are expected [16, 39].
All four bands are Raman active while only v3 and vy
are infrared actrve. Many tetrathiomolybdates exhibat
a single strong band at around 475 cm ! assignable
to the triply degenerate asymmetric stretching vibra-
tion (v3) of the Mo=S bond [16, 26, 33]. Interestingly.
for 1 this vibration 1s split up and appears as a dou-
blet at 479 and 465 cm ! with a further band around
445 em~!. The observed extra sipnals cannot be as-
signed to vibrations of the organic cation in view of the
fact that no strong signals are observed for (pipH 2)Cla
below 500 cm~!. Hence these features indicate con-
siderable distortion of the [MoS,] tetrahedron and can
be explained by the lowering in symmetry [16], which
1s probably responsible for the symmetnic stretching
vibration (V) of the Mo=S5 bond at 445 em~!to ap-
pear as a medium intensity band. The IR inactive (vq{)
vibration 1s seldom observed for undistorted tetrahe-
dral compounds. The assignment of the 445 cm ~! band
for the symmetric stretching vibration gains credence
form the observation of an intense signal in the Raman
spectrum of 1 at 448 cm~1. For 2 the IR absorptions
are located at around 487 and 467 cm~! with a very
weak shoulder at 450 cm~!. The same arguments can
be used to explain the occurrence of three bands in-
stead of one when the [MoS4] tetrahedron is not dis-
torted. The reduced symumetry of the anion 1n 3 is also
abvious from its IR spectrum. A broad asymmetric and
intense band with the maximum located at 464 cm ! is
seen with a shoulderat 474 cm . A third signal occurs
at 448 cm—!.

Thermal studies

The thermal stability of all three compounds was in-
vestigated using DTA-TG measurements. On heating
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Fig. 4 DTA, TG and DTG curves for (pipH>)[MoS4] 1 (heat-
ing rate 4 K/min; Ny atmosphere; given are the peak temper-
atures (Tp) in °C and the mass loss in %).

compound 1, the decomposition starts at about 170 °C,
which 1s accompanied by endothermic events in the
DTA at 172 and 194 °C (Fig. 4). From the DTG curve
1t 15 obvious that this reaction occurs in several steps,
which cannot be fully resolved. The complete mass
loss up to 330 °C where the DTG curve shows a min-
imum 1s about 38.3%, which i1s in good agreement
with the emission of hydrogen sulfide and piperazine
(Amies(-piperazine’-H3S) = 38.3%) resulting in the
formation of MoS3 according to the following equa-
tion (1):

(pipHz)[MoS4] — pip + HaS + MoSz (1)

The simultaneous emuission of amine and H>S has
been observed by us earlier during a thermal decom-
position study of (1.3-pnH;)[MoSs] (1.3-pn 15 13-
propanediamine) [27]. On further heating of the sam-
ple. a slow mass decrease was observed and the resid-
val mass of 60.6% at about 800 “C (not shown in the
DTA-TG curve) shows that the intermediately formed
MoSs 15 transformed into MoS2. The elemental anal-
vsis of the black residue indicates that a small amount
of C and N remained in the product, the X-ray powder
pattern of which showed no sharp reflections but only
broad humps indicating that an amorphous product was
formed.

When compound 2 is heated a single mass step of
4.6% occurs at about 80 “C, which can be attributed
to the loss of the water incorporated in the crystals
(Amge,(-H:0) = 4.6%) (Fig. 3). From the DTA and
the DTG curve it 1s obvious that this reaction con-
sists of two endothermic events, which occur at 105

M. Poisot, CAU - Kiel, 2007.
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Fig. 5. DTA, TG and DTG curves for (trenH,)[Mo54]-H,0

2 (heating rate 4 K/min; N> atmosphere; given are the peak

temperatures (Tp) in °C and the mass loss in %).

and 113 °C. The loss of water is complete at about
140 “C_ On further heating the sample mass decreases
strongly and two endothermic events are observed at
162 and 203 “C. The DTG curve shows that the de-
composition reaction proceeds in three different steps,
which cannot fully be resolved. The experimental mass
loss up to about 290 °C where the DTG curve shows
a mintmum 1s about 37 4% which is in good agree-
ment with the loss of the amine ligands (A mypeq(-tris(2-
aminoethyl)amine)) = 37.4%). However, the C, H N
analysis of the final black residue revealed the presence
of large amounts of organic matter and therefore, it can
be assumed that as i the decomposition of compound
1 the amine and H2$ are enutted simultaneously. Upon
a further increase of the temperature the sample mass
decreases slowly. The C, H and N analytical data of
the residue indicate the formation of a contaminated
MoS3_y sulfide. An X-ray examination of the residue
showed it to be amorphous. Therefore, the decomposi-
tion of compound 2 follows predominantly the follow-
ing equation (2):

(trenH3)[MoSs] - HaO — tren+H>54+MoS3;+H20 (2)

For 3, DTA-TG measurements showed a strong en-
dothermic event at 99 °C (Fig. 6). Because the sample
mass remains constant it can be inferred that a phase
transition occurs. With an increase in temperature, a
mass loss 15 observed in two steps. The DTG curve
shows that the first mass loss consists of several differ-
ent successive steps, which cannot be fully resolved.
The complete mass loss up to 360 °C 1s 69.6% which
15 slightly more than expected for the loss of the or-
ganic components and sulfur leading to the formation
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Fig 6. DTA, TG and DTG curves for [(propiaN]a[MoS54] 3
(heating rate 4 K/min; N, atmosphere; given are the peak
temperatures (Tp) in “C and the mass loss in %),

of MoS3 (Amheo(-CaqgHssIN25)) = 67.8%). However,
elemental analysis shows residual carbon 1 the prod-
uct (composition: Mo5:Cp 7) suggesting that MoS; 15
formed.

The thermal properties of compound 3 were also 1n-
vestigated in the past [2, 40]. The authors proposed the
following sequence of decomposition steps (3, 4):

3 — (CH3;CH,CH,)3N + CH:CH>CH; NS

3
+(CH3CH2CH;z )4MoS3 )

(CH3CH,CH; )yMoS; — (CH3CH,CH, )28 (4
+ CH3(CH;)4CHz + MoS2

These reaction steps were obviously assigned based
on the mass changes alone dunng the decomposi-
tion. In the earlier work an initial mass loss of 2%
was also reported and attributed to elimination of 1m-
purities like trace amounts of water [40]. To shed
further light onto this complex behavior we investi-
gated the thermal reactions with DTA-TG measure-
ments coupled with mass spectroscopyv. In contrast to
the previous investigations we find that the mass spec-
tra in both steps are identical which show that in both
steps the same compounds are enutted. An analysis of
the pattern shows clearly that tripropylamine (m/z =
143} 15 emitted in both steps. The remaining peaks
can be assigned to the formation of dipropyldisulfide
(CH3CHxCH2SSCH2CHoCHs: m/z = 150). There
are no hints for the formation of CH;CH,CH;INS,
(CH3CH>;CH:)»S or CH3(CH;)4CHz as proposed
from the results obtained in previous investigations

M. Poisot, CAU - Kiel, 2007.
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Fig. 7. X-ray powder pattern of compound 3 {full line) and
of the product obtained when the thermal decomposition 15
stopped at 200 “C {dotted line).
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Fig. 8. SEM micregraph of the decomposition product of
compound 3.

[40]. The following equation may account for our ob-
servations (J):

3 — 2(CH;CH;CH; 3N )
J
+(CH3;CH2CH, SSCH;CH2CH3) + 2 MoS;

However, if the reaction 1s stopped after the first TG
step at about 200 °C. the X-ray powder pattern is
completely different from that of the starting com-
pound and does not correspond to that of MoS; or
MoS; (Fig. 7). The relatively low modulation shows
also that practically no amorphous molybdenum sul-
fides are present. This experiment 1s indicative of the
fact that some unknown mtermediate compound is
formed and that the overall reaction must be more
complicated.
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The decomposition products were also examined
with Scanning Electron Microscopy. The products of
1 and 2 are composed of fine particles with a plate-
like morphology. In contrast the product of 3 shows
pores with diameters in the um range and a sponge-
like morphology (Fig. 8). This observation 1s in accor-
dance with literature results [2] where the mesoporos-
ity was explained due to the accumulation of gases dur-
ing the thermal decomposition process, the formation

of channels being caused upon the escape of the gases
to the surface of the matenal.
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Abstract. Two new tetrathiotungstates (pipH,)[WS,] (1) and
(trenHA ) [WSy] - H4O (2) (pip = piperazine and tren = tris(2-amino-
ethyljamine) were synthesized and characterized by elemental
analysis. infrared. Raman, UV-Visible and 'H NMR spectroscopy.
single crystal X-ray crystallography. and thermoanalysis. In 1 and
2 the amines pip and tren are diprotonated and they are linked to
the [WS,]*~ tetrahedra via weak N-H-8 (1. 2) and N-H:-0 (2)
hydrogen bonds. In 2 the H atoms of the HaO molecule have also
contacts to S atoms. The strength and number of the S-~H interac-
tions affect the W-5 bond lengths and a relatively long W-5 bond
of 3.214?(”{] A is observed in 1 while the longest W-S bond in 2 is
2.1997(6) A. The different degree of distortion of the [WS,2-

anions is reflected in the IR and Raman spectra. The compounds
decompose upon heating in an inert atmosphere to form amorph-
ous WSz 1CpaNpa and WS, 1C3Ngg respectively, and the C and N
content of the decomposition products is determined by the C and
N content of the amines. In contrast to other tetrathiotungstates,
the thermal reaction of both compounds do not proceed via
amorphous WSy as an intermediate phase. Compound 2 can be
reversibly de- and re-hydrated, and the process of re-hydration pro-
ceeds presumably via dissolution-re-crystallization mechanism.

Keywords: Tetrathiotungstates; Crystal structures: Spectral and
Thermal Properties

Introduction

The chemistry of soluble metal sulfide complexes is still an
attractive field of research due to its importance in hydrode-
sulfurization catalysis (HDS). environment and material
science [1]. The soluble sulfides of the group VI metals W
and Mo [2. 3] are unique as they exhibit a wide range of
metal to sulfur stoichiometries, metal oxidation states, coor-
dination and bonding modes of the sulfido ligands. Interest-
ingly, many of the known W-8 complexes have been synthe-
sized using the simple mononuclear tetrathiotungstate indi-
cating that [WS,J*~ is an useful starting material in W-S
chemistry. The ammonium salt of tetrathiotungstate was
first prepared a long time ago by Berzelius [4]. but much of
its chemistry has been developed only in the last three de-
cades [3] since the first reported synthesis of [Ni{WS4),]*~
complex [6].

In recent years, the use of organic ammonium tetrathio-
tungstates as precursors for the preparation of WS, cata-
lysts has shown much promise in the field of hydrodesulfur-
ization (HDS) catalysis [7]. The nature of the organic moi-
ety in the precursors has been shown to affect the surface
area, pore size distribution, the carbon content as well as
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HDS selectivity. Interestingly, only few of these tetrathi-
otungstates have been structurally characterized. In ad-
dition. a systematic study how the organic ammonium spec-
ies influences and determines the final carbon content has
not been undertaken until now. The tetrahedral [MS,]*~
(M = W, Mo} unit is an important building block, which
can be used to generate a great variety of fascinating struc-
tures [2, 3]. This structural diversity can be attributed to
the flexibility of the tetrahedral motif as evidenced by the
structural characterization of several [WS,]*~ and also the
corresponding [MoS,*~ complexes with several counter
ions in our recent work [8—19]. In almost all these com-
plexes, the [MS,] tetrahedron is slightly distorted with one
or two of the M-S bonds elongated. which we have ex-
plained on the basis of the strength and numbers of S---H
interactions between [MS,]*~ and the organic cation. It has
also been reported in the literature for Mo-S compounds
that the chemical properties of [MoS8,]>~ can be substan-
tially changed by surrounding it with bulky organic am-
monium cations [20]. The role of hydrogen bonding interac-
tions between the cation and anion to influence the reactiv-
ity characteristics has also been reported [21]. In view of
this we are investigating the synthesis, structural and ther-
mal characterization of organic ammonium tetrathiometal-
ates of the group VI metals and have already shown that a
rich chemistry of tetrathiomolybdates can be developed by
suitably changing the hydrogen bonding interactions
between the cation and [MoS,]* [22]. In continuation of
this work, we describe herein the synthesis, spectroscopic,
thermal and X-ray structural characterization of two new

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim 1087
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Table 2 Hydrogen-bonding (in A, ) for (pipHz)[WS4] (1).

D-H-A diD-Hy diH-A) <DHA d(D--A) Symmetry code
NZ-HI-81 0900  2.486 14083 3.2 i-lyvz
N2-H2--81 0900  2.458 16371 3.331 =1, —y+12, 2-112
NI-HI-82 0900  2.389 16667  3.272

NI-HI--82 0900  2.587 13885 3318 X —yv+12,2-102
N2.HI--83 0900  2.881 12433 3470 -l vz
NI-H2-84 0900  2.638 13095  3.299 T —y+ 12, 2— 12
N2-H2--84 0900  2.841 112,07 3.287 =1, —y+12, 2—112

tetrathiotungstates obtained by the reaction of [WS,*
with the cyclic diamine piperazine (pip) and the polyamine
tris(2-aminoethylamine) (tren).

Results and Discussion
Crystal Structures

The synthesis of the two new tetrathiotungstates was readily
accomplished in good yields by the base promoted cation
exchange reaction. The details of this synthetic route have
already been described in our recent report [22]. The com-
pounds 1 and 2 are quite stable in air and less soluble in
water unlike ammonium tetrathiotungstate. However, both
are freely soluble in aqueous ammonia. In the structures
of the title compounds tetrahedral [WS,F~ anions and the
counter cations (pipH-)>" (in 1). and (trenH,)** (in 2) are
found. In 1 and 2 all unique atoms are located on general
positions. Compound 1 is isostructural to (pipHa)[MoS4]
recently reported by us [22]. In (1) the (pipH,)** cations
and [WS4]*~ anions are connected via weak hydrogen
bonds. The organic cation adopts the chair form with C-
C and C-N bond lengths and bond angles being in good
agreement with those for other complexes containing the
same cation [22—24]. The [WS,]*~ tetrahedron is slightly
distorted (S-W-S angles: 108.57(3)—110.49(3)°, Table 1).
The W-5 bends vary from 2.1762(7) to 2.2147(7) A, with a
mean W-S bond length of 2.1937 A (Table 1). These param-
eters agree well with those in other compounds like [Ni-
(tren),][WS,] [8] or (enH,)[WS,] (en = ethylenediamine) [9].
Two W-S bonds are longer, while the other two are shorter
at around 2.1762(7) A. The elongation of W-S bond dis-
tances can be attributed to short S--H contacts (2.389 to

Table 1 Selected bond lengths and angles (in A, degree) for
(pipHy)[WS,] (1).

Wil)-8(3) 2.1762(7) Ni1)-Cidy 1.492(4)
Wil)-Si4) 2.1797(7) C(1-C(2) L5104)
Wil)-8(1) 2.2042(7) C{2)-N(2y 1.502(4)
Wil)-8(2) 2214%(7) N(2)}-C(3) 1.479(4)
N(1)-Cil) 1.485¢4) C(3)-C(4) 1.510(3)
S(3)-Wil)-S(4) 11049 3) Ci-Ni1)-C(4 111.6(2)
S(3)-Wil)-5(1) 109.67(3) M{1-C{1)-Ci2) 110.7(2)
S(d)-Wil)-S(1y 108.57(3) Mi2C(2-Ci1) 110.02)
5(3)-W(1)-S(2) 11012(3) C(3)-N(2)-C(2) 112.1(2)
S(4)-Wil)-S(2) 108.75(3) N(2}Ci3)-Cid) 110.3(2)
S(1)-Wil)-S(2) 109,20y 3) N1 -Cih-Ci3) 110.3(2)

1088 B 2005 WILEY-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim

M. Poisot, CAU - Kiel, 2007.

Table 3 Selected bond lengths and angles (in A degree) for
(trenHa)[WS4] - H2O (2).

Wil)-5(3) 2.1739(6) Ci1)-C(2) 1.512(¢%)
Wil)-S(1) 2.1925(7) C(2)-N(2) 1.489(3)
Wil)-S(2) 2.1954(6) C(3)-Cidy 1.505(3)
W(l)-5(4) 2.1997(6) Ci4)-N(3) 1.477i4)
N(1)-C(ly 1.470¢3) Ci5)-C(8) 1.521(3)
N{1)-C(5) 1.471(3) Cif)-Ni4) 1.458(3)
N(1)-C(3) 1.475(3)

S(3-W(1)-5(1) 108.09(3) Ci5)-N(1)-C(3) 110.58(18)
S(3)-W(1)-8(2) 110.90¢3) N(D-C(1)-C(2) 110.60(17)
S(1-W(l)-8(2) 109.68(3) N(2)-C(2)-C(1) 110.52(18)
S3-W( )-8 109.80(3) N(1)-C(3)-Cidy 1119719y
SIL-W()-S8(4) 109.63(3) N(3)-Cid)-Ci3) 110.6(2)
S(2)-W(1)-5i4) 108.73(2) N(1)-C(5)-C(6) 113.7(2)
CiD-N(1-C(5) 111.93(18) N()-C(6)-C(5) 116.002)
Cih-N(=C(3) 110.98(17)

Fig. 1 Crystal structure of (pipHz)[WSy] (1) with view of the
[WS4J~ anion (top: left) and the {pipHz** cation (top: right) with
labeling and displacement ellipsoids drawn at the 50 % probability
level. The packing along the c-axis is shown in the lower part
(hydrogen bonding is shown as dashed lines).

2881 A) (Table 2), which results in an extended three-di-
mensional hydrogen-bonded network (Fig. 1). The S--H
distances in 1 are shorter than in (enHy[WS,]
(2.432-3.003 A). In 1 S(1), 5(2), and S(4) have two S--H
contacts while S(3) has only one (Table 3). This feature is
responsible for the very short W-5(3) distance of 2.1762
(7) A. The D-H:-A bond angle of 124.337 together with the
longest S---H distance of 2.881 A observed for S(3) indicates
a ver}'oweak interaction. The shortest S---H separation of
2389 A is  accompanied by the largest D-H--A
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angle which can explain the long W-S{2) bond of
2.2147(7) A. The intermediate W-S bond lengths can be
similarly explained based on the strengths of the H-bonding
interactions. To our knowledge, the W-S(2) distance of
2.2147(7) A in 1 is one of the longest W-S bonds in tetra-
thiotungstates and is comparable with that in (1.4-
dmpH,)[WS,] (14-dmpH,: 1 4-dimethylpiperazinium) of
2.2136(8) A [11]. In addition, in 1 the difference between
the longest and the shortest W-8 bonds of 0.0385 Ais large,
and this probably is responsible for the appearance of a
split W-§ vibration in the IR spectrum.

Compound 2 is isostructural with (trenH,)[MoS,] - H,O
[22] containing the diprotonated (trenH,)** ion. In 2
(trenH,)* Tcations, [WS,]*~ anions and H,O molecules are
present (Fig. 2). We note that 2 is the first example of a
structurally characterized hydrated tetrathiotungstate.
Interatomic distances and angles in (trenH,)** are in excel-
lent agreement with those in [Cosltren)s][MoSy]: and
(trenH,)[MoS,] - HyO [15. 22]. The [WS,J*~ tetrahedron is
slightly distorted with W-S bond lengths in the range of
2.1739(6) to 2.1997(6) A (mean W-S distance: 2.1904 A)
(Table 3). Three of the W-S bonds are longer than the aver-
age W-S distance of 2.1893 A reported for (enH,)[WS,] [9].
In 2 short S---H-N contacts are observed which are slightly
longer than in 1 (Table 4 and Fig. 2). The shortest W-S
bond of 2.1739(6) A is observed for S(3), which has only

Fig. 2 Crystal structure of (trenHz)[WSy] - H2O (2) with view of
the WS4 anion (top: left) and the {trenH»)** cation (top: right) with
labeling and displacement ellipsoids drawn at the 50 % probability
level and of the packing in the direction of the c-axis (bottom)
(hydrogen bonding is shown as dashed lines).
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Table 4 Hydrogen-bonding (in A, “) for {trenHa2)[WS4]- HaO (2).

D-H-A d(D-H) d(H-A) <DHA diD-A) Symmetry code
N2-HI--81 0861 2946 119.97 3457 =+l —y+12. 2412
N4-H2--81 0802 3015 12832 3636  x+l.yz

Ol-HI--51 0822 2.500 16120 3.289 i+l vz

Ol-H2--81 0832  2.596 16928 3.407 =%+, y+1/2, —z+12

NI-HI--82 0861 2,590
NI-H2-52 0862 1994
N3-H3-82 0861 2462
N4-HI-83 0891 2939

158,17 3405
110,07 3388
17265 3318
14828 3727

X+l =y+ 12, 2+ 12

—x+1 y=12, —z+1/2
—x+1, ¥+ U2, —z+ 12
—x+1, y+ UL, —z+ 102

N2-H2--84 0862 2536 16924 3.387 —x+1, y=12, —z+1i2
MN3-HI--84 0862 2634 152905 3424 —x+1, —y+1, —z+l
N2-H3--N4 0862  1.946 17684  2.807 ®, —y+12, z+1/2
N3i-H2-01 0862 1983 156.99  2.797

one contact to a H atom at a distance of 2.939 A (Table 4).
The analysis of the situation for S(1) and S(4) shows some
interesting trends. S{4) has two contacts to H atoms of
2.536 and 2.634 ;k. N-H---5(4) angles of 169.24 :gld 152.95°
and the longest W-S bond length of 2.1997(6) A. S(1) has
two contacts to H atoms of the ammonium groups and two
to H atoms of H,O (Table 4). The two former are long
(2.946 A, 119.97%; 3.015 A, 128.327) while the lgtter two in-
teractions are significantly shorter (2.500 A, 161.20%;
2.596 A, 169.28%). The W-5(1) bond of 2.1925(5) A is sur-
prisingly short as one would expect that this bond is at least
as long as the W-S(4) bond. One possible explanation may
be that despite the short S(1)---H distances to the H atoms
of H,O the interactions are weaker than those to H atoms
bound to N. This explanation gains more credence as a
similar behavior was observed in the isostructural Mo com-
plex [22]. Finally, S(2) has two short contacts, and the
W-Si(2) bond amounts to 2.1954(6) A. The difference be-
tween the longest and the shortest W-S bond distances in 2
of 0.0158 A is smaller than that observed in 1.

Spectral studies

The UV-Visible spectra of 1 and 2 in dilute aqueous am-
monia exhibit bands at around 393, 277 and 221 nm. The
peak positions are almost identical to that in the corre-
sponding ammonium or tetraethylammonium salts [35, 23]
and can be assigned to the charge transfer transitions of the
tetrahedral [WS4F~ moiety. The '"H NMR spectrum of 1 in
DMSO-ds exhibits a sharp singlet at § = 3.25 ppm assign-
able to the magnetically equivalent methylene protons. Two
triplets at 8 = 2.55 (] = 6 Hz) and & = 2.82 (] = 5.5 Hz)
one each for the equivalent -CH, groups (C1, C3 and C35)
directly bonded to N1 and the other for the remaining
three -CH, groups (C2., C4 and C6) are observed in the 'H
NMR spectrum of 2. Because only these signals are ob-
served a very rapid exchange of the N-H protons with the
trace amounts of water in DMSO-d; can be assumed.

The bands in the central part of the IR spectra of 1
(Fig. 3). and 2 (Fig. 4) are due to absorptions of the organic
cations. The IR of 2 exhibits a broad and strong band at
around 3471 cm™! due to the O-H stretching vibration of
H>0. The WN-H stretching modes appear at around
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Fig. 4 Raman and TR spectra of { trenH,)[WS,] - HaO (2).

3000 em~' in 1 and at 3084 and 3009 em~! in 2. The shift
to lower wave numbers compared to the free amines in 1 or
2 can be attributed to the H-bonding interactions {N-H---5).
For free tetrahedral [WS54"~ amons four characteristic
bands vi[A), v2(E) va(Fz), and vy(Fz) are expected [26].
All four bands are Raman active while only v, and v, are
infrared active. Many tetrathictungstates exhibit a single
strong band at around 455 em™! assignable to the triply de-
generate asymmetric stretching vibration (v;) of the W=8
bond [5. 26]. Interestingly, for 1 v, 15 spht and appears as a
doublet at 454 and 441 cm™! with a further band around
473 em! (Fig. 3). The observed extra signals cannot be
caused by the (pipH;F* cations as no strong signals are
observed for (pipH;)Cly below 500 em™!. Hence these fea-
tures indicate considerable distortion of the ['W5,] tetra-
hedron and can be explained by the lowering of symumetry
[5], which 1s probably responsible for the symmetric stretch-
ing vibration {v) of the W =5 bond at 473 cm~! to appear
in the spectrum. The IR inactive (v;) vibration is normally
not ohserved for undistorted tetrahedral compounds. The
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assignment of the 473 cm~! band for the symmetric stretch-
ing vibration gains credence from the observation of an in-
tense signal in the Raman spectrum at 480 em~'. The IR
active (V) vibratlon 15 also observed as a doublet at 191
and 201 em™'. The weak signal at 451 em™" in the Raman
spectrum can be assigned to the (v;) vibration while the
signal at 183 cm~! is due to the degenerate (v,) and (v,)
modes. For 2 the IR absorptions are observed at 481 and
454 cm~ ', Unlike in 1 the signal at 454 cm ™' is not clearly
split even though it appears quite broad (Fig. 4). 1 e the
distortion of the anion is less pronounced in accordance
with the smaller difference in bond distances between the
longest and the shortest "W-5 bonds. The IR spectrum of
complex 2 can be explained sinularly as for 1.

Thermal studies

The thermal decomposition behavior of (NHy)[WSy 1=
well documented and is represented by the equation (1)

(MH4}a[WSy] — 2 MNH; + H:S + W5, (1

The compound is stable up to 180 °C and decomposes with
an endothermic peak at 280°C [5, 27]. The intermediate
formed WSy has been reported to be stable between 310
and 340 °C followed by decomposition into S and WS, The
formation of WS5; 15 accompanied by a sharp exothermic
event at 339 °C. Compound 1 1s found to be thermally more
stable and decomposition starts at 208 °C accompanied by
a strong endothermic signal at Ty, = 289 °C (Fig. 5). We
note that 1 is also thermally more stable than the corre-
sponding 1sostructural Mo analog (Tyocopmp = 140 °C) [22].
Until 400 “C a mass loss of about 30 % is observed. Above
400 °C the weight change i1s small and the total loss till
600 °C 1= 32,14 %, For the formation of WS, the expected
value 15 30.04 % and for WS; 38.04 %, Interestingly. after
the heat treatment the residue contams [.87% M and
554 % C leading to a composition WS, C) 2Ny . (EDX:

G Tp.—!!?n‘.e.l
W B — S
]
w4 DTA |
g [ /I a2
E )
831 enda b
™,
e Bxn B e
T T T T T
i ] 20 0 E1ik] 00 &30

Temperature™C

Fig. 5 DTA and TG curves for (pipH:[WS,] (1) (heating rate
4 K/min; M, atmosphere; given are the peak temperatures (Tp) in
*C and the mass loss in ).
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WS = 1:1.94). In the X-ray powder pattern of the black
decomposition product only broad modulations are ob-
served, Indicating that the material 1s amorphous. The for-
maticn of a predominantly disulfide residue by the thermal
decomposition of 1 in a single endothermic step at a rela-
tively low temperature indicates that in contrast to other
tetrathiotungstates no WS, 15 formed as an intermediate.

1004 Tp=103  Tp=20i — =
S 1 L) )
-’ " . Tp=256
a1+ OTA Al
g
E mnqg - 28
i+ endo
i .
| ;
aae
Ll T T T T T
#H Fie 300 Al S0 600

Temperaturer s

Fig. 6 DTA and TG curves for (trenHa)[WS,]-H20 (2) iheating
rate 4 K/min; I, atmosphere; given are the peak temperaturas (Tp)
in °C and the mass loss in %),

Compound 2 loses the water starting at about 70 °C
(-H:O Am, = 343%: H;0 Amg,, = 3.76%) with
Tpearr = 103°C (Fig. 6). Increasing the temperature two
more endothermic events are observed with T, = 201
and 256 °C and a mass loss of 32.8 %, 1s obtained. In an-
other expenment the decomposition was stopped at about
110°C and the anhydrous product thus obtained exhibited
a significantly different X-ray powder pattern compared to
that of the starting material. The second endothermic peak
15 not accompanied with a significant mass loss and there-
fore decomposition of the material was stopped at 210 °C
m another experiment. Interestingly, in the crucible a black
melt was formed and the X-ray powder pattern showed only
a strong modulated background.

The thermal behavior of 2 is quite similar to that of
(trenH)[MaoS,]- H,0O [22] with a slightly lower value for the
dehydration process, while the decompesition of the an-
hydrous tetrathiotungstate thus formed is observed at elev-
ated temperatures as compared to the Mo analogue. This
observation 1s similar to that observed for complex 1 and
indicates that [WS,]*~ complexes are thermally more stable
than the corresponding [MoS,JF~ analogues. However, as
for compound 1 the final black residue shows appreciable
amounts of C (12.01 %) and N (3.67 %) vielding a compo-
sition W52 1 CaMos. The presence of more C and M in the
residue of 2 than in 1 is presumably due to the larger C and
N content of tren compared to pip in 1, indicating that a
larger C content of the staring material yields a product
containing more C. Thiz cbservation 1s of speclal interest
because for active HDS catalysts the actual C content 1s
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mmportant. As for 1 the amorphous nature of the residue 1=
evident in the X-ray powder diagram (not shown). In view
of the emerging importance of disulfide materials as well as
carbon contaminated metal sulfides in catalysis, additional
experiments involving different heating rates and charac-
terization of the mtermediates formed are underway.

Re-fiydration studies

Compound 2 emits water at a relatively low temperature. In
further experiments the re-lydration behavior of the dehy-
drated sample was studied with X-ray diffractometry and
electron microscopy. The dehwdrated sample was stored mn
a deslccator over water atmosphere and powder patterns
were collected after distinct times. The reaction is slow as
can be seen in Fig. 7, and the dehydrated and re-hydrated
phases coexist over a long time. After 6 days the pattem is
very sunllar to that of the pristine compound. To gamn
further insight how the reaction takes place selected crystals
were investigated after dehydration and after re-hydration
(Fig. 8). As can be seen in Fig. 8 (top) the surface of the
crystal after the heat treatment is relatively smooth with
some small holes. After re-hydration the surface is rough
with a large number of small cavities (Fig. 8, bottom). One
possible explanation is that the dehydrated material par-
tially dissolves in the water vapor and re-crystallizes for-
nung the HaO contaimng starting material, 1.e 1t 1s a dissol-
ution-re-crystallization reaction. The process 1s slow ex-
plaining the long time until full re-hydration 15 observed.

Conclusions

Two new tetrathiotungstates  (pipH,)[WS,] (1) and
(trenH:)[WS4] - HyO (2) are obtained in good yields by the
base promoted cation exchange method. Compound 2 is
the furst example of a structurally charactenzed hydrated
tetrathiotungstate. In both compounds the [WS,J*~ tetra-

000

Intansity

LR

Fig. 7 X-rav powder patterns of dehyvdrated compound 2 (trace
a), re-hydrated for 2 d itrace b), re-hydrated for 6d (trace ch. and
the pristine material (trace dj.
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Fig. 8 SEM micrographs of 2 after dehyvdration (top) and after
re-hvdration (bottom).

hedra are distorted which can be explained on the basis of
the strength and number of MN-H--S interactions In 2
N-H-5 as well as O-H--5 interactions are observed. The
rigorous analysis of the geometric parameters in 1 suggests
that the O-H--58 interactions are weaker compared to the
MN-H--5 interactions mn terms of their ability to elongate
W-S bonds. Our future work in this field is directed to the
synthesis of new tetrathiotungstates which exhibit both
types of such interactions In addition. the results of the
thermal decomposition reactions are of special interest for
the preparation of C containing amorphous W'S; materials
as HDS catalysts which are obtained without the formation
of a W5; intermediate, 1. 1n the final amorphous products
the W:S ratio 15 close to | @ 2. Systematic experiments are
also under way to correlate the residual C and N content
in the WS, phases with the available C and N content in
the starting tetrathiotungstates The directed thermal de-
composition of suitable B[WS,] precursors (R = organic
cation) can be a promising and easy route for the pre-
paration of W5, based HDS catalysts

Experimental Section
Materials and methods

The amines pip. tren, tunpstic acid and the solvents were used in
this investigation as obtained from commercial sournces with ana-
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Ivtical purity. (MH40[WS,] was prepared by literature methoed [25].
Far-IR spectra (range 80 to 500 cm™!') were measured on a Broker
IFS 66 infrared spectrometer in pressad polyethylens disks. MIR
spectra of the compounds were recorded in a KBr matrix. The
samples were pround with dry KBr into fine powders and pressad
into transparent pellets, The spectra were recorded in the IR region
of 450-3000 cm ™, (resolution 1 em~Y) by an ATI Mattson Genesis
infrared spectrometer. Raman spectra were measured in the region
1003500 cm ™! on a Bruker FRALO6 Fourier transform Raman
spectrometer. 'H NMR spectra were recorded on a Broker
300 MHz FT-NMR instrument. UV-Visible spectra were recorded
in dilute ammonia using matched quartz cuvettes on a Varian Cary
5 UV-VIS-NIR equipment. . H. M and & analvses were performed
on a HEK A Tech Euro EA elemental analvzer. DTA-TG measure-
ments were performed simultaneously using a Metzsch STA-409CD
device, The thermal investipations were performed in AliO; cru-
cibles using a heating rate of 4 K/min up to 600 °C and purged in
a nitrogen stream of 75 mL/min. EDX analvsis was performed with
a Philips ESEM XL 30 scanning electron microscope equipped
with an EDAX analyvzer. X-ray powder patterns were recorded in
transmission geometry using a STOE STADI P diffractometer
(Cull, = 1.54056 A).

Syntheses of the complexes

(MpHAWS, ] (1), Ammonium tetrathiotungstate (348 mg. 1 mmol)
was dissolved in distilled water (20 ml) and anhydrous piperazine
(Bémg. | mmol) dissolved in distilled water (5 ml) was added at
room temperature, The reaction mixture was stirred for ~ 5min
and then filtered. The clear filtrate was left undisturbed in a re-
friperator. After 2 days vellow blocks of compound 1 were ob-
tained. These were filtered, washed with ice-cold water (2 ml) fol-
lowied by isopropanol (10 ml) and disthylether (10 ml). and dried
under vacuum. Yield 80 %,

Elemental analysis found: C 12,18 (cale. 12.00), H .00 (3.03), N
TOX(T00) S 3284 (22.04) W

IR data: 2989, 2028, 2752, 2668, 1510, 1425, 1400, 1371, 1298, 1186, 1079,
Q0 BAZ, 556, 473 (v 434 (vg) 441, 267, 200, 191 (vy), 125, and 92 em
Raman Data: 480 (v), 460, 431 (vy), 438, 380, 203 (v
U¥-¥is data in nm (&, n mol~'.Lem™") 383 (1480
{1 BG00)

(trenH ;) |WS,|-H;O (2). The reaction of ammonium tetrathio-
tungstate (348 mg, 1 mmol) with tren (0.35 ml) in water (10 ml) in-
stead of anhydrous piperazine in the earlier reaction resulted in the
formation of compound 2 in 70 % vield.

Elemental analysis found: C 1511 (cale. 15.06), H 4.72 (4.600, M
TLAL(11.63), 5 26.23 (26,51 ) .

IR data: 3471, 3330, 3278, 3084, 3009, 2885 2820 1601, 1569, 1513, 1478,
1345, 1205, 1142, 1086, 1007, 963, 857, 754, 481 (v1), 454 (va), 357, 344, 247,
218, 203, 185 ivy), 133, and 101 em ™",

Raman data: 480, 467, 439 and 17% cm~!.

UVe¥is data in nm (g,,, in mol™ ' Lem ™) 303 (16360), 277 (224600, 221
{23800).

Simgle crystal X-ray diffractometry

Intensity data were collected on a Philips PW 1100-four circle dif-
fractometer for 1 and AED2 four circle diffractometer for 2 at
room temperature using graphite monochromated Mo-E, radi-
ation. For both compounds a numerical absorption correction was
applied. The structures were solved with direct methods using
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Table 5 Technical details of data acquisition and selected refine-
ment results for (pipH2)[WS,] (1) and (trenHz[WS4) - H2O (2).

Table 6 Atomic coordinates [ 104 and equivalent isotropic dis-
placement parameters [A2- 107] for compounds 1 and 2.

Compeound (pipH; ['Ws,] (trenH-)[WS - HaO
1 2

Forrmla C4H W25, CaHaMaOWSsy

MW jgfmel 400,25 47837

Space group Pl Fle

alA BI53T) L1 49501

bIA 1127000 LL&10(L)

clA 11.996(1) 12.519(1)

B 95,1101} 1117001}

Volume /A2 THLLG2S 1579.2(2)

£ 4 4

Temperature | K 293 293

p i mm! 11.09 7.43

F{000) 752 Q28

D... /g-cm™3 2.302 2012

% Range [ = 3 — 60 3 — 40

hkl Range /11 — 155, — 16/16 —16/1; —16/18; — 1617

Refla. collected 4913 Lo3es

Refls. unigqus a4 4600

Data {Fo=4a(Fa)) 2632 L

R 00162 0.0193

Min./maz. transm. 0.163] 0.3001 0.2413 / 0.3650

Bp Nela®) —0.57 M.58 —0.9% /0,72

Parameters 101 146

R [Fo=4a{Fa)] 0.0176 0.0170

wi2 for all data 0.0399 0.0401

Goodness of fit 0,990 1062

SHELXS-97 [28] and refinement was carried out against F® using
SHELXL-97 [29]. All non-hydrogen atoms were refined using an-
isotropic displacement parameters. The hyvdrogen atoms were lo-
cated in difference maps but positioned with idealized peometry
and refined using the riding model with fixed isotropic displace-
ment parameters, The technical details of data acquisition and
some selected refinement results are summarized in Table 5. The
atomic coordinates and equivalent isotropic displacement param-
eters for compounds 1 and 2 are presented in Tablz &,
Crystallographic data (excluding structure factors) have been de-
posited with the Cambridge Crystallographic Data Centre as sup-
plementary publication no. CCDC 245579 (1) and CCDC 249578
(2). Copies of the data can be obtained, free of charge, on appli-
cation to CCDC, 12 Union Road. Cambridge CB2 | EZ, UK.
(fax: +44-(0)1223-326003 or email: deposit@eede.cam.ac.uk).
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Bis(diethylenetriamine)cobalt(ll) tetrathio-

molybdate(VI) oxotrithiamolybdate(VI)

In the crystal structure of the title compound,
[Co(CyH 13N ) J:[Mo5,][MoS30],  discrete IML)S,;Iz_ and
[ML)S;,()]Q_ anions, as well as [CTL)((T.LH13N3)2]2+ cations are
found. Both anions occupy the same crystallographic position
and are therefore disordered. The Co atom is octahedrally
coordinated by six N atoms of the diethylenetriamine ligand
whereas the Mo atom shows a distorted tetrahedral geometry.

Comment

During the past few years, a large number of tetrathio-
molybdates have been prepared in the presence of an organic
cation. Compared to the number of such compounds, those
containing a transition metal complex cation are rare and
some examples are [Ni(en);]MoS, (en is ethylenediamine;
Ellermeier et al., 1999), [Ni(en)s]s{MoS,)Brs-2Zen (Ellermeier,
2002), [Mn(dien):]MoS, (dien is diethylenetriamine; Eller-
meier & Bensch, 2002), [Ni(dien),].(MoS,)Br, (Ellermeier,
2002), [Cos(tren)s)-(MoSy), (tren is triethylenetetramine;
Ellermeier & Bensch, 2001), [(CsHs)aP L[M(MoS, )] (M = Ni,
Fe, Zn) (Miller er al., 1971), and (PryN).[Ni{Mo0S,),] (Call-
ahan & Piliero, 1980).

2- 2=
[Mos, 1% [OMoS, |

The structure of the title compound consists of isolated
[Co(dien);]** cations and [MoS,*~ as well as [MoS:0]*~
anions, which are connected via N—H- - .S hydrogen bonding
{Fig. 1 and Table 2). Each Co®" ion is sixfold coordinated by
the six N atoms of two tridentate dien ligands within a
distorted octahedron. The Co—N distances (Table 1) are
between 2.152(4) and 2.197 (4) A. The trans N—Co—N
angles in the title compound are in the range 177.54 (16)-
17861 (17)°. The geometric parameters indicate that the CoNg
octahedron in the title compound is less distorted than in the
analogous en compound. The anion was first refined assuming
that only S is bound to Mo. In this case, the Mo —8 bonds were
between 1.977 (3) and 2.2045 (17):‘% with a difference of
02275 A between the longest and the shortest bond. This is a
rather large difference; in most tetrathiomolybdates the
difference lies between 0.02 and 0.05 A (Srinivasan er al.,
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Figure 1

The asymmetric unit of the title compound. with the atom labellling and
displacement ellipsoids drawn at the 50% probability level. The Mo—O
bond in the disordered anion is shown as an open bond.

2004). Furthermore, the symmetry of the anion would be
significantly reduced and the IR spectrum should then show a
split Mo—S vibration. The relatively high anisotropic displa-
cement parameters of S4 suggested a slight contamination
with oxygen. The refinement of 54 with a split model finally
vielded an [MoS,]"~ and an [MoS$:0]*anion which are
superimposed in the crystal structure (Table 1). The presence
of oxygen was proved with IR spectroscopy. The partial
occupancy of the $4 position by oxygen leads to a much more
realistic Mo—S bond length and a reasonable Mo—O
distance.

Figure 2
The erystal structure of the title compound, viewed along the a axis. The
O atoms have been omitted for clarity.

Table 1
Selected geometric parameters (A_, ).

Mol —01 1796 (17) Col—N2 2164 (4)

s Mol —54 2050 (6) Col—NI1 2182 (4)
Experimental Mol —82 21826 (16) Col—NI1 2191 (4)
Cobalt(11) chloride (0.5 mmol) and (NHg)lMoS, (0.5 mmol) were Mol —53 21908 (16) Col—NI3 2196 (4)
heated for 5d at 373K in a mixture of 3 ml dicthylenetriamine and Mo~ %% ifs";l(})“‘) Col—13 2157 (4)
3 ml water in a Teflon-lined steel autoclave. The resulting red-orange i 1405) T 9835 (16)
crystals (70% yield) were dried under vacuum. Ol—Mol—S2 1145 ) N2—Col —N1 R0.64 (16)

S4—Mol—82 103.84 (19) NI11—Col —N1 89.79 (18)
O1—Mol—8§3 112.0(7) NI12—Col —N13 80.48 (16)
Crysml data §4—Mol—53 109.2 2) N2—Col —N13 10055 (16)
[Co(CaHysNs b WMo S [Ma0S;] Z=2 52— Mol—53 108.11 (7) NI1—Col —N13 90.77 (18)
M, = 96286 D, =1761 Mg m™* O1—Mol—S§1 102.3 (5) N1—Col—N13 17861 (17)
Monoclinic, P2, /n Mo Ke radiation Sd—Mol—51 115.37 (18) N12—Col —N3 10080 (17)
a=T4164(5) A =201 mm™" §2—Mo1—51 108.71 (6) M2 —Col —N3 80.43 (16)
b=159171 (11) A T=293(2) K S3—Mol—S1 111.11 (6) NI1—Col —N3 17754 (16)
¢ = 15.4070 (12) A Block, red-orange N12—Col—N2 178.43 (18) NI —Col —N3 90.75 (16)
B =93.063 9)° B0 % 009 % 0.08 mm Ni2—Col —Ni1 81.49 (17) NI13—Col —N3 88.74 (16)
V=18162 (2) A® N2—Col—N11 97.29 (17)
Data collection
Stoe IPDS-1 diffractometer 3269 independent reflections Table 2 .
@ scans 2455 reflections with [ = 2a(/) Hydrogen-bond geometry (AL 7).
Absorption correction: none R = 0.048
11766 measured reflections Boax = 25.7° D—-H A D-H HeoA DA D-H. A
N1—HIN. . .§4' 090 253 3396 (8) 161
Refinement N1—HZN.. .52 090 279 3497 (5) 136
Refinement on F* w = L[a™(F,%) + (0.0458P)" N2—H3N-..53% 091 282 3613 (5) 147
R[F? > 20(F)] = 0.041 + 2.2351P] N3—H4N- .51 090 276 3567 (4) 150
wR(F?) = 0.099 where P = (£, + 2F2V3 N3—HSN..§3% 090 258 3409 (4) 154
§=100 (AT ) s < 0001 N1l—H6N. . -S‘f" 090 230 3133 (8) 153
: = -3 N11—HN- - §1 090 284 3635 (5) 149
i’g’ﬁ:ﬂaﬁc@‘?‘: ix 2 Egi; :;,L-z N12—HEN. .82 091 273 3525 (4) 146
H-atom parameters constrained Extinction correction: SHELXLO7 NL2- M- .54" 221 216 2491 5) L
Extinction coefficient: 0.0022 (6) N13—HIN: . §1 090 273 3574 (5) 157
Acta Cryst. (2006). E62, m1326-m1328 Paisot et al. + [ColC4H3N3 ) IMoS, IMa0s,)  m1327
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D—H: A D—H HeooA DeoA D—H- A
NI3—HION. . 53" R 261 3493 (5) 166
MNI—HIN...O1" 080 254 31802 155
NI1—H6N- 01 090 243 3290 (18) 161

Symmetry codes: (i} v — 1y, 2z (i) —x + 5y + L —z + 3 (i) —x +iy+L —z+2

All H atoms were positioned with idealized geometry and were
refined with fixed isotropic displacement parameters [Upo(H) =
L2U.(CN)] using a riding model, with C—H = 097 A, C—H =
090 A orN—H=091 A The disordered S and O atoms were refined
using a split model and anisotropic displacement parameters,
Refinement of their site occupation factors proves that they are
occupied 50:50, and this was assumed in the final refinement.

Data collection: IPDS Sofiware (Stoe & Cie, 1998): cell refine-
ment: [PDS Sofiware; data reduction: [PDS Sofiware; program(s)
used to solve structure: SHELXS97 (Sheldrick, 1997; program(s)
used to refine structure: SHELXLO7 (Sheldrick, 1997); molecular
graphics: XP in SHELXTL (Bruker, 1998) and DIAMOND (Bran-
denburg, 1999); software used to prepare material for publication:
CIFTAE in SHELXTL.

This work is supported by the State of Schleswig-Holstein
and by the Deutsche Forschungsgemeinschalt DFG (project:
BE 1653/11-2).
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Synthesis, Spectroscopic and X-Ray Structure Characterisation
of Bis(tetramethylammonium), Bis(tetraethylammonium) and
Bis(tetrapropylammonium) Tetrathiotungstates
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The three new tetraalkylammonivm tetrathiotungstates ({Me)yN)2[WS4] (1), ((BraN)z[WS4) (2)
and ((nPr)aN)2|WS4] (3) were prep‘dred via a direct salt substitution using {NHq)2[WS4] as start-
mE material. Compound 1 crystallises in the chiral orthorhombic space group P£2.212) with a =

8.9433(4), b = 15.5658(9) and ¢ — 37.279(2) A. Compound 2 crystallises in spafc group P2y /n
with latlice parameters g = 16.6693(12), b = 9.3415(6), ¢ — 16.9965(13) Aand f = 117. 185( lSJ"
The third compound 3 erystallises in space group C2 jc with the lattice parameters a = 32.440(2),
b =13.8453(6), c = 15.0563(10) A and i = 109.19(7)°. The struclures of all compounds consist
of slightly distarted [WS4]*  tetrahedra and tetraalkylammonium cations which are packed in differ-
ent ways. One interesting observation is that the disorder of parts of the alkyl groups decreases with

increasing chain length. The TR and Raman spectra show the vibrations of the [WS4]?

tetrahedron

with a slight shift with increasing alkyl chain length, The most prominent TR-band of the [WS,]?
tetrahedra is broad bul not split, indicating that the distortion of the tetrahedra is small,

Key words: Crystal Structure, Tetrathiorngstates, IR and Raman Spectroscopy

Introduction

The production of clean transport fuels by hy-
drotreating and specially decp hydrodesulfurization
(HDS) has rccently gained attention due to the in-
troduction of new environmental legislation regarding
fuel specifications [1.2]. In order to meet the specifica-
tions there is an increased need to understand and con-
sequently improve HDS catalysts. Alumina is the most
widely used support material for preparing HDS cat-
alysts due to its good mechanical and textural proper-
ties. However, one of its disadvantages is the strong in-
teraction with metal precursors in the catalysts prepa-
ration step, which makes the complete sulfidisation of
supported metal oxides difficult [3—5]. On the other
hand. carbon has been probed as alumina replacement,
and several studies [3— 10] have demonstrated that car-
bon supported MoSz, (Co/Ni)Mo(W) sulphide cata-
lysts show a HDS activity superior to that of the ulu-
mina supported counterparts. This high activity can be
attributed to an enhanced dispersion of catalytically ac-
tive species.

Recently, Alonso et ¢l. have reported that very ef-
ficient carbon containing MoS; and WS, catalysts are

produced by the in sirir decomposition of precursors
during HDS of DBT [11]. In a previous report re-
sults of the synthesis of MoS; catalysts by the ther-
mal decomposition of tetraalkyl tetrathiomolybdates
were presented [12]. Moreover, the role of structural
carbon for the activity of HDS catalysts was inves-
tigated and the results of a profound study gave ev-
idences that a critical C content is essential for a
high performance of such catalysts [13]. For MoS;
based catalysts we demonstrated that the C content of
the active material can be determined by the C con-
tent of the (R)MoSy precursors (R = organic ammo-
nium ions) [12]. With respect to W-S chemistry it was
demonstrated recently that the well known ammoniom
tetrathiotungstate is a useful precursor for the soft svn-
thesis of WSz nanotubes [14,15]. In another report the
suitability of bis(cetyltrimethyammonium) tetrathio-
tungstate as a precursor for the formation of bulk quan-
tities of uniform WS; nanotubes was reported [16].
In the meantime about 20 different tetrathiotung states
with different cations as charge balancing ions werc
reported in the literature [17—-26]. The present con-
tribution is part of our ongoing investigations aimed
to the synthesis of active and cfficient MoS, and

Q9320776 706 7 000-1061 § 06.00 (€} 2006 Verlag der Zeitschrift fiir Naturforschung, Tibingen - hitp://znaturforsch com
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Table 1. Technical details of dala acquisition and selected
refinement results for 1-3,

Compound 1 2 3

Formula CaNaHpu W5y CeNaHig WS CoaNallss WSg

MG [g/mol] 46038 572.59 (R4, 80

Space group Ly P2i/n C2fe

Temperature [K] 293 293 293

Wavelength [A]  0.71073 0.71073 0.71073

a[A] 8.9433(4) 16.6603(12)  32.440(2)

E[A) 15.5658(9)  0.3415(6) 138453 6)

¢ [A] 3727902 16.9963(13)  15.0563(10)

B 90 117.185(15)  109.19(7)

VA% S1I807() 235431 6386.7(7)

z 12 4 8

o lmm~" 7.139 5.26 3.89

F(O00) 2688 1152 2816

Dot [2 em™] 1768 1.615 1.424

Crystal size [mm]  0.14,009, 015011, 0.16.0.12,
0.05 006 008

26 Range [] 2-22 3-56 5-56

Collected refls 26540 22976 31153

Unigoe reflections 66U 3644 7615

Data [Fo > 40iFo)| 3181 4265 5779

Ko, 00884 0.0410 0.0534

Ap [e/AY] —2.224/1 664 —1 04711067 —0.708/0.526

Parameters refined 36 225 318

Rl [Fozdo(Ful]® 00567 0.0204 0.0300

wR2 fur all 0.1483 00744 0.0664

umique: data
Gioodness of it 1.169 1.034 1.034
BASF parameter 0.43(4) ~ -

“RI —3/|Fo| — |Fe| /Z|Fol.

WS, catalysts, and its Ni/Co promoted versions. For
a full characterisation of the precursor materials and
an understanding of the chemical reactivity the crys-
tal structures of the compounds should be known.
One intcresting observation in the tetrathiotungstate
chemistry with organic cations as charge balancing
jons is the fact that no structural data are available
with fully alkylated amines. In this contribution the
syntheses, crystal structures and spectroscopic data
of three new ftetraalkylammonium tetrathiotungstates
(RsN)>» WS4 (R = methyl, ethyl, propyl) are presented.

Experimental Section

Syrthesis

The synthesis of the tetralkylammonium salts (RaN);
MoS4 has been reported by McDonald [27]. Later this
method was improved by Alonso [28]. In the present work,
a modified version of the last method was used and crys-
tals were grown from a very dilute solution. The amines and
the solvents were nsed as obtained from commercial sources.
(NH,4 ) WS4 was prepared as reported in the litcrature [27].
Freshly prepared (NH; )2 W84 (3 mmuol) was dissolved in wa-

M. Poisot, CAU - Kiel, 2007.

Table 2. Selccted geometric parameters (A, ®) for (Me)4N);-
[WS4] (1).

W(1)-S(1) 2.187(8) WI{2)-5(T) 20797
W(1)-5(2) 2.1602(8) W(2)-S(8) 2176(T)
Wi 1)-8(3) 2.196(8) W(33-8(9) 22190100
Wil)-S(4) 2.192(10) W(3-SC100 220209
Wi2)-5(3) 2.165(9) Wi(3-5(11) 2 199(08)
Wi(2)-Si6f) 2 155(4) WI-S(12) 2182(8)
S(23-W{L-S(1} 108.0(4) S(T)-Wi2)-S(8) 108.5(4)
S(2)-W(L)-S(4) 108.0(4) S(6)-W{2)-5(8) 100504
S(L-W(1)-8(dy  112.5(4) S(5)-W(2)-5(%) 110,764}
S(2)-W(1)-S(3) 109.604) SI2-W(3-5011) 105 8(4)
S(1)-Wil)-S(3) 108.1(3) 8(12)-Wi{3)-5(10} 108.14(3)
SE4)-W(1)-5(3) 105 6(4) S(-Wi31-8010) 108 4i4)
Si7)-Wi(2)-5(h) 109.5(4) S(12)-W(3)-5(9) 111.0(3)
S{71-W{2)-5(3) 108.6(4) S{11-W(3)-S(9) 110.2(4)
S(63-W(2)-8(5) 110.1(4) S10-W(3)-5(9) 109.3(4)

ter (30 ml) and stirred . (RgN)Br (10 mmol) was dissolved in
a solution of NaOH (10 mmol) in 30 ml water and stirred.
The first solution was added to the second and the mixture
was stirred for 30 min. Afterwards, the solution was kept
undisturbed over ice to obtain the red crystalline products.
The solid was filtered off and was washed with cold water
and ethanol. 80% Yield. These compounds are stable on air.

Characferisation

A CHN-Q RAPID combustion analyser from Hcraeus
was used to determine the content of C, H. N and S, us-
ing zine sample holders with 2 -3 mg per sample, heated up
to 1000 °C under oxygen atmosphere. Compound 1: caled.
C 209, H521.N6.08; found C 20.7, H 5.15, N 5.90; com-
pound 2: caled. C 33.57, H 6.98, N 4.89; found C 3342,
H 6.93,N 4.89; compound 3: caled. C 42,13, H8.18, N 4.09;
found C 42,08, HR 25, N 4.04.

Far IR spectra (80—500 cm ™!} were measured on a
Bruker IFS 66 spectrometer in pressed polyethylene disks,
MIR spectta (430 — 3000 cm™' ) were recorded in a ATTMatt-
son Genesis spectrometer, The samples were ground with dry
KBr into fine powders and pressed into transparent pellets.
Raman spectra were measurcd from 100 to 3500 em~ ! ina
Bruker IFS 66 Fourier Transform Raman spectrometer.

Structure refinement detuils

Single cryslal investigation of compounds 1-3 was
performed using an Imaging Plate Diffraction System
(IPDS) [29] with monochromated Mo-K ;-radiation (4 =
0.71073 43;). Al structures were solved by direct methods us-
ing SHELXS-97 [30] and the refincment was done against
F2 using SHELXL-97 [31]. The data were corrected for
Lorentz, polarisation and abserption effects. The crystal of
compound 1 was racemically twinned, and a TWIN refine-
ment was performed using SHELXL-97 (BASF purametcr:
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Table 3. Selected geometric parameters t‘_,&. #) of ((Et)gN);-
[W54] (2).

WL-8(1) 2.2030012) W(-8(3) 21933012
WI11-8(2) 2.1867(12) Wil)-5(4) 2.1846(12)
S2R-W{-Si1) 109.40(5) S(3-W(1)-5(1} 110.59(5)
SC2FW{)-5(3) 108.12(5) S(A-W-5(1) 109.00(3)
S{dp-W{l}-5(2) 110.21(6) S(4)-W(1)-5(3} 100.52(6)

Table 4, Selected geomelric paramelers (A,9) of (nPr)gN)o-
[WSa] (3).

WiL1-S(1) 2.1978(11)  W(1)-8(3) 2. 1834(11)
W(11-S8(2) 22000(14)  W(I)-8(4) 2.1919(12)
SCL-Wil)-502) 110.24(4) S(4-Wil)-S(1x 109.78(5)
S{3-WID-5(4) 109.16(5} S(3-Wi(1)-5(2) 108.30(5)
S(3IWII)-8(1)  109.49(5) S(4XW(1)-8(2y  109.84(6)

0.43(4)). All non-hydrogen atoms were refined anisotropi-
cally except most of the C and N atoms in compound 1
in which three of the six crystallographically independent
cations were disordered. All hydrogen atoms were placed
in ideal geometry and were refined using a riding model. In
compounds 2 and 3 also some of the cations were disordered
and were refined using a split model.

Technical details of the data acquisitions and some re-
finement results are summarised in Table 1. Lists of se-
lected bond lengths are given in Tables 2. 3 and 4. Crys-
tallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC 608050 (1), CCDC 608031 (2) and
CCDC 608052 (3). Copies of the data can be obtained, free
of charge, on application to CCDC, 12 Union Road, Cam-
bridge CB2 LEZ, UK. (fax: +44-(0)1223-336033 or email:
deposit@cede cam.ac.uk).

Results and Discussion

For compound 1 some crystallographic data can be
found in literature [32]. It was reported that this com-
pound crystallises in the orthorhombic space group
Pnam with ¢ = 12.48(1), b = 15.37(2) and ¢ =
8.94(1) A. However, no atomic coordinates and no
R-values can be found in the CCDC data base [33].
In addition, the similarity of the unit cell parameters
indicates that the authors have overlooked rellections
which are leading to a triplication of one unit ccll
axis,

Complex 1 crystallises in the orthorhombic chiral
space group £2,2,2,. There are three crystallographi-
cally independent anions per asymmetric unit with no
imposed symmetry (Table 2). The W(1)-S distances
in the first anion range from 2.162(8) to 2.196(8) A
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with an average of 2.184(2) A. The coordination ¢n-
vironment around W(1) is nearly a perfect tetrahe-
dron with minimum and maximum S-W(l}-§ angles
of 108.0(4) and 112.5(4)" and an average of 109.5(7)".
The W(2)-S bonds are different with values ranging
from 2.079%7) ta 2.176(7) A with a mean value of
2.143(7) A and S-W(2)-8 angles between 108.5(4) and
110.7(4)" (average: 109.48(4)"). In the third anion,
W(3)-S distances range from 2.182(8) to 2.219(10) A
(average: 2.20(5) A) and the S-W(3)-S angles arc be-
tween 108.1(3) and 111.0(3)° (average: 109.46(7)%).
At a first glance the W-5 bond lengths seem to scatter
over a wide range which is unusual for thiotungstates
where no S--+ H bonding interactions can be formed.
For instance, the W-§ distances with such H bonding
interactions range from 2.1856{11) to 2.2090(10) A in
(NH4)2WS,4 [20]. The difference between the longest
and shortest W-§ bond distance A is a good measure
for the distortion of the WS, tetrahedron, and the val-
ues are 0034, 0.097, and 0.037 A for the three inde-
pendent tetrahedra. Analysing the anisotropic displace-
ment parameters of the § atoms it is obvious that there
is some positional disorder in the W(2)S4 tetrahedron
which is not pronounced enough to refine the S po-
gitions with a split model. Hence it can be assumed
that the very short W-$ bonds are due to an artefact.
A libration correction was also performed but without
a significant effect onto the W(2)-S bond lengths. One
should keep in mind that libration only shortens the
bond lengths if the vibration of the atom is perpendic-
ular to the bond axis. In the present tetrahedron this
is not the case, explaining the very small difference of
the bond lengths with and without the correction. The
spectroscopic results (see below) support the assump-
tion that the true W(2)3S, tetrahedron must be more reg-
ular. An appreciable contamination with oxygen can be
excluded because no bands are seen in the IR or Raman
spectra accounting for W-O stretching vibrations. Fur-
thermore, some of the displacement parameters of the
S atoms of W(1)S4 and W(3)S, are larger than those
for the S atoms in compounds 2 and 3. This may be the
reason that the values for A of these two tetrahedra are
larger than in the other two compounds.

Three methyl groups of the cations show a posi-
tional disorder with 50% occupancies for two posi-
tions in cations N(1) and N(6), while for cation N(2)
the three CH3 groups exhibit occupancies 60% : 40%.
Fig. 1 shows two ditferent views of the arrangement of
the cations and anions.
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Fig. 2. View of the crystal structure of compound 2 along
[010] with labelling (top) and onto the (101) plane (bottom).
H atoms and disordered C atoms are not displayed for clarity.
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Along [001] there are different types of rods. One
is composed only of NMey ™ cations (I} and the other
contains cations and anions in an alternating fashion
(1. These rods show the order (I)-(ID-(1D-(D-(I)- -
along [010] leading to a laycr-like arrangement 1n the
(010) plane.

Compound 2 crystallises in the monoclinic space
group P2, /n and is different compared to the analo-
gous Mo compound which crystallises in the triclinic
space group P-1 [34]. The crystal structure consists
of a discrete tetrathiotungstate anion and two inde-
pendent tetracthylammonium cations with all atoms
located on gencral positions. The tetrahedral geome-
try of the WS4~ anion is only slightly distorted with
S-W-§ angles between 108.12(5) and 110.59(5)" (Ta-
ble 2). The W-S bond lengths are betwcen 2.1846(12)
and 2.2030(12) A giving a A value of 00184 A. In
one of the two cations a positional disorder occurs for
the CHa group of one C;Hs unit (occupancies: 80 : 20).
In Fig. 2 the arrangement of the constituents of 2 arc
displayed. Along [010] the anions and cations form in-
dividual rods, and a view onto the (101) plane reveals
that within adjacent stacks the cations are arranged in
a different way.

Compound 3 crystallises in the monoclinic space
group €2/¢ with all atoms except two N atoms being
located on general positions. The structure contains an
unigue anion and three independent cations with two
of them located in special positions. The WSy tetra-
hedron shows only a moderate distortion (5-W-8 an-
gles: 108.30(5)-110.24(4)°, Table 3) and W-5 bond
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only v3 and vy are IR active [37]. The strong band ob-
(P N, WS, - served in the 458 —478 cm™! region of the IR spectra
=1 e (Fig. 4) is assigned to the triply degenerated asymmet-
o [EOM,WS, ric vibration v3 of the WS, tetrahedron [24,26,38]. A
g slight shift of the maximum of the absorption is ob-
= (Me) N). WS served with increasing alkyl chain length. A similar
g ) 4 5
- e el observation was reported carlier for R = Me and nBu
el [28] and was explained on the basis of decreasing elec-
L. tropositivity with increasing chain length. But such an
: ; . VWS Y effect was not found when R was pentyl or hexyl [39].
150 200 250 300 350 400 450 500 Note that the sharp bands at about 480 cm ! in the

Wavenumber / em™
Fig. 4. IR spectra of compounds 1-3.

lengths from 2.1834(11) to 2.2009(14) A with a cor-
responding value for A of 0.0174 A. In one of the
three cations (N(3)) a positional disorder is observed
with the C atoms involved showing a 50:50 occu-
pancy. A packing diagram of the anions and cations
in ((nPrjaN)> W5, is displayed in Fig. 3.

The cations with the N(1) atom are arranged in
columns along [001] whereas the remaining two
cations alternate along this direction and the WSy tetra-
hedra are located between the rods of cations.

The compounds have been further characterised by
IR and Raman spectroscopy. In the middle of the IR
spectra several bands are observed which are caused by
the organic cation vibrations. The absorptions around
3000 cm ™! are assigned to the C-H stretching vibra-
tions with a shift to lower wave numbers with increas-
ing chain length. Between 900 and 1500 em~" further
vibrations of the aliphatic chains and the C-N vibra-
tions are seen [35,36]. For a free tetrahedral WS, an-
ion one can expect four characteristic bands vi(A;),
vo(E). v3(F;), v4(F;). The bands are Raman active and

M. Poisot, CAU - Kiel, 2007.

spectra of the ethyl and propyl compound are due to
the organic part of the compounds. The weak absorp-
tion at around 175 cm~! can be explained with the v,
vibration of the anion. This assignment is supported by
strong lines in the Raman spectra located at the same
energy [24,26].

The difference between the longest and shortest W-S
distances is an important factor which may be consid-
ered as a measure for the distortion of the [WS4]*~
tetrahedron. In a recent report [24] we analysed the
structural and spectroscopic properties of 14 tetrathio-
tungstate complexes. One interesting result of the anal-
ysis is that a critical value for A of about 0.03 A is
required to see a splitting of the bands of the W-S vi-
brations in the IR spectra. In many tetrathiotungstates
the large A values are caused by N-H: - S interactions
and the number as well as the strengths of these deter-
mine the distortion of the tetrahedron. In the present
compounds no such hydrogen bonding interactions are
possible and consequently the values for A are small
and below the above mentioned limit. The large A val-
ues for the anions in compound 1 are caused by struc-
tural disorder and consequently no splitting of the W-3
vibrations oceurs in the spectra. For the other two com-
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pounds A is less than (.03 A and as expected only
broad absorptions are seen in the IR spectra.

The methyl compound shows the strongest struc-
tural disorder of all three samples. The calculation of
the space available for a non-hydrogen atom yiclds
28.8 A for compound 1 and about 25.7 A® for the
other two compounds. The larger space for the atoms

in 1 suggests a less dense packing of the constituents
and consequently less strong interactions.
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3.2 Thermal studies

3.2.1 Decomposition of Tetraalkylammonium Thionadyes characterised by
Thermoanalysis and Mass Spectrometry

The thermal behavior of the tetraalkylammoniumaidtiomolybdates (IN),MoS,; with R
ranging from methyl to heptyl was studied with eréntial thermal analysis (DTA),
thermogravimetry (TG), DTA-TG coupled with mass d@pemetry (DTA-G-MS), differential
scanning calorimetry (DSC), scanning electron nscopy (SEM), X-ray powder
diffractometry (XRD) and in-situ thermodiffractormgtThe compounds with R = methyl and
ethyl show a simple single step decomposition. Witlteasing alkyl size the decomposition
mechanisms become gradually more complex. The desgierature for the decomposition
of the materials is a function of the precursor andendency to lower temperatures is
observed with increasing size of the amine. Dudagomposition no S rich intermediates are
formed. It is remarkable that only the precursorhVR = methyl to pentyl produce nearly
stoichiometric molybdenum disulfide with moderatatents of carbon and hydrogen, while
for R = hexyl and heptyl sulphur deficient MoSmaterials with high C and H contents are
formed. These materials can be better describedadsosulfides than as contaminated
sulfides. With increasing size of the alkylammoniign the final products contain more and
more cavities as can be seen in the SEM images. B&@dies combined with
thermodiffractometry experiments were performed dompounds with R = ethyl, propyl,
butyl, pentyl and heptyl to further elucidate treure of some low temperature endothermic
events. For R = ethyl a partially reversible phiaasition occurs, while for R = propyl three
different structural modifications can be identifieThe butyl compound undergoes an
irreversible phase transition, while the event ol for the heptyl compound is associated
with the melting point. The results of the MS expmmts suggest a common decomposition
mechanism for the compounds. During the thermalti@a trialkylamine and dialkyldisulfide

molecules are emitted simultaneously.

3.2.2 Decomposition of Tetraalkylammonium Thiotisigs characterized by
Thermoanalysis, Mass Spectrometry, X-ray diffraetmynand Scanning Electron Microscopy
The tetraalkylammonium tetrathiotungstate compou(®sN),WS, with R ranging from
methyl to heptyl present similar decomposition nagtbms as the analogous molybdenum
materials. All compounds decompose without formsatfur rich intermediates. Similarly to

the molybdenum analogues, the compounds from madpéntyl yield disulfides which are
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slightly contaminated with residual C and H. Theideal carbon and hydrogen contents
increase in the final decomposition products inghme order as the number of C atoms in
R4N increases for compounds with R = hexyl and hegdéybon rich tungsten disulfides are
obtained which are called carbon supported tungaifides. The W/S ratio in the products is
about 1.5. A general thermal decomposition mechanis suggested which follows a
bimolecular nucleophilic substitution reaction. dantrast to the findings for the analogous
molybdenum samples, the morphology of the final odgoosition products shows no
tendency to develop porous materials. In the SElsiges only for R = heptyl the formation
of macro-pores with a sponge-like morphology isnseeray diffraction analysis of the final
products shows the formation of amorphous,;Wp to R = pentyl. But the patterns of the
products for R = hexyl and heptyl are different @anchn be assumed that carbosulfide phases
are formed by a mixed C-W-S sandwich layered stractDSC studies combined with
thermodiffractometry show that tetraethyl and tetopyl samples undergo structural phase
transitions at low temperatures, which may be @dueonformational motion and/or disorder
of the alkyl chains. The results of the study iatkc that the two tetraalkylammonium
thiotungstates obtained by the solvent route areasteble forms that transform into the
thermodynamically more stable materials upon hgatflime tetrapentyl compound shows an
irreversible phase transition while the tetrahegmple exhibits a glass-like transition and

melting prior to decomposition.
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3.3 Catalytic activity studies

3.3.1M. Poisot, W. Bensch, S. Fuentes, C. Ornelas ardd@so

High Activity Ni/MoS, Catalysts obtained from Blends of Alkylthiomettds for the
Hydrodesulfurization of Dibenzothiophersibmitted to Catalysis Letters.

The controlled decomposition of blends of Ni(didgmetriamingpMoS, and
(propykN).MoS, yields high active nickel promoted molybdenum Hide catalysts for the
hydrodesulfurization (HDS) of dibenzothiophene (DBThe activity and selectivity for the
direct desulfurization (DDS) pathway follows the@dency to higher nickel content as a result
of the synergistic effect of nickel and carbon pwidg single-slabs of nickel promoted
molybdenum carbosulfides. The chemical interactibat occurs during the blending
procedure cause the redispersion of nickel atoms fone precursor to the surface of the
molybdenum-carbonsulfide phase provided by thepidi®),Mo0S,, in this way the amount
of NIMoS active sites increases resulting in anasgement of the catalytic activity. In
comparison, the activity of the catalysts obtainedm blends of (NH):MoS,; and
Ni(diethylenetriamingMoS, remains similar to that of the unblended precwsodicating
that no good redispersion of the promoter was obthi
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3.3.1

High Activity Ni/MoS , Catalysts obtained from Blends of Alkylthiometalldes for the
Hydrodesulfurization of Dibenzothiophene

M. Poisot, W. Bensch'*, S. Fuente$, C. Ornelas’ and G. Alonsd

Ynstitut fir Anorganische Chemie, University of IK@Ishausenstr. 40-60

24118 Kiel, Germany

’Centro de Ciencias de la Materia Condensada, UNAlhsenada, Baja California,
C.P.22860 México

3Centro de Investigacién en Materiales Avanzado<CS.Chihuahua, Chih., C.P. 31109
México

Abstract

An efficient method for improving the catalytic gmerties of unsupported Ni/MeS
catalysts is the blending of thiometallate prectgsapplying the appropriate precursors and
thermal conditions. High active catalysts for thediodesulfurization (HDS) of
dibenzothiophene (DBT) are prepared by the comtloiecomposition of physical mixtures
of Ni(diethylentriamingyMoS, (Il) and (PropylN).MoS, (lll). The catalysts with a higher
content of Il are very active with a high seledgvior the direct desulfurization pathway
(DDS) due to the synergistic effect of nickel aratbon producing single-slabs of nickel
promoted molybdenum carbosulfides. The activityagrdement is attributed to an increased
number of NiMoS active sites originated by the cloaininteraction between precursors Il
and Il occurring during the blending procedure.abidition, the carbon content in the final
products is related to the enhancement of theigctind the preference of the DDS pathway.
The controlled decomposition of mixtures of 1l +ylelds catalysts which are about twofold
more active an industrial NiMo/AD; catalyst. This improvement may be attributed to an
intense interaction of the precursors during trendling process causing a re-dispersion of
nickel atoms from Il over the surface of molybdercanbosulfide provided by precursor i,
increasing the amount of active sites.

The catalysts from blends of (NJAMoS, (I) and 1l behave similarly to the unblended

precursors.

Keywords: Thiometallates, Ni/Mg&atalysts, HDS of DBT, Ni(diethylenetriamidS,,
(NH4):M0S,, (PropykN),MoS,
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1. Introduction

As the supply of low sulfur crude decreases, rei@seare processing crude with high sulfur
content meanwhile environmental regulation is beaognmore and more restrictive for the
gas emissions from diesel vehicles (50 wt ppm-Eumope and Japan in 2005 [1, 2]).
Consequently the necessity to develop efficientrdgesulfurization (HDS) catalysts is
evident. The catalysts of choice for HDS of crude for many decades have been cobalt and
nickel promoted molybdenum sulfides [3, 4]. Recgngw technologies for the production of
ultra low sulfur diesel (ULSD) have been used imaotercial hydrotreaters reaching < 10
ppm sulfur content in the products [5-7]. The attogdrotreatment (HDT) catalysts are
generally based on Mo and W sulphides commonly @ue@ on alumina, and promoted with
Co and Ni. Different preparation methods are useslyhthesize unsupported HDS catalysts,
e. g. comaceration [8], homogeneous sulfide pretipn [9], and thiosalt decomposition
[10]. The catalytic properties of MoS2 obtained thgse methods are reported to depend
strongly on the reacting atmosphere as well ashenheating conditions [8-10]. In others
words, the properties depend on the experimentaditons applied during decomposition of
precursor thiosalts and large variations in spedtirface areas from few to several tenth of
square meters per gram have been reported [11{4i&]uSe of thiometallate complexes as
precursors for the synthesis of active Co(Ni)Mo&g@s has provided enabled activity of the
catalysts [15, 17-23]. Results like this encouragedo search for new preparation routes
yielding finally high efficient HDS catalysts. Irhé present work blends of precursors
containing only molybdenum ((NfpMoS4 (1) or (PropyiN).MoS,; (lll)) and nickel-
molybdenum (Ni(diethylenetriamingloS, (lI)) were used in order to create functional
Ni/MoS; catalysts for HDS of dibenzothiophene (DBT).

2. Experimental

Precursor Il was prepared by reacting Ni@hd (NH).MoS, (ATM) (molar ratiol:1) in 3 mL
diethylenetriamine (100 %) (dien) under solvothdrmmanditions in a Teflon lined steel
autoclave at 120°C for six days. The orange-reddepwvas obtained in 70% vyield. The
powder was filtered and washed with ethanol. Howetvee amount of the products obtained
under solvothermal conditions is not enough for HiBS test reactions and a simpler
synthesis route was developed. 10 mL aqueous splofiNiCkL (3.5 mmol) was mixed with
dien (100 %, 7 mmol) forming a pink solution. ATK.% mmol) dissolved in the minimum
amount of water was added to the Ni-dien solutiod @nmediately the product precipitated
with 100% yield.
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The precursors (NHbMoS, (I) and (PropyN).MoS, (Ill) were synthesized as previously
reported in [24]. The blends of the catalyst preots were manually ground in an agate
mortar according to the Ni/Ni + Mo ratios shownTiables 1 and 2. The mixtures were then
decomposed under,Nitmosphere in a rotating glass tube (300 rpm) tadajor a Gero SR
oven with Eurotherm controller. The tube was loaddth 1 to 3.6 g. per batch. The
temperature program was selected to obtain a sidamus material. The blends included in
Table 1 were introduced in a preheated oven (T5°@Band then heated up to 500°C within
2 h. This temperature was hold for 10 minutes fe#ld by cooling to 400°C within 1 h, and
hold at this temperature for other 2 hours. Thaddepresented in Table 2 were introduced in
a less hot preheated oven (T = 100°), then hegidd 825°C within 1.5 h. This temperature
was hold for 20 minutes. After cooling down to 260&ithin 0.5 hour the reaction products
were removed from the oven. The samples were catdeah to room temperature undes N
flow (0.4 I/min) and stored in this atmospherey,(Kir Liquide 5.0). Chemical elemental
analyses were performed with a EURO Vector EURO d&fnbustion analyzer using zinc
sample holders filled with 2-3 mg. The samples weeated to 1000 °C under oxygen
atmosphere and the gases were detected by a thesndhictivity cell. Far Infrared spectra
were collected on a Bruker IFS 66 instrument. Tam@es were prepared in polyethylene
matrix. Mid Infrared spectra were recorded on arl Mattson Genesis instrument preparing
the samples in a KBr matrix. FT-Raman spectrosaaxperiments were performed with a
Bruker RSA 106 instrument equipped with a Nd/YAGsea (1064 nm). X-Ray powder
diffraction patterns were recorded on a STOE-Skadiffractometer operating with Cu K
radiation and a position sensitive detector. AIPRIESEM XL 30 microscope equipped with
an EDAX analyzer was used to perform morphologisaldies and semi-quantitative
elemental analyses. Pictures were taken at diffemezas of the samples applying several
magnifications. For DTA-TG experiments the sampbese placed in AlO; crucibles under a
dynamic nitrogen atmosphere (flow rate: 75 ml/mpurity 5.0). The curves were measured
with a 4 K/min heating rate up to 500°C. The TGvesr were corrected for buoyancy and
current effects. Specific surface area (SSA) ddtation was performed with a
QUANTACHROM AUTOSORB-1 model by nitrogen adsorptiah 77 K using the BET
isotherm method. Samples were degassed under fioatigon at 473 K for 2 h before
nitrogen adsorption. Mean standard deviation f@cg surface area measurements is about
2%. The pore size distribution was obtained from dlesorption branch following the BJH
method. The HDS of DBT has been extensively studsesd a model reaction for

hydrodesulfurization of petroleum feedstock [3]bbaatory studies have been performed in
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pressurized flow and batch reactors [15, 19-20,2@5-Using batch reactors, useful
information such as rate constants and selecticay be obtained by following the
composition of the reaction mixture as a functidrtime. The reaction was carried out in a
Parr model 4522 high-pressure batch reactor. Alogtof the precursor and 75 ml of a
freshly prepared solution of DBT in decaline (5%/wit) were placed in the reactor. The
reactor was then purged and pressurized withoHB.37 MPa and heated up to 623 K at 10
K/min heating rate. After reaching the working tesradure, the products were collected for
chromatographic analysis every half an hour tord@tee conversion vs. time dependence. A
Perkin Elmer Auto-System XL gas chromatograph egoegpwith a 9 ft x 1/8 inch packed
column OV17 3% was used to analyze the collectetpbss. The main products obtained by
HDS reaction of DBT were biphenyl (BP), cyclohexfizene (CHB) and
tetrahydrodibenzothiophene (THDBT). The concergrabf bicyclohexyl (BCH) was found
to be negligible for all experiments. Selectivityasvcalculated as the mol percentage of the
given product in the reaction mixture. The BP wasdpced through the so-called direct
desulfurization pathway (DDS), and CHB and THDBTotlgh the hydrogenation pathway
(HYD), both pathways are parallel [27]. The ratetween HYD and DDS can be estimated
in terms of the experimental selectivity by mearistlee (CHB), (THDBT) and (BP)
concentrationsThe selectivity (HYD/DDS) can be approximately cééted by

HYD/DDS= ([CHB] + [THDBT]/[BP]

For each catalyst the rate constant was calcufabed DBT conversion as function of time

assuming DBT conversion being a pseudo-zero ogdation [9], according to the equation:

Xpet = (1 -hpgr /hper ) = (k/hpgtpo)t

whereCpgr is the fraction of DBT conversiolpgt = moles of DBT k = pseudo zero order
rate constant,= time in seconds arn# / hpgr ) is the slope. The mean standard deviation for

catalytic measurements is about 2.5%.

3. Results
3.1 Catalytic activity and selectivity

Catalysts from blends of ATM (I) and Ni(diethylerahinepMoS, (II)

The change of the molar concentration of DBT wehation time (h) for catalysts obtained
from 1, 1l and blends of them is presented in Feglr The catalyst derived from | shows a
decreases in DBT concentration almost linearly icomifig that pseudo-zero order kinetics

takes place under the experimental conditions u3ée. slight deviation from linearity
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observed at the end of the reaction is attributethé deactivation of the catalyst bySH
accumulated in the reactor. Hydrogen sulfide iskm¢o have an inhibiting effect in the HDS
of DBT reaction where the order depends on thegbgitessure [28-30]. The formation of
THDBT is favored at the beginning of the reactiamt i declines at the end, showing a
behavior like an intermediate compound [3], meate@HB formation suits more a linear fit
confirming the known trend of catalysts derivednird for HYD (Figure not shown). The
catalytic activity (k) of the samples, in moles@BT per second and gram of catalyst, as well
as the HYD/DDS ratio after 5 hours experiment agorted in Table 1. The Mg®atalyst
obtained from | shows a low activity (k = 4.8 x @nol/s-g) and high selectivity for
hydrogenation (HYD/DDS = 1.68). Catalysts derivedni ATM have been extensively
studied and typically used as reference for unsupgaatalysts in HDS tests [15, 31-32]. On
the other hand the catalytic results for Ni/Mg8epared from Il (see Figure 1) exhibit a
decay of DBT concentration with time in nearly Bmefashion. The concentration of BP
through the DDS pathway is largely favored for tbagalyst starting from the beginning of
the reaction (Figure not shown). The catalysts iobthfrom blends exhibit a very similar
behavior to catalyst Il producing mainly BP. Fdraatalysts from | + Il blends an increase of
the slope with time is observed at the beginninthefexperiment and no deactivation occurs
at the end. The initial effect is assigned to avgwocess of catalyst activation requiringH
generated from the reaction. The catalysts reaeh their activated form after two hours of
reaction and remained very active up to end oktteriment without deactivation. The latter
observation suggests that theSHconcentration during the last hour of the expenims
relatively low. In contrast to the low activity dhe MoS catalyst obtained from | the
Ni/MoS, material derived by decomposition of Il shows ghhiactivity (k = 6.7 x 10
mol/s-g) and a high selectivity for desulfurizatigtly D/DDS = 0.28). A gradual increase of
the activity of the catalysts is found with incregsnickel content (Table 1). The activity of a
commercial catalyst (NiMo/AD3;) was characterized under the actual experimental
conditions for comparison (k = 12 x 10nol/s-g, HYD/DDS = 0.53). The present catalysts
prepared by decomposition of | or Il or from mix@arof them exhibit lower constant rate
values. But the materials derived by decompositibhand Il blends are more selective for
DDS than the commercial catalyst and the samplesived from | or Il (Table 1). The
surface area of blended catalysts measured a#eratialytic test increases gradually with the
amount of precursor Il in the initial mixture (Takl). A similar trend is observed for the pore

volumes of the catalysts (Table 1).
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Catalysts from blends of Ni(diethylenetriamph9S, (11) and (PropykN).MoS; (l1I)

Figure 2 displays the change of the molar conceatraf DBT as function of reaction time
for catalysts derived from precursor 11l and blewddll with II. The numerical results for k
and the HYD/DDS ratios are compiled in Table 2. Experiments were run for six hours to

compensate the time consumed at the beginningno ttee activated catalyst.

The catalytic activity pattern of MgeSobtained from IV is similar to that of the matéria
received using | as precursor with a linear deee#sDBT supporting the assumption of
pseudo-zero order kinetics for the reaction. Thitalyst has a similar activity (4.7 x 10
mol/s-g) but a higher HYD/DDS selectivity (2.04)ngpared to the catalyst prepared by
thermal decomposition of the precursor I. Such a@angle of selectivity can be attributed to
carbon introduced into the catalyst by the alkgugrin Ill. It has been reported in literature
that carbon influences both the activity and tHedwity in the HDS reaction of DBT [33-
35]. All Il + 11 blended catalysts display an imase of the slope with reaction time at the
beginning of the test, similarly to the resultsgameted for | + Il blends. This behavior is
attributed to a slow activation process requiringSHyenerated during the reaction. But
materials processed by decomposition of 1l + #rgs present more conversion of DBT after
6 hours than catalysts of | + Il blends indicatthgt they contain more active sites for HDS.
All blended catalysts produce increasing amountBfand CHB while the concentration of
THDBT reach a maximum and decrease again (Figurehrawn). An interesting observation
are the higher activities (16 - 20 x 1@nol/s-g) than those obtained from single precustsor
Moreover, the catalytic activities are much higtien the activity of the industrial supported
catalyst (see above and Table 2). The observed B®B/ratios (0.28 - 0.82) represent a
higher selectivity for DDS compared to Ni-MoA8);, and intermediate selectivity compared
to data observed for materials from precursors llibrand the promoted sample from
precursor Il. All synthesized catalysts show maiBR formation (DDS route). Because the
selectivity is linked with the mode of DBT adsogptj the large BP formation indicates that
DBT adsorption on the active phase occurs withDB& molecule standing up in a vertical
geometry. Thus, for all catalysts the flat DBT agsion through the adsorption ofelectrons

of DBT molecules favoring the hydrogenation routeh® HYD reaction of DBT appeared
more difficult than the direct C-S bond cleavaghe Burface areas of catalysts derived by
thermal decomposition of 11l + 1l blends measuré&eérathe catalytic test show values ranging
from 46 nf/g (Il) to the largest one of 142%g for C3Mo035. This last sample also presents
the highest pore volume. The other catalysts haelaively poor surface areas ranging from 2

to 27 nf/g (Table 2). These results suggest the effecadfan support combined to the
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synergistic effect of nickel being at the optimumG3Mo035, as previously observed when
tetrabutylammonium thiometallate is used as precuwrsmbined with a cobalt promoter [36].

The most active catalysts were obtained from Il Blends after an activation period at the
beginning of the catalytic test. In order to stukdg chemical composition of the samples the
analyses were performed before and after the ¢mtagst. Moreover, the samples obtained
after the catalytic test were heated in an inemoaphere. These samples were then also
analyzed carefully. Far-Infrared spectra, powdeRa§ patterns and scanning electron

micrographs were collected with the fresh mateaald the catalysts after the HDS of DBT.
3.2 Thermal analysis

After the HDS reaction with DBT the samples wenedstd by thermal analysis under inert

atmosphere up to 500°C. Table 3 lists the massgehahthe samples under study. In general
the decomposition occurs in a broad single stepchvhs accompanied by a broad

endothermic event. The decomposition starts at reemperature and is finished between
about 400 and 430°C. Most of the samples exhiloitags loss of about 11%. The catalysts
with a high Ni content show a lower weight decrettsen the samples with a low surface
area. The latter observation suggests that mucte rmarbon particles cover the sample
surface and not just support the structure. Thepka@3Mo0040 has the smallest pore volume
of all blends and the highest carbon content dfftercatalytic test as well as after the thermal

treatment.
3.3. Elemental analysis

The chemical compositions of the catalysts from*Ill blends were calculated converting the
chemical elemental data to atom percent and comsgd¢éhe atom percent ratio regarding
molybdenum, nickel and sulfur obtained by semi-gigative EDX analyses. In Table 4 the
compositions of the samples in the as preparece statl after the catalytic test are
summarized. Due to the blending procedure the Mitesd of the as prepared samples
increases whereas the carbon content significaiettyeases and the sulfur content exhibits a
moderate decrease. After the HDS reaction with EBrcomposition of the catalysts show a
remarkable increase of the sulfur content while ¢agbon content is further reduced. This
tendency must be related to the activation timénduhe early stages of the test reaction. The
two materials abbreviated as C3Mo@8band C3Mo0O5@act in Table 4 showed a good
activity and selectivity. For both samples a simiiend of the chemical compositions is
observed, i.e., the sulfur content has increasedtah6 times for the former and 3 times for

the latter material.
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Simultaneously, the carbon content was reduced 1§98 and 15% for the two materials
respectively. The thermal treatment of the catalysads to a further decrease of the sulfur
and carbon content with a much more pronouncedctexiuof the carbon content (41 to
62%) than for sulfur (about 15 to 32%). After tihermal post-treatment, the ratios of Mo:S
and Mo:C are around 1:2.6 and 1:0.7, respectiwlggesting that after all these experiments
the carbon content remaining in the materials cduttbng to the final stable catalyst

structure.
3.4. X-Ray diffraction

Figure 3 shows the XRD patterns of the catalysimiftll + Il blends after the HDS reaction
while in Figure 4 the patterns of the same catalydter the thermal post-treatment are
displayed. In both patterns the (002) diffracticak is observed as a broad and weak signal
indicating that a poorly crystalline Me$ obtained with a low layer stacking along the
direction. The overall features of the patternsiaragreement with those reported for poorly
crystalline catalysts [36-37] and the profiles afeo similar to those observed for carbon-
supported NiMo-sulfide prepared using active carliod recorded after the catalytic test with
DBT [38]. Weak and broad peaks of nickel sulfide detected beneath two sharp and intense
unidentified peaks at around 38° and 44° Phese reflections could be caused by a new form
of molybdenum carbide or sulfocarbide since a campa with the JCPDS data bank
provided no match with molybdenum- or sulfocarbideiected in this data base. However,
the C3Mo0035 sample shows a rather homogeneoussiep®f nickel and the weakest (002)
reflection of all catalysts. After the thermal pastatment the powder pattern evidences a
rather crystalline nature of the material (Fig. B)e (002) peak is clearly more intense than
for the other samples and the asymmetric shapéh@rotv angle side may be due to the
turbostratic disorder of the Me@3ayers [39]. The reflections of p8, are still seen in the
pattern. The pattern of C3MoGdé€ indicates that the material is nearly amorphowsresg X-
rays with a broad modulation at around 14°(2e Fig. 3). Even after the post-treatment this
sample seems to be the material with the lowedtaifine nature (compare Fig. 4). The
unidentified reflections (see above) disappearést #fie post-treatment and are also not seen
in the patterns of the catalysts with larger niat@htent than C3Mo040act (compare Fig.’s 3
and 4).

3.5. IR Spectroscopy
In Table 5 the IR data of the catalysts and ofddualysts after the thermal post-treatment are

summarized. In general the absorption bands aradbaod have a low intensity. For Mo-S
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stretching modes two main bands are expected aongotd the layered nature of the MoS
crystallites, i.e., one band along the basal p{ane 385 cm') and another perpendicularly to
the basal plane or along the ¢ axisc(/467 cm') [40]. In the IR spectra of all samples just
one band at 383 chis registered. This band is asymmetric towardselowave-numbers
being attributed to strongly distorted monolayefrsvioS, along the basal plane, as already
detected by X-ray diffractometry. Moreover it isggested that the pronounced asymmetry
results from the partial incorporation of carbotoithe Mo$ structure, at least in the surface,
and from increased bending and folding of the MaSers [33, 41]. Recently, Raman studies
of promoted catalysts obtained by urea-matrix castibo synthesis on alumina support
revealed similar distortions of M@342]. In the mid-IR region a broad band centeréd a
around 1100 cfh is observed. This absorption was reported [43peoaccompanied by a
weak signal at 830 cmand is related to the intermediary products of elinglsulfide
decomposition forming (), polymer species [44]. For our samples we relate liand to
the formation of a carbosulfide phase at the edgegs of Mo%. Indeed, the group of
Berhault have found that the interaction betweerbaa and sulphur not only favors the
formation of surface carbosulfide phases, but alsbilizes texturally the sulfide particles

which is reflected in improved catalytic stabilapd high catalytic performance [40, 45].

The band at around 1630 ¢may be the vibration of “Ni-Mo-C” entities resuigj from the
synergistic effect of nickel and carbon in molybdendisulfide by the substitution of sulfur
by carbon in an analogy of the synergistic effectnckel and molybdenum carbide on
alumina observed by IR experiments of adsorbed Cof by pyridine adsorption on
NiMo,C/Al catalysts [46]. This band is not observedtfoe catalyst obtained from precursor
I, and remarkably the intensity of this absorptiocreases with the nickel content in the 1l +
Il catalyst blends. We note that for the most actiatalyst (C3Mo0O35) this absorption occurs
at the highest frequency, even after the postrreat. The highest catalytic activity of
NiMoS based catalysts is a result of the synemistiect. Whether the absorption band at
around 1630 cfhis an indicator for the catalytic activity of a teaal must be investigated
more in detail and efforts are under way in thetalories.

3.6 Scanning electron microscopy

The catalysts were characterized with scanningreleenicroscopy with a special focus onto
the sample with the best catalytic activity, i83Mo0035. In Fig.’s 5a to ¢ are shown the
images of this material before and after the ctitakgst as well as after the thermal post-

treatment, respectively. The as-prepared samplesskiery fine surface porosity while after

M. Poisot, CAU - Kiel, 2007. 86



3. Results

the catalytic test a wide variety of pore shapegjireg from very fine to very large pores are
seen and also distorted pores occur. The largeerahgore sizes is related to the highest
surface area measured for the catalyst seriesr Afeethermal treatment the surface looks
even more distorted containing some big pores. dther samples in this series have a

significantly less pronounced surface porosity.

4. Discussion

The study of the effect of precursor blends on® HDS activity was carried out following
the principles of the method of situ decomposition of thiosalts reported by ChiandlB][
and Alonscet al [22, 25, 34]. Such a method comprises three itapbsteps occurring in the
reaction medium just before or at the beginninghefcatalytic reaction: a) Decomposition of
the precursor; commonly thiomolybdates containihg MoS? ion like ATM, which
generates Mossand then Mogby successive fragmentation [10, 47-48]; b) Foromatbf
MoS, nanoparticles resulting in a poorly-crystallineusture [37]; ¢) Activation of Mogby
hydrogen/hydrogen sulfide gas mixtures in ordecremte § vacancies, which are the active
sites for HDS during the catalytic test [49]. Irethresent method the first and second steps
are already completed by the thermal decompositibthe blends yielding fresh active
catalysts.

However, the efficiency of the decomposition prects generate good catalysts depends on
the type of the precursor and the chosen condifiedfs The use of alkyl groups substituting
the ammonium cation in ATM has been shown to endahe catalytic activity of MoS
catalysts [15, 19, 48]. Bithiometallates containi@dg or Ni as precursors are also used to
create very efficient HDS catalysts [51, 52].

The catalysts derived from | + Il blends show a srate activity enhancement up to the
(Ni/Ni + Mo) ratio of 0.40. Then the well known ssmyistic effect of addition of Ni yields an
increase of the catalyst activity at the ratio @3 In the same direction the surface area and
the pore volume follow this tendency. The selettiaf catalysts obtained by decomposition
of | is directed to HYD while the blends and theatgsts obtained from Il prefers the DDS
path evidencing the nickel influence. These resalis comparable to those reported in
previous studies [22, 34]. The catalysts derivaanfrdecomposition of Il and Il show an
important improvement of the activity by a factor three compared with the catalyst
generated only from Il and almost twice the acfiat a NiMo/Al,O3 industrial catalyst. This
activity enhancement indicates that a chemicalrétéon between the precursors causes a
better distribution of nickel in Ill + Il blendedatalysts, thus increasing the number of NiMoS

active sites. The active sites for HDS reactiomsracognized to be situated at the edges of
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MoS, crystallites forming NiMoS sites [53]. Recentlytudies with scanning tunneling
microscopy of the Co-Mo-S structure of HDS catayisave shown that in single layer Co-
Mo-S nanosheets the Co atoms are preferably locatethe S-edge of MoS[54].
Unfortunately, no infrared data were included instheport for comparison with ours.
Nevertheless, the results of the different charaeteons of the present catalysts highly
suggest that than-situ method produces catalysts consisting of a veryllamanber of Ni-
Mo-S layers which show the Ni-Mo synergistic onbzzsulfide phases during HDS reactions.
The Ni redistribution process among the Il andpitecursors can take place through two
ways, i.e., by the precursor blending oriansitu decomposition of the precursors in the
reaction media. The first pathway is controlledtbg decomposition temperature while the
second one is affected by the catalytic test canmditselected. The catalysts from mixtures of
[l and Il precursors were prepared at a relativielw final decomposition temperature
yielding materials with modest surface porosity.ray- diffraction experiments of these
samples indicate that no crystalline nickel sulidgege formed but some intense reflections
occur which are related to the formation of a karfichitherto unknown molybdenum carbide.
Infrared spectra show a vibration band around 1680 related to the nickel-molybdenum-
carbon interactions, which is also observed infthseh catalysts. Therefore, it is suggested
that Ni was redistributed from precursor Il to diring the blending process, which can be
viewed as an advantage of the modifiadsitu method. Thein situ activation can also
contribute to improve the activity that is obvioiusm Figure 2. Most of the Il + Il blends
exhibit an increased slope of DBT conversion veetior one or two hours after the reaction
starts, indicating that more active sites are &smed during this time period. Besides the
nickel redistribution in the catalysts obtainednfrd! + Il blends a complementary effect may
cause an enhancement of the activity when the optirdistribution of mesopores is reached.
These mesopores are provided by the simultaneccmmgmsition of precursors 1l and IlI
generating an interconnected mesoporous netwosdudh optimized pore networks the DBT,
BP and CHB molecules may diffuse more rapidly tirapores formed in single precursor
catalysts. Confining effects that affect the sektgtof HDS of DBT have been suggested for
mesoporous catalysts [11]. However, more studiesitathe distribution of mesopores are
needed in order to support this supposed model.

It is known that the degree of stacking of Md&yers influences the activity/selectivity of
unsupported catalysts [55]. Multi-stacking has beslated to the high activity of catalysts
type Il structure on alumina supports because akwsipport interactions. However, it is

possible to produce catalyst with single-slab t\g&o-Mo-S structures [54]. Studies of WS
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supported on graphite performed by high-angle arndhrk-field scanning transmission
electron microscopy (HAADF-STEM) imaging revealdait single-slab structures will have
the advantage of making more rim sites availabletfi@ reaction [56]. For multi-stack
structures, only the top layer will expose the sites, increasing the rate of the DDS pathway
[7]. The results of the present studies show trefepence of the DDS pathway and the
production of single-slab catalysts consisting opdmoted moybdenum carbosulfides.

5. Conclusions

In the present study we demonstrated that the fueomnetallate blends in combination with
the in situ activation method is a very promising method fog tiptimization of catalytic
properties of Ni promoted molybdenum carbosulfidéalysts. These highly active catalysts
are obtained by the thermal decomposition of bleodlsprecursors (Nk.MoS; (1),
Ni(diethylentriaminggMoS; (1), and (PropyiN).MoS, (III).

The catalysts obtained from blends of precursorand 11l exhibit an improved catalytic
activity with a high selectivity for the DDS pathyadue to the synergistic effect of nickel.
The influence of the carbon content is clearlytedlavith the enhancement of the activity and
the preference of the DDS pathway, which both mayrdgarded as an evidence for the
production of single-slab structure catalysts. Tbatalysts produced by controlled
decomposition of Il + II are threefold and twofaldore active than the catalyst produced by
decomposition of the pure precursor Il and the stidal NiMo/Al,O3 catalyst, respectively.
Such an improvement is attributed to the interactd the precursors during the blending
process that cause a re-dispersion of nickel atfsora precursor Il over the surface of
molybdenum carbosulfide provided by precursor ihGreasing the amount of active sites.
The HYD/DDS selectivity ratios of the catalystsrfrdll + Il blends are in-between to that of
catalysts from the pure precursors Il and lll. Tdaalysts derived from blends of | and Il

present mainly an activity similar to the unblengeecursors.
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Figure 5 Scanning electron micrographs of the C3B&oOatalyst, a) fresh; b) after
HDS of DBT; c) after the thermal post-treatmens@®°C.

Table 1. Initial rate constants and selectivityea@fic surface areas

and total pore volume of catalysts obtained fiorl blends.
Ni/  k(1*10") HYD Surface areaPore volume

Catalyst

Ni+Mo [mol s* g'] /DDS (m?lg) (cmg)
| - 4.8 1.68 9 0.023
I+11(1:1)0.3 45 026 8 0.023
I+11(1:2)0.4 47 029 22 0.063
I +11 (1:3)0.428 6.5 0.23 40 0.118
Il 0.5 6.7 0.28 43 0.110
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Table 2. Initial rate constants and selectivityeafic surface areas and
total pore volume of catalysts obtained fromHlll blends.

Ni/

k (1*10°) HYD Surface are: Pore volume

Catalysty; \Mo[mol s* g’ /IDDS  (n7/g) (cnlg)
i i 47 204 46 0.017
C3M0025 0.25 19 082 26 0.014
C3M0035 0.35 18 073 142 0.075
C3M0040 040 19 061 2 0.003
C3M0045 045 16 060 27 0.016
C3M0050 0.50 20 028 13 0.009

Table 3. Mass loss and chemical composition oflgste&afrom Il + 11
blends after the thermal post-treatment to 500°C

Catalyst *Composition Mass loss (%)
C3Mo025actTA  MoS, ,NigCo 7 -11
C3Mo035actTA MoS, NiyCoHos -10.6
C3Mo040actTA  MoS; sNipeCos -12.9
C3Mo045actTA  MoS; gNipsCo.7 -10.6
C3Mo050actTA  MoS, Ni; Cos -8.7

"Calculated from EDX and CHNS as combination of agém

Table 4. Chemical composition of catalyst fromHlll blends.

Catalyst C H N S *Ni/  *S/ S Mo Ni  *Composition
(wt %) Mo Mo (wt %)

C3Mo025 19 21 72 264 0.29 155 3038.6 10.8 Mo0S sNigsCsNg.oHs
C3Mo035 20 23 89 263 0.3 1.18 253 612 M0S.NigsCsaNogHz 3
C3Mo040 199 24 103 26.3 0.38 1.43 27.8.3513.9 Mo%$4NigsCo N1 Hyo
C3Mo045 16 1.7 89 27.2 058 1.42 25545 19.8 Mo$NigCoNHos
C3Mo050  15.1 1.7 8.6 27.8 053 1.36  25968.2 18.3 Mo$SNiooCyoNodHos
C3Mo025act 8.4 1.3 04 342 0.39 2.7 841465 11.7 Mo0S NigCi Has
C3Mo035act 6.7 1.3 05 322 0.75 3.14 .54139.9 18.6 Mo&NigCisHs1
C3Mo040act 8.7 1.3 0.4 33.6 052 25 53846.4 15.1 MoSsNipsCi7Hs 1
C3Mo045act 6.5 0.9 05 343 0.93 251 93#41.4 23.7 MoSsNigoCioHo1
C3Mo0O50act 54 0.8 04 349 1.17 3.94 1433.4 23.5 MoSeNiy«CH,

* Calculated from EDX data as atom %.
+ Calculated from EDX and CHNS as combination ohafab.
act = after catalytic test, actTA = thermal ana\yaiter catalytic test.
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Table 5. IR data in cihof catalysts obtained from Ill + Il blends

Sample Mo-S(orth c)***" C,S,* Ni-Mo-C *°
C3Mo025act 383 1127 1625
C3Mo035act 382 1082 1633
C3Mo040act 381 1120 1626
C3Mo045act 375 1119 1629
C3Mo050act 382 --- 1628
C3Mo025actTA 383 1082 1635
C3Mo035actTA 383 1138 1636
C3Mo040actTA 383 --- 1630
C3Mo045actTA 382 1092 1630
C3Mo050actTA 383 1093 1629
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4. Conclusions

Several conclusions can be derived from the resbligined in this work.

1. The synthesis of tetraalkylammonium tetrathiomoftied and tetrathiotungstates
(R4N)2MS4 (M = Mo, W) via the direct salt substitution apach using (NH).MS, as
starting materials and a tetraalkylammonium satdg phase pure products with high
yields and crystals are formed which are suitabtelfe structure determination.

2. The results of the single crystal X-ray work of thetraalkylammonium precursors
demonstrate that the size of the alkyl chain iatesl to the partial positional disorder of
the cations. An interesting observation is thathiem compounds with longer alkyl chains
the cations show no positional disorder whereasehath shorter alkyl chains display a
pronounced disorder.

3. The IR and Raman study of the compounds give etkefor the influence of the alkyl
chain size onto the frequency of the main M-S \ibres (M = Mo, W). With increasing
alkyl chain length the bands shift gradually to éwenergies which may be interpreted in
terms of decreasing electropositivity with incregsbulkiness of the alkyl ammonium
ion.

4. In the tetraalkylammonium compounds the thiometimlians are less distorted than in
compounds where N-H atoms can form hydrogen boadbd S atoms of the anion.
Therefore, no splitting of the M-S vibrations ocgur the Raman or IR spectra.

5. The thermal behavior of the molybdenum and tungstmaining precursors is very
similar. With increasing size of the alkylammoniuom the decomposition mechanism
becomes more complex reflecting the strong infleent the alkyl chain length. The
mass spectroscopic investigations of the thernmedtiens allowed the formulation of a
general decomposition route. For all compounds mulsaneous emission of
trialkylamines and dialkyldisulfides is observed. dddition, porous MoSproducts are
obtained for precursors with bulky alkylammoniumnso Interestingly, for the
tetrathiotungstates such a porous material is gbdesnly for R = heptyl.

6. During the decomposition reactions no sulfur-rictermediates are formed in contrast to
the decomposition of (NPLMS, where M3 occurs as an intermediate. For R = methyl to
pentyl the final decomposition products are neatbichiometric disulfides being slight
contaminated with C, N, and H. The amount of thetaminants increases with
increasing amount of these elements in the startiatgrials. For R = hexyl and heptyl
the final decomposition products have a M:S rattoly 1:2 and very high C and H
contents. These products may be better describerard®sulfides where S atoms are

partially substituted by C atoms.
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4. Conclusions

7. DSC combined with thermodiffractometry revealedt thaveral compounds with small
tetraalkylammonium ions undergo structural phasansitions which are in part
reversible. For the samples with the larger catiphase transitions are irreversible or
glass-like transitions occur before the decompmsisitarts.

8. The controlled thermal decomposition of mixture®bNi(diethylenetriamingMoS,; and
(propykN).MoS, yields very active nickel promoted catalysts withan activation step
during the HDS of DBT. These catalysts are twofamidre active than the commercial
alumina supported molybdenum catalyst.

9. A moderate carbon content in the catalysts leadsigber catalytic activity due to the
formation of single-slabs of nickel promoted molghdm carbosulfides enabling the
creation of more NiMoS active sites.

10. In the HDS of DBT the nickel promoted catalyst preéd the DDS pathway due to the
synergistic effect of the promoter.
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5. Experimental part

5.1 Methods

Several characterisation methods were used imtbiik to study the features of the materials
obtained. The reader is remitted to the extendedhture to obtain a proper explanation of the
methods used.

5.1.1 Chemical elemental analysis

Chemical elemental analyses were performed on a@WRctor EURO EA combustion
analyzer; using zinc sample holders with 2-3 mg gample, heated up to 1000°C under
oxygen atmosphere and the gases were then detgcdhermal conductivity system using
helium 5.0.

5.1.2 FIR, MIR and FT-Raman spectroscf@ily

Far Infrared spectra were measured using a Bruk866 instrument, the samples were
prepared in a polyethylene matrix. Range 80 - 50 with precision of 1 cil. Medium
Infrared spectra were collected with an ATl Matt€aanesis instrument using KBr matrix to
prepare the sample. Range 400 — 4000 with precision of 1 cil. FT-Raman spectra were
measured with a Bruker RSA 106 spectrometer witlerlaof Nd/YAG (1064 nm). The
precision is 2 cm.

5.1.3 X-Ray powder diffractid@, 3]

X-Ray powder diffraction was performed with a STGHADI-P instrument (Fig. 5.1)
operating with Cu K; radiation (1.54056 A) with a position sensitiveeattor. The collected
data were processed with the STOE WIN“¥" software.

Fig. 5.1 STOE STADI-P X-Ray diffractometer.

5.1.4 Single crystal diffractiof#, 5]
The diffractometers used are STOE AED I, equippéti Mo K radiation (0.71073 A) and
graphic monochromator, and STOE IPDS also equippddMo K radiation. The programs
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used to solve structure aBHELXS97and to refine structure aHELXL97[6]. Graphics
were done with the Diamond 2.1€] software.XCIF in SHELXTwas used to prepare the
material for publication. The database of the matonal Union of Crystallography was
consulted as well as the Inorganic Crystal Strectubatabase: http://icsd-db.uni-
kiel.de/icsd/index.php.

5.1.5 Thermogravimetry, differential thermal an&ysoupled with mass spectromeii@y10]
DTA-TG and measurements coupled with Mass SpectrgnielS) were performed using a
NETZSCH STA-409CD device with Skimmer coupling, ggped with a BALZERS
quadrupole mass spectrometer QMA 400 (max. 512 af(Rkig.5.2). For DTA-TG
experiments alumina crucibles were used under ardignitrogen atmosphere (flow rate: 75
mL/min., purity 5.0). The TG curve of an empty dhle was measured under the same
experimental conditions and the effects of gas fleawd buoyancy were corrected
automatically with the evaluation software. DTA-T¥E measurements were performed
under a dynamic helium atmosphere (flow rate: 50/mmh., purity 5.6). The National
Institute of Standards and Technology (NISHitg://webbook.nist.gov/chemis)rglata were

used for comparison with the spectra obtained enslame way like data from the National
Institute of Advanced Industrial Science and Tedbgy (SDBSWeb
http://www.aist.go.jp/RIODB/SDB$/

Fig. 5.2 NETZSCH STA-409CD DTA-TG-MS. Fig.3 Oven for diffractometry.

5.1.6 ThermodiffractometifjL 1]

The collection of powder patterns with a programrtexdperature was done with the STOE
STADI-P instrument (see above), equipped with glgta-high-temperature oven (Fig. 5.3).
The data were processed with the STOE WIN®¥ software.
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Fig. 5.4 NETZSCH DSC 204 Phoenix.

5.1.7 Differential scanning calorimetfg2]

DSC experiments were performed with a NETZSCH DS@2 Phoenix device using
aluminium crucibles toped with an aluminium lid apeessed. In some cases sealed glass
ampoules filled with argon were also used. Protecitmosphere of nitrogen (30 mL/min)
was applied, see Fig. 5.4.

5.1.8 Scanning electron microscdpg]

Imaging of the morphology of the samples and eneliggersive X-ray analysis (EDX) for
semiquantitative elemental analysis were performvétd a Philips ESEM XL 30 scanning
electron microscope equipped with an EDAX analyEeég. 5.5) and operated at 30 kV. The
lines of Mo L, S K, Ni K and Co K were consideraalahe precision is 3%.

Fig. 5.5 Scanning electron microscope Philips ESHIBO.

5.1.9 Catalytic activity test of HDS of DBI4]

The reaction was carried out in a Parr model 458R-pressure batch reactor. About 1 g of
the catalyst and 75 ml of a freshly prepared sotubf DBT in decaline (5% wt/wt.) were
placed in the reactor. The reactor was then puagedpressurized with Ao 3.37 MPa and
heated up to 623 K at 10 K/min heating rate, sge36. When the working temperature was
reached, the evolved gaseous samples were collEstedromatographic analysis every half
an hour to determine conversion vs. time dependeéxn@erkin ElImer gas chromatograph
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model Auto-System XL with a 9 ft long, 1/8 inch gad column containing OV-3 (phenyl-
methyl-dimethyl silicone, 10% phenyl) as separaphgse was used to analyse the collected
gases. These equipments belong to the Center @inadd materials research, CIMAV, in

Chihuahua, Mexico.

Fig. 5.6 Reactor Parr model 4522. Fig. 5.7 Qudmtane AUTOSORB-1.

5.1.10 Surface area and pore size determingtidih

Specific surface area determinations were performigd a Quantachrome AUTOSORB-1
(Fig. 5.7) by nitrogen adsorption at 77K using BIET isotherm. Samples were degassed
under flowing Argon at 473 K for 2h before nitrogadsorption. The pore distribution was
obtained from the desorption isotherm following tB8H method. The mean standard
deviation for surface area measurements is aboutT2fése last two instruments belong to

the Center of Advanced Materials Research, CIMAMChihuahua, Mexico.

Fig. 5.8 Sample of promoted/umpromoted Mo&talyst.

5.1.11 Rotating sample oven
The syntheses of the catalysts were carried ogtrigdhe samples directly in a rotating glass
tube (300 rpm) adapted for a Gero SR oven with amotBerm controller under N
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atmosphere. The catalysts obtained look like tmepsa shown in Fig. 5.8. The oven can be

seen in Fig. 5.9.

Fig. 5.9 Gero SR oven adapted to rotate a sample.

5.2 Chemicals used

Chemical

Ammoniac 25% in KO
Ammoniumheptamolybdate4H,O
Cobalt(ll) chloride 6H,O
Dibenzothiophene
Diethylenetriamine

Decahydronaphthalene (Decalin, cis +trans)

Ethanol

Hydrogen

Hydrogen sulfide

Nickel bromide hydrate
Nitrogen

Sodium hydroxide
Tetrabutylammonium bromide
Tetraethylammonium bromide
Tetraheptylammonium bromide
Tetrahexylammonium bromide
Tetramethylammonium bromide
Tetrapentylammonium bromide
Tetrapropylammonium bromide

Tungstic acid

Purity Maker
Technical grade Merck
p.a. Merck
Reagent grade Merck

98% Aldrich

97% Fluka

98 % riéthd

Technical grade Merck

4.5 Praxair

2.0 Messer-Griesheim
98% Aldrich

ten ppm Messer-Griesheim

Reagent grade Merck

98% Fluka
99% Fluka
99% Fluka
99% Fluka
> 99% Fluka
99% Fluka
98% Fluka
99% ABCR
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5.3 Details of single crystal structures determinadn

Bis(tetramethylammonium) tetrathiomolybdate

Table 1. Crystal data and structure refinemenbisftetramethylammonium) tetrathiomolybdate.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 22.34°

Refinement method
Data / restraints / parameters

Goodness-of-fit on &

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

mp299

GH24MON,S,

372.47

293(2) K

0.71073 A

Orthorhombic

R2;2

a=8.9233(4) A =90°.
b = 15.5210(9) A =90°.
c=37.255(3) A =90°.
5159.8(5) B
12

1.438 Mgfn

1.227 mth
2304

0.15 x 0.12 x 0.12 mfh
1.71 to 22.34°.
-9<=h<=9, -16<=k<=16, -39<=|<=39
32907
6589 [R(int) = 0.0436]
99.3 %
Full-matrix least-squares énF
6589 /0/398

1.083
R1 =0.0328, wR2 9817
R1 = 0.0430, wR2 = 0.0865
0.0(10)
0.00091(12)
0.414 and -0.455%.A

Table 2. Atomic coordinates (x 9Gand equivalent isotropic displacement paramé#&rs 10°).
U(eq) is defined as one third of the trace ofditbogonalized YJtensor.

X y z U(eq)
Mo(1) 7893(1) 8469(1) 5806(1) 33(1)
S(1) 9755(3) 9266(2) 5985(1) 71(1)
S(2) 7875(3) 8435(2) 5225(1) 81(1)
S(3) 8150(2) 7167(1) 6018(1) 66(1)
S(4) 5766(3) 8994(2) 5992(1) 81(1)
Mo(2) 2382(1) 6563(1) 7521(1) 40(1)
S(5) 2375(5) 7878(2) 7318(1) 125(1)
S(6) 4233(3) 5865(2) 7287(1) 81(1)
S(7) 285(3) 5936(2) 7377(1) 85(1)
S(8) 2602(3) 6562(2) 8102(1) 69(1)
Mo(3) 2707(1) 3458(1) 5859(1) 37(1)
S(9) 507(3) 3965(2) 5715(1) 74(1)
S(10) 4467(3) 4274(2) 5636(1) 75(1)
S(11) 2946(2) 2157(2) 5641(1) 65(1)
S(12) 2959(2) 3440(2) 6440(1) 66(1)
N(1) 7387(8) 8415(5) 7152(2) 48(2)
C(1) 7379(12) 8460(7) 7549(3) 94(3)
C(2) 7753(12) 7512(7) 7031(3) 74(6)
C(3) 5790(30) 8703(16) 7051(7) 105(8)
C(4) 8480(20) 9012(11) 6977(5) 60(4)
C(2) 6970(20) 7557(12) 7016(6) 67(5)
C(3) 6480(30) 9043(17) 6987(7) 115(9)
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C(4) 9000(20) 8621(15) 7038(6) 98(7)
N(2) 2853(6) 9258(4) 5029(2) 39(2)
C(5) 1850(20) 9231(12) 4708(5) 98(5)
C(6) 2775(18) 10217(10) 5088(5) 76(5)
c(7) 4386(16) 9054(10) 4925(4) 73(4)
C(8) 2319(18) 8582(12) 5292(5) 89(5)
C(5) 1200(30) 8935(16) 4922(7) 79(7)
C(6") 2830(20) 10000(13) 5286(6) 62(6)
C(7) 3670(40) 9330(20) 4685(9) 134(12)
C(8) 3390(40) 8650(20) 5272(10) 135(12)
N(3) 7698(7) 1624(4) 5483(2) 43(2)
C(9) 7233(12) 2506(6) 5381(3) 79(3)
C(10) 6592(12) 996(6) 5311(3) 74(3)
Cc(11) 7615(12) 1532(7) 5884(3) 85(3)
c(12) 9204(10) 1426(9) 5371(3) 102(4)
N(4) 7733(8) 4258(4) 6638(2) 51(2)
C(13) 9296(10) 3981(8) 6765(3) 97(4)
C(14) 7251(13) 3634(9) 6379(4) 121(5)
C(15) 6735(15) 4327(10) 6929(4) 127(6)
C(16) 7909(16) 5109(7) 6445(5) 136(6)
N(5) -2220(7) 8372(5) 3829(2) 50(2)
c@17) -2474(13) 8427(8) 4224(3) 98(4)
c(18) -680(10) 8648(9) 3731(3) 102(4)
C(19) -2530(14) 7491(6) 3701(3) 90(4)
C(20) -3231(12) 8976(7) 3653(3) 83(3)
N(6) 2468(8) 765(4) 6699(2) 48(2)
C(21) 3617(16) 738(10) 6390(4) 132(6)
C(22) 2222(12) -109(7) 6839(4) 100(4)
C(23) 3135(12) 1364(8) 6978(3) 116(5)
C(24) 1094(10) 1110(7) 6580(3) 88(3)
Table 3. Bond lengths [A] and angles [°].

Mo(1)-S(2) 2.166(3) C(1)-N(1)-C(4) 114.2(10)
Mo(1)-S(1) 2.175(2) C(3)-N(1)-C(2) 129.5(13)
Mo(1)-S(4) 2.178(3) C(2)-N(1)-C(2) 27.3(8)
Mo(1)-S(3) 2.182(2) C(1)-N(1)-C(2) 110.2(8)
Mo(2)-S(6) 2.159(3) C(4)-N(1)-C(2) 107.7(9)
Mo(2)-S(8) 2.172(2) C(3)-N(1)-C(4) 105.9(16)
Mo(2)-S(7) 2.177(3) C(2)-N(1)-C(4) 109.2(13)
Mo(2)-S(5) 2.177(3) C(1)-N(1)-C(4) 105.8(11)
Mo(3)-S(12) 2.177(3) C(4)-N(1)-C(4) 30.4(10)
Mo(3)-S(9) 2.182(2) C(2)-N(1)-C(4) 84.7(11)
Mo(3)-S(10) 2.183(2) C(3)-N(1)-C(3) 32.8(14)
Mo(3)-S(11) 2.186(2) C(2)-N(1)-C(3) 86.9(12)
N(1)-C(3) 1.41(3) C(1)-N(1)-C(3) 103.1(12)
N(1)-C(2)) 1.47(2) C(4)-N(1)-C(3) 108.4(13)
N(1)-C(1) 1.479(11) C(2)-N(1)-C(3) 113.4(11)
N(1)-C(4) 1.495(18) C(4")-N(1)-C(3) 137.6(14)
N(1)-C(2) 1.508(13) C(8")-N(2)-C(7") 117(2)
N(1)-C(4") 1.53(2) C(7)-N(2)-C(7") 47.6(15)
N(1)-C(3) 1.54(2) C(8)-N(2)-C(5) 135.1(17)
N(2)-C(8") 1.39(3) C(7)-N(2)-C(5) 110.1(11)
N(2)-C(7) 1.456(15) C(7)-N(2)-C(5) 66.5(17)
N(2)-C(7) 1.48(3) C(8)-N(2)-C(6) 96.3(17)
N(2)-C(5) 1.49(2) C(7)-N(2)-C(6") 110.4(11)
N(2)-C(6") 1.50(2) C(7")-N(2)-C(6") 120.0(17)
N(2)-C(6) 1.505(17) C(5)-N(2)-C(6") 121.7(12)
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N(2)-C(8) 1.512(19) C(8')-N(2)-C(6) 126.2(17)
N(2)-C(5") 1.61(2) C(7)-N(2)-C(6) 107.3(10)
N(3)-C(12) 1.440(11) C(7')-N(2)-C(6) 94.0(16)

N(3)-C(9) 1.481(11) C(5)-N(2)-C(6) 96.7(11)

N(3)-C(11) 1.502(12) C(6')-N(2)-C(6) 31.4(9)

N(3)-C(10) 1.527(11) C(8)-N(2)-C(8) 38.6(15)

N(4)-C(15) 1.406(12) C(7)-N(2)-C(8) 108.5(10)
N(4)-C(14) 1.434(12) C(7')-N(2)-C(8) 140.5(16)
N(4)-C(16) 1.513(12) C(5)-N(2)-C(8) 108.1(11)
N(4)-C(13) 1.535(11) C(6')-N(2)-C(8) 96.7(12)

N(5)-C(20) 1.456(12) C(6)-N(2)-C(8) 125.3(11)
N(5)-C(19) 1.474(12) C(8)-N(2)-C(5") 105.5(18)
N(5)-C(18) 1.485(11) C(7)-N(2)-C(5" 136.7(12)
N(5)-C(17) 1.493(12) C(7')-N(2)-C(5") 105.1(18)
N(6)-C(24) 1.410(11) C(5)-N(2)-C(5" 40.9(11)

N(6)-C(22) 1.469(11) C(6')-N(2)-C(5") 112.7(12)
N(6)-C(23) 1.517(12) C(6)-N(2)-C(5" 107.6(11)
N(6)-C(21) 1.542(12) C(8)-N(2)-C(5) 69.8(11)

S(2)-Mo(1)-S(1) 108.96(12) C(12)-N(3)-C(9) 112.6(9)
S(2)-Mo(1)-S(4) 108.65(12) C(12)-N(3)-C(11) 108.3(8)
S(1)-Mo(1)-S(4) 110.87(12) C(9)-N(3)-C(11) 109.2(8)
S(2)-Mo(1)-S(3) 109.86(13) C(12)-N(3)-C(10) 110.2(8)
S(1)-Mo(1)-S(3) 109.64(10) C(9)-N(3)-C(10) 107.6(7)
S(4)-Mo(1)-S(3) 108.84(11) C(11)-N(3)-C(10) 108.8(8)
S(6)-Mo(2)-S(8) 109.44(11) C(15)-N(4)-C(14) 112.4(10)
S(6)-Mo(2)-S(7) 109.53(12) C(15)-N(4)-C(16) 111.5(10)
S(8)-Mo(2)-S(7) 108.85(11) C(14)-N(4)-C(16) 107.4(10)
S(6)-Mo(2)-S(5) 109.41(15) C(15)-N(4)-C(13) 111.0(10)
S(8)-Mo(2)-S(5) 110.29(13) C(14)-N(4)-C(13) 106.9(8)
S(7)-Mo(2)-S(5) 109.32(15) C(16)-N(4)-C(13) 107.3(9)
S(12)-Mo(3)-S(9) 110.06(9) C(20)-N(5)-C(19) 109.6(8)
S(12)-Mo(3)-S(10) 108.18(10) C(20)-N(5)-C(18) 106.1(9)
S(9)-Mo(3)-S(10) 110.12(12) C(19)-N(5)-C(18) 111.2(9)
S(12)-Mo(3)-S(11) 110.34(11) C(20)-N(5)-C(17) 108.1(9)
S(9)-Mo(3)-S(11) 109.22(10) C(19)-N(5)-C(17) 110.2(8)
S(10)-Mo(3)-S(11) 108.90(11) C(18)-N(5)-C(17) 111.5(8)
C(3)-N(1)-C(2") 109.2(15) C(24)-N(6)-C(22) 109.4(8)
C(3)-N(1)-C(1) 113.6(13) C(24)-N(6)-C(23) 108.9(8)
C(2')-N(1)-C(1) 112.7(10) C(22)-N(6)-C(23) 112.5(9)
C(3)-N(1)-C(4) 75.9(14) C(24)-N(6)-C(21) 110.7(9)
C(2)-N(1)-C(4) 125.1(12) C(22)-N(6)-C(21) 109.8(9)
C(8)-N(2)-C(7) 72.5(15) C(23)-N(6)-C(21) 105.5(9)

Table 4. Anisotropic displacement parameter%x(&@).
The anisotropic displacement factor exponent tékegorm: -2 2[ h2 a*2U11+ .. +2hka*b*y,)

Uip Uz Us3 Uz Uiz Uz
Mo(1) 28(1) 35(1) 35(1) -3(1) 0(1) 0(1)
S(1) 72(2) 57(1) 84(2) -9(1) -23(1) -24(1)
S(2) 101(2) 104(2) 37(1) -8(1) -4(1) 4(2)
S(3) 56(1) 45(1) 98(2) 19(1) -5(1) -2(1)
S(4) 53(1) 89(2) 101(2) -10(2) 21(1) 21(1)
Mo(2) 47(1) 36(1) 37(1) 0(1) 3(1) 5(1)
S(5) 232(4) 45(1) 99(2) 21(1) 2(3) 6(2)
S(6) 72(2) 101(2) 70(2) -11(1) 21(1) 33(1)
S(7) 53(2) 126(2) 77(2) -17(2) -10(1) -19(1)
S(8) 70(1) 99(2) 39(1) -4(1) -1(1) 0(2)
Mo(3) 40(1) 37(1) 35(1) 1(1) 5(1) (1)
S(9) 69(2) 94(2) 59(2) o(1) o(1) 36(1)
S(10) 79(2) 68(2) 78(2) 6(1) 21(1) -26(1)
S(11) 71(1) 46(1) 77(2) -17(1) -1(1) 2(1)
S(12) 69(1) 91(2) 39(1) 2(1) 0(1) -2(2)
N(1) 46(3) 54(4) 44(4) 12(3) 4(3) 6(4)
c@) 127(9) 102(8) 53(7) -11(6) -33(7) 1(8)
N(2) 27(3) 41(3) 51(4) -3(3) 6(3) 0(2)
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N(3) 39(3) 45(3) 43(4) -2(3) 0(3) 3(3)
c(9) 85(7) 61(6) 92(8) 23(5) -10(6) -2(5)
C(10) 80(6) 68(6) 76(7) -17(5) -16(5) -25(5)
C(11) 117(7) 80(7) 58(7) -8(5) 29(6) 10(7)
C(12) 51(5) 145(10) 111(9) -5(7) 11(5) 16(6)
N(4) 63(4) 37(3) 54(5) 5(3) 16(3) 11(3)
C(13) 46(5) 133(9) 112(9) 13(6) -21(5) 24(5)
c(14) 130(9) 139(11) 93(9) -30(7) -12(7) -79(8)
C(15) 112(9) 141(10) 128(11) 0(8) 93(9) 37(8)
C(16) 150(13) 69(7) 188(16) 74(9) 25(10) 14(7)
N(5) 48(4) 51(4) 50(4) 4(4) 5(3) 1(4)
C(17) 125(8) 121(10) 47(7) 0(8) -13(7) -27(8)
C(18) 48(5) 170(12) 88(7) 6(7) 12(5) -33(6)
C(19) 110(8) 55(6) 105(10) -11(6) 19(7) -6(6)
C(20) 60(6) 84(6) 105(8) 17(6) -15(5) 16(5)
N(6) 40(3) 48(4) 57(5) 12(3) -12(3) -1(3)
c(21) 139(11) 135(10) 122(11) 17(8) 95(9) 43(8)
C(22) 83(8) 80(7) 136(11) 57(7) 3(6) -9(5)
C(23) 109(8) 158(11) 80(7) -16(7) -25(6) -69(8)
C(24) 57(5) 81(6) 126(9) -13(6) -23(5) 2(4)

4 2 3
Table 5. Coordinates of H atoms (x )L&nd isotropic displacement parameters(£0).

X y z U(eq)
H(1A) 8345 8295 7639 141
H(1B) 6630 8076 7642 141
H(1C) 7158 9038 7623 141
H(1D) 6393 8330 7636 141
H(1E) 7660 9029 7624 141
H(1F) 8080 8050 7644 141
H(2A) 7063 7114 7139 111
H(2B) 8756 7369 7102 111
H(2C) 7672 7478 6774 111
H(3A) 5078 8326 7162 158
H(3B) 5679 8683 6795 158
H(3C) 5633 9282 7134 158
H(4A) 8425 8945 6721 90
H(4B) 9475 8878 7058 90
H(4C) 8240 9596 7040 90
H(2D) 7618 7130 7119 101
H(2E) 7071 7548 6759 101
H(2F) 5951 7434 7080 101
H(3D) 6744 9603 7076 173
H(3E) 5445 8928 7040 173
H(3F) 6626 9025 6732 173
H(4D) 9671 8208 7142 147
H(4E) 9261 9189 7118 147
H(4F) 9073 8595 6781 147
H(5A) 843 9364 4779 147
H(5B) 1880 8666 4604 147
H(5C) 2185 9647 4535 147
H(6A) 1774 10374 5156 114
H(6B) 3040 10509 4870 114
H(6C) 3460 10378 5275 114
H(7A) 4738 9474 4756 110
H(7B) 4413 8493 4817 110
H(7C) 5016 9059 5134 110
H(8A) 1306 8706 5362 134
H(8B) 2952 8586 5500 134
H(8C) 2360 8025 5180 134
H(5D) 776 9321 4749 118
H(5E) 579 8924 5133 118
H(5F) 1258 8366 4822 118
H(6D) 2511 10511 5162 92
H(6E) 3819 10087 5381 92
H(6F) 2150 9877 5478 92
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H(7D)

H(7E)

H(7F)

H(8D)

H(8E)

H(8F)

H(9A)

H(9B)

H(9C)

H(10A)
H(10B)
H(10C)
H(11A)
H(11B)
H(11C)
H(12A)
H(12B)
H(12C)
H(13A)
H(13B)
H(13C)
H(14A)
H(14B)
H(14C)
H(15A)
H(15B)
H(15C)
H(16A)
H(16B)
H(16C)
H(17A)
H(17B)
H(17C)
H(18A)
H(18B)
H(18C)
H(19A)
H(19B)
H(19C)
H(20A)
H(20B)
H(20C)
H(21A)
H(21B)
H(21C)
H(22A)
H(22B)
H(22C)
H(23A)
H(23B)
H(23C)
H(24A)
H(24B)
H(24C)

3206
3629
4691
2789
4412
3353
6215
7309
7873
5591
6820
6669
6615
8302
7876
9452
9889
9275
9960
9233
9674
7958
6284
7190
7111
6643
5771
8599
8286
6954
-1818
-3497
-2272
35
-514
-565
-1866
-2378
-3549
-3023
-4249
-3089
4545
3783
3238
3157
1821
1527
4073
2458
3297
1258
409
680

9772
8793
9485
8660
8787
8088
2600
2572
2918
1141
420
1031
1656
1927
953
849
1822
1475
3948
3427
4396
3613
3793
3078
4742
3777
4509
5041
5534
5291
8032
8282
9003
8269
9226
8628
7094
7465
7342
9550
8829
8948
504
1312
383
-344
-467
-87
1135
1416
1922
1675
1146
744

4540
4560
4731
5485
5333
5166
5455
5125
5497
5384
5388
5055
5963
5994
5950
5442
5481
5114
6563
6879
6934
6185
6288
6491
7097
7045
6843
6249
6608
6353
4345
4277
4305
3841
3814
3475
3817
3446
3755
3736
3711
3398
6477
6302
6200
6921
6652
7036
7061
7177
6873
6483
6778
6398
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201
201
201
202
202
202
119

119
119
112
112
112
128
128
128
153

153
153
145
145
145
181
181
181
191
191
191
203
203
203
147
147
147
152

152
152
135
135
135
124
124
124
198

198
198
149

149
149
173
173
173
132
132
132
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Bis(tetrapropylammonium) tetrathiomolybdate

Table 1. Crystal data and structure refinemenbis{tetrapropylammonium) tetrathiomolybdate.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.01°

Refinement method

Data / restraints / parameters
Goodness-of-fit on &

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

mp300

GaHsgMON,S,

596.89

293(2) K

0.71073 A

monoclinic

C2/c

a=32.334(4) A =90°.
b=13.812(2) A
c=15.017(3) A =90°.
6331.7(18) B
8

1.252 Mgfn

0.692 mrh
2560

0.8 x 0.35 x 0.15 mrh
2.49 t0 28.01°.
-42<=h<=40, -18<=k<=12, 0<=I<=19
14412
7657 [R(int) = 0.0395]
99.9 %
Full-matrix least-squares énF
7657 /0/318
0.977
R1 =0.0305, wR2 9674
R1 =0.0753, wR2 = 0.0758
0.00039(6)

0.283 and -0.467%.A

Table 2. Atomic coordinates (x 4])Oalnd equivalent isotropic displacement paramél@zrs 103).
U(eq) is defined as one third of the trace ofditbogonalized {Jtensor.

= 109.239(15)°.

X y z U(eq)
Mo(1) 3732(1) 7430(1) 4146(1) 36(1)
S(1) 4195(1) 6680(1) 3596(1) 51(1)
S(2) 3165(1) 7934(1) 2983(1) 56(1)
S(3) 3504(1) 6435(1) 5006(1) 61(1)
S(4) 4056(1) 8660(1) 5010(1) 60(1)
N(1) 2550(1) 4890(1) 6034(1) 34(1)
C(1) 2485(1) 5318(2) 5058(1) 35(1)
C(2) 2197(1) 6197(2) 4787(2) 45(1)
C(3) 2179(1) 6536(2) 3813(2) 49(1)
C(4) 2112(1) 4630(2) 6138(2) 42(1)
C(5) 1830(1) 3937(2) 5409(2) 56(1)
C(6) 1418(1) 3706(2) 5627(2) 64(1)
C(7) 2770(1) 5639(2) 6777(1) 41(1)
C(8) 2876(1) 5297(2) 7791(2) 65(1)
C(9) 3095(1) 6085(3) 8459(2) 96(1)
C(10) 2829(1) 3983(2) 6141(2) 42(1)
C(11) 3310(1) 4137(2) 6277(2) 47(1)
C(12) 3515(1) 3196(2) 6119(2) 52(1)
N(2) 5000 9109(2) 2500 36(1)
C(21) 5070(1) 8454(2) 3351(2) 40(1)
C(22) 5116(1) 8970(2) 4275(2) 53(1)
C(23) 5205(1) 8250(2) 5075(2) 58(1)
C(24) 5397(1) 9758(2) 2640(2) 44(1)
C(25) 5823(1) 9242(2) 2777(2) 58(1)
C(26) 6180(1) 9970(2) 2792(2) 75(1)
N(3) 5000 4220(2) 2500 44(1)
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C(31) 5224(2) 5056(5) 3192(4) 53(1)
C(32) 5424(2) 4808(5) 4222(4) 72(2)
C(31) 5124(2) 4575(4) 3469(4) 47(1)
C(32) 5486(2) 5321(5) 3731(5) 63(2)
C(33) 5594(1) 5632(2) 4786(2) 83(1)
C(34) 5338(2) 3395(4) 2648(4) 48(1)
C(35) 5771(2) 3621(5) 2500(4) 64(2)
C(34) 5366(2) 3842(4) 2179(4) 56(1)
C(35) 5606(2) 3028(5) 2733(5) 73(2)
C(36) 6025(1) 2754(3) 2540(2) 95(1)
Table 3. Bond lengths [A] and angles [°].

Mo(1)-S(3) 2.1749(7) N(1)-C(7)-C(8) 114.92(18)
Mo(1)-S(4) 2.1837(7) C(9)-C(8)-C(7) 110.3(2)
Mo(1)-S(2) 2.1885(8) C(11)-C(10)-N(1) 116.46(18)
Mo(1)-S(1) 2.1928(7) C(12)-C(11)-C(10) 109.94(19)
N(1)-C(7) 1.517(3) C(21)-N(2)-C(21)#1 106.9(2)
N(1)-C(4) 1.519(3) C(21)-N(2)-C(24) 110.53(12)
N(1)-C(10) 1.522(3) C(21)#1-N(2)-C(24) 110.57(12)
N(1)-C(1) 1.529(2) C(21)-N(2)-C(24)#1 110.57(12)
C(1)-C(2) 1.503(3) C(21)#1-N(2)-C(24)#1 110.53(12)
C(2)-C(3) 1.519(3) C(24)-N(2)-C(24)#1 107.8(2)
C(4)-C(5) 1.511(3) N(2)-C(21)-C(22) 115.40(17)
C(5)-C(6) 1.509(3) C(23)-C(22)-C(21) 110.6(2)
C(7)-C(8) 1.521(3) C(25)-C(24)-N(2) 115.63(19)
C(8)-C(9) 1.491(4) C(24)-C(25)-C(26) 110.1(2)
C(10)-C(11) 1.516(3) C(31)-N(3)-C(31)#1 140.8(5)
C(11)-C(12) 1.513(3) C(31)-N(3)-C(34)#1 77.6(3)
N(2)-C(21) 1.521(2) C(31)#1-N(3)-C(34")#1 116.5(3)
N(2)-C(21)#1 1.521(2) C(31)-N(3)-C(34") 116.5(3)
N(2)-C(24) 1.521(2) C(31)#1-N(3)-C(34") 77.6(3)
N(2)-C(24)#1 1.521(2) C(34)#1-N(3)-C(34) 139.6(5)
C(21)-C(22) 1.523(3) C(31)-N(3)-C(34) 98.9(3)
C(22)-C(23) 1.512(3) C(31)#1-N(3)-C(34) 109.9(3)
C(24)-C(25) 1.506(3) C(34)#1-N(3)-C(34) 106.9(4)
C(25)-C(26) 1.524(3) C(34')-N(3)-C(34) 36.8(2)
N(3)-C(31") 1.461(5) C(31)-N(3)-C(34)#1 109.9(3)
N(3)-C(31")#1 1.461(5) C(31)#1-N(3)-C(34)#1 98.9(3)
N(3)-C(34")#1 1.510(5) C(34)#1-N(3)-C(34)#1 36.8(2)
N(3)-C(34") 1.510(5) C(34)-N(3)-C(34)#1 106.9(4)
N(3)-C(34) 1.543(5) C(34)-N(3)-C(34)#1 84.8(4)
N(3)-C(34)#1 1.543(5) C(31)-N(3)-C(31) 34.4(2)
N(3)-C(31) 1.563(7) C(31)#1-N(3)-C(31) 109.3(4)
N(3)-C(31)#1 1.563(7) C(34)#1-N(3)-C(31) 106.5(3)
C(31)-C(32) 1.506(8) C(34')-N(3)-C(31) 103.1(3)
C(32)-C(33) 1.417(7) C(34)-N(3)-C(31) 107.4(3)
C(31)-C(32) 1.512(7) C(34)#1-N(3)-C(31) 142.4(3)
C(31)-C(34)#1 1.862(7) C(31)-N(3)-C(31)#1 109.3(4)
C(32)-C(33) 1.566(7) C(31)#1-N(3)-C(31)#1 34.4(2)
C(34)-C(35) 1.521(8) C(34)#1-N(3)-C(31)#1 103.1(3)
C(35)-C(36) 1.442(7) C(34')-N(3)-C(31)#1 106.5(3)
C(34")-C(35) 1.460(9) C(34)-N(3)-C(31)#1 142.4(3)
C(34)-C(31)#1 1.862(7) C(34)#1-N(3)-C(31)#1 107.4(3)
C(35")-C(36) 1.526(7) C(31)-N(3)-C(31)#1 84.8(5)
S(3)-Mo(1)-S(4) 109.19(3) C(6)-C(5)-C(4) 109.9(2)
S(3)-Mo(1)-S(2) 108.34(3) C(33)-C(32)-C(31) 112.4(6)
S(4)-Mo(1)-S(2) 109.76(3) N(3)-C(31')-C(32") 115.0(5)
S(3)-Mo(1)-S(1) 109.48(3) N(3)-C(31)-C(34")#1 52.4(2)
S(4)-Mo(1)-S(1) 109.79(3) C(32)-C(31")-C(34")#1 163.6(6)

M. Poisot, CAU - Kiel, 2007.

109



5. Experimental part

S(2)-Mo(1)-S(1)
C(7)-N(1)-C(4)
C(7)-N(1)-C(10)
C(4)-N(1)-C(10)
C(7)-N(1)-C(1)
C(4)-N(1)-C(1)
C(10)-N(1)-C(1)
C(2)-C(1)-N(1)
C(1)-C(2)-C(3)
C(5)-C(4)-N(2)

110.25(3)
108.23(16)
111.46(16)
109.61(16)
108.92(15)
110.67(16)
107.96(15)
116.65(16)
109.47(18)
115.73(17)

C(31))-C(32')-C(33)
C(32)-C(33)-C(32)
C(35)-C(34)-N(3)
C(36)-C(35)-C(34)
C(35)-C(34")-N(3)
C(35)-C(34')-C(31')#1
N(3)-C(34')-C(31')#1
C(34')-C(35')-C(36)
C(35)-C(36)-C(35')

110.1(5)
42.5(3)
118.0(5)
111.3(6)
114.1(6)
156.5(6)
50.0(2)
114.9(6)
43.2(3)

Symmetry transformations used to generate equivatems:

#1 -x+1,y, -z+1/2

2 3
Table 4. Anisotropic displacement parameters (£0).
The anisotropic displacement factor exponent tékesorm: -2 2[ h2 a*zun + ..

Uip Uz, Ussz Uz Uiz
Mo(1) 35(1) 39(1) 38(1) -6(1) 15(1)
S(1) 47(1) 56(1) 56(1) -5(1) 23(1)
S(2) 52(1) 67(1) 47(1) -9(1) 12(1)
S(3) 58(1) 67(1) 65(1) 9(1) 28(1)
S(4) 61(1) 57(1) 66(1) -24(1) 26(1)
N(1) 43(1) 30(1) 32(1) (1) 16(1)
c@) 38(1) 38(1) 33(1) -2(1) 16(1)
c() 48(1) 46(1) 41(1) 2(1) 16(1)
c@) 49(1) 50(1) 47(1) 11(1) 12(1)
c@) 48(1) 42(1) 45(1) -2(1) 27(1)
C(5) 52(2) 60(2) 64(2) -15(1) 29(1)
C(6) 54(2) 58(2) 91(2) -9(2) 39(2)
c(7) 50(1) 36(1) 35(1) -6(1) 13(1)
C(8) 94(2) 62(2) 35(1) -2(1) 15(1)
c(9) 130(3) 107(3) 43(2) -21(2) 17(2)
C(10) 52(1) 33(1) 42(1) 4(1) 17(1)
C(11) 45(1) 42(1) 49(1) 2(1) 11(1)
C(12) 55(1) 55(2) 49(1) 4(1) 23(1)
N(2) 41(1) 30(1) 40(1) 0 17(1)
C(21) 41(1) 37(1) 43(1) 5(1) 13(1)
C(22) 65(2) 53(2) 41(1) 1(1) 18(1)
C(23) 57(2) 70(2) 45(1) 10(1) 12(1)
C(24) 53(1) 37(1) 44(1) -4(1) 19(1)
C(25) 49(1) 60(2) 68(2) -11(1) 22(1)
C(26) 63(2) 86(2) 85(2) -18(2) 37(2)
N(3) 46(2) 41(2) 50(2) 0 25(1)
C(31) 55(3) 54(4) 55(3) -4(3) 26(3)
C(32) 70(4) 76(4) 63(4) -4(4) 13(3)
C(31") 51(3) 47(3) 49(3) -6(3) 24(3)
C(32) 69(4) 65(4) 53(4) -12(3) 18(3)
C(33) 101(3) 91(2) 63(2) -22(2) 34(2)
C(34) 50(3) 46(3) 52(3) 1(2) 20(3)
C(35) 53(3) 81(4) 62(4) 9(3) 24(3)
C(34" 54(3) 60(4) 60(4) -8(3) 26(3)
C(35" 57(4) 81(5) 73(4) -10(4) 11(3)
C(36) 60(2) 139(3) 82(2) -32(2) 17(2)

4 2 3
Table 5. Coordinates of H atoms (x JLnd isotropic displacement parameters«(£0).

X y z

H(1A) 2771 5484 5024
H(1B) 2363 4818 4592
H(2A) 2312 6709 5243
H(2B) 1904 6040 4784
H(3A) 1996 7100 3641
H(3B) 2061 6030 3363
H(3C) 2469 6693 3820

M. Poisot, CAU - Kiel, 2007.

+2hka*b* Uy

U12

-5(1)
6(1)
16(1)

-17(2)
-20(1)

-4(1)
-5(1)
6(1)
1(1)
-8(1)

-20(1)
-13(1)

7(1)

-13(2)
-50(2)

2(1)
-1(1)
7(1)
0
1(1)
-1(1)
-2(1)

-11(1)
-13(1)
-29(2)

0
0(3)
6(3)
-4(2)

-17(3)
-20(2)

16(3)
10(3)
-5(3)
10(4)
33(2)

U(eq)

42
42
53
53
74
74
74
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H(4A)

H(4B)

H(5A)

H(5B)

H(6A)

H(6B)

H(6C)

H(7A)

H(7B)

H(8A)

H(8B)

H(9A)

H(9B)

H(9C)

H(10A)
H(10B)
H(11A)
H(11B)
H(12A)
H(12B)
H(12C)
H(21A)
H(21B)
H(22A)
H(22B)
H(23A)
H(23B)
H(23C)
H(24A)
H(24B)
H(25A)
H(25B)
H(26A)
H(26B)
H(26C)
H(31A)
H(31B)
H(32A)
H(32B)
H(31C)
H(31D)
H(32C)
H(32D)
H(33A)
H(33B)
H(33C)
H(34A)
H(34B)
H(35A)
H(35B)
H(34C)
H(34D)
H(35C)
H(35D)
H(36A)
H(36B)
H(36C)

2166
1947
1755
1992
1243
1255
1494
2580
3040
2608
3067
3167
2901
3358
2807
2705
3341
3460
3819
3367
3490
5331
4824
5355
4849
5232
5473
4968
5338
5431
5788
5908
6450
6217
6096
5453

5008
5204
5658
5216
4868
5396
5747
5715

5363
5819
5403

5200
5714

5937
5244
5570
5414
5679

6295

5862

6088

4347
5222
4226
3345
3259
4290
3421
6201
5843
5107
4736
5855
6630
6278
3618
3585
4622
4370
3301
2967
2722
8070
8009
9432
9324
8588
7910
7796
10179
10167
8783
8886
9634
10418
10317
5329
5559
4506
4343
4028
4854
5884
5053
5440
6092
5922
3155
2870
3929
4070
3642
4365
2469
3185
2917
2310
2458

6757
6113
4787
5410
5167
5610
6244
6683
6684
7901
7898
9095
8368
8342
6676
5584
5836
6912
6199
5491
6566
3435
3215
4412
4216
5650
5142
4941
2095
3185
2269
3367
2878
3301
2205
2982
3135
4438
4299
3894
3568
3326
3638
5435
4717
4587
3287
2226
1891
2982
1525
2210
2609
3397
2438
2061
3149

50

68
68
96
96
96
49
49
78
78
145
145
145
50
50
56
56
78
78
78
48
48
63
63
87
87
87
53
53
70
70
112
112
112
63
63
86
86
57
57
75
75
125
125
125
58
58
77
77
68
68
87
87
143
143
143
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Bis(tetrabutylammonium) tetrathiomolybdate

Table 1. Crystal data and structure refinemenbisftetrabutylammonium) tetrathiomolybdate.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient
F(000)

Crystal size

Theta range for data collection

Index ranges
Reflections collected
Independent reflections

Completeness to theta = 28.06°

Refinement method

Data / restraints / parameters

Goodness-of-fit on &
Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Extinction coefficient
Largest diff. peak and hole

mp332

GzH7:MON,S,
709.10
293(2) K
0.71073 A
orthorhombic
Fdd2

a=28.9142(18) A
b = 35.7811(10) A
c=15.6774(17) A

16220(2) B
16

1.162 Mgfn

0.550 mrh
6144

0.6 x 0.8 x 0.6 m™
2.26 to 28.06°.

-38<=h<=38, -42<=k<=47, -20<=[<=20

30857

9645 [R(int) = 0.0987]

99.6 %

=90°.
=90°.

Full-matrix least-squares énF
9645/1 /353

0.994

R1 =0.0502, wR2 ©913
R1 =0.0942, wR2 = 0.1064

-0.08(4)
0.000225(15)

0.488 and -0.800%.A

Table 2. Atomic coordinates (x ?I)Qand equivalent isotropic displacement parame(ﬁezns 103).
U(eq) is defined as one third of the trace ofditbogonalized Ytensor.

90°.

X y z U(eq)
Mo(1) -1545(1) -9560(1) 7107(1) 25(1)
S(1) -1242(1) -9003(1) 7142(1) 58(1)
S(2) -2290(1) -9529(1) 6815(1) 35(1)
S(3) -1191(1) -9899(1) 6146(1) 45(1)
S(4) -1440(1) -9818(1) 8363(1) 33(1)
N(1) -2821(1) -9557(1) 9493(2) 26(1)
C(22) -4960(2) -9199(2) 11533(4) 50(2)
C(5) -3345(2) -9561(2) 9371(3) 32(1)
C(8) -4230(2) -9955(2) 8666(5) 66(2)
C(23) -5020(3) -9439(2) 10731(4) 66(2)
c(7) -4041(2) -9581(2) 8426(4) 54(2)
Cc(1) -2733(2) -9558(2) 10447(3) 30(1)
C(12) -2061(2) -10625(2) 9558(5) 43(1)
C(15) -2526(2) -8520(2) 8975(4) 41(1)
C(13) -2604(2) -9218(1) 9069(3) 30(1)
C(2) -2231(2) -9534(2) 10716(3) 46(2)
C(10) -2816(2) -10275(1) 9340(4) 35(1)
C(6) -3512(2) -9551(2) 8452(3) 41(1)
C(14) -2766(2) -8843(1) 9414(4) 40(1)
C(9) -2606(2) -9903(2) 9082(3) 30(1)
Cc@3) -2192(2) -9464(2) 11670(4) 46(2)
C(11) -2507(2) -10597(2) 9046(4) 45(1)
C(24) -5033(4) -9216(3) 9930(5) 103(4)
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N(2) -4695(1) -9246(1) 13102(3) 27(1)
C(21) -4897(2) -9437(2) 12320(3) 39(1)
C(25) -4267(2) -9013(2) 12881(3) 31(1)
C(26) -3884(2) -9227(2) 12428(4) 44(1)
C(30) -4330(2) -9439(1) 14528(4) 37(1)
C(27) -3497(2) -8952(2) 12193(5) 54(2)
C(33) -5038(2) -8970(1) 13494(3) 30(1)
C(34) -5452(2) -9134(2) 13956(3) 30(1)
C(29) -4569(2) -9558(2) 13721(3) 32(1)
C(28) -3616(3) -8696(3) 11471(5) 73(2)
C(32) -4010(3) -9677(2) 15933(4) 61(2)
C(35) -5759(2) -8815(2) 14273(4) 35(1)
C(31) -4292(2) -9769(2) 15143(4) 50(2)
c@) -1708(2) -9420(3) 11997(5) 75(2)
C(36) -6173(2) -8952(2) 14770(4) 53(2)
C(16) -2688(2) -8139(2) 9324(5) 64(2)

Table 3. Bond lengths [A] and angles [°].

Mo(1)-S(1) 2.1791(14) S(1)-Mo(1)-S(2) 110.58(6)
Mo(1)-S(3) 2.1897(14) S(3)-Mo(1)-S(2) 110.05(5)
Mo(1)-S(4) 2.1949(13) S(4)-Mo(1)-S(2) 110.11(5)
Mo(1)-S(2) 2.2050(12) C(1)-N(1)-C(13) 111.4(4)
N(1)-C(1) 1.516(6) C(1)-N(1)-C(5) 106.8(3)
N(1)-C(13) 1.518(6) C(13)-N(1)-C(5) 111.3(4)
N(1)-C(5) 1.529(5) C(1)-N(1)-C(9) 110.2(4)
N(1)-C(9) 1.529(6) C(13)-N(1)-C(9) 107.1(3)
C(22)-C(21) 1.512(8) C(5)-N(1)-C(9) 110.1(4)
C(22)-C(23) 1.531(9) C(21)-C(22)-C(23) 111.6(6)
C(5)-C(6) 1.520(7) C(6)-C(5)-N(1) 115.7(4)
C(8)-C(7) 1.493(10) C(24)-C(23)-C(22) 113.3(7)
C(23)-C(24) 1.488(11) C(8)-C(7)-C(6) 115.0(6)
C(7)-C(6) 1.532(8) C(2)-C(1)-N(1) 115.8(4)
C(1)-C(2) 1.516(7) C(14)-C(15)-C(16) 112.0(5)
C(12)-C(11) 1.522(8) N(1)-C(13)-C(14) 114.9(4)
C(15)-C(14) 1.516(8) C(1)-C(2)-C(3) 110.7(4)
C(15)-C(16) 1.542(8) C(9)-C(10)-C(11) 110.3(4)
C(13)-C(14) 1.520(7) C(5)-C(6)-C(7) 109.9(5)
C(2)-C(3) 1.521(7) C(15)-C(14)-C(13) 111.7(4)
C(10)-C(9) 1.520(7) C(10)-C(9)-N(1) 115.8(4)
C(10)-C(11) 1.528(7) C(4)-C(3)-C(2) 114.9(5)
C(3)-C(4) 1.500(8) C(12)-C(11)-C(10) 112.8(5)
N(2)-C(21) 1.521(6) C(21)-N(2)-C(29) 105.9(4)
N(2)-C(29) 1.524(6) C(21)-N(2)-C(33) 111.4(4)
N(2)-C(33) 1.529(6) C(29)-N(2)-C(33) 112.0(4)
N(2)-C(25) 1.533(6) C(21)-N(2)-C(25) 112.0(4)
C(25)-C(26) 1.522(7) C(29)-N(2)-C(25) 110.5(4)
C(26)-C(27) 1.534(8) C(33)-N(2)-C(25) 105.2(4)
C(30)-C(29) 1.504(7) C(22)-C(21)-N(2) 116.8(4)
C(30)-C(31) 1.527(8) C(26)-C(25)-N(2) 114.7(4)
C(27)-C(28) 1.496(10) C(25)-C(26)-C(27) 108.6(5)
C(33)-C(34) 1.520(7) C(29)-C(30)-C(31) 110.2(5)
C(34)-C(35) 1.531(7) C(28)-C(27)-C(26) 113.9(6)
C(32)-C(31) 1.519(10) C(34)-C(33)-N(2) 116.8(4)
C(35)-C(36) 1.509(8) C(33)-C(34)-C(35) 108.8(4)
S(1)-Mo(1)-S(3) 109.58(8) C(30)-C(29)-N(2) 116.0(4)
S(1)-Mo(1)-S(4) 107.85(6) C(36)-C(35)-C(34) 112.6(5)
S(3)-Mo(1)-S(4) 108.62(6) C(32)-C(31)-C(30) 112.7(6)

2 3
Table 4. Anisotropic displacement parameters (£0).
The anisotropic displacement factor exponent tékegorm: -2 2[ h2 a*2U11 +... +2hka*b*ly, ]

Ull U22 U33 U23 U13 U12
Mo(1) 28(1) 23(1) 24(1) o(1) 3(1) -1(1)
S(1) 80(1) 31(1) 62(1) 16(1) -34(1) -21(1)
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S(2) 30(1) 44(1) 32(1) -2(1) -5(1) 8(1)
S(3) 32(1) 65(1) 37(1) -16(1) 6(1) 3(1)
S(4) 34(1) 34(1) 31(1) 8(1) -3(1) 3(1)
N(1) 26(2) 31(2) 20(2) 3(2) 3(2) 1(2)
C(22) 58(4) 49(4) 42(3) -10(3) -1(3) 6(3)
C(5) 31(3) 34(3) 30(2) 3(2) 3(2) -1(2)
C(8) 50(4) 80(6) 69(5) 6(4) -11(3) -23(4)
C(23) 67(4) 82(6) 50(4) -20(4) 4(3) -27(4)
C(7) 33(3) 79(5) 49(4) 1(3) -10(3) 5(3)
C(1) 31(2) 36(3) 22(2) 3(2) 6(2) -5(2)
C(12) 38(3) 36(3) 55(3) 9(3) -1(3) 5(2)
C(15) 39(3) 34(3) 50(3) 5(3) 1(3) -3(2)
C(13) 35(3) 29(3) 26(2) 6(2) 9(2) 0(2)
C(2) 30(3) 79(5) 29(3) -5(3) -3(2) -1(3)
C(10) 34(3) 30(3) 41(3) 1(2) -4(2) 1(2)
C(6) 38(3) 52(3) 33(3) 11(3) 0(2) 0(3)
C(14) 49(3) 29(3) 42(3) 3(2) 12(2) 2(2)
C(9) 29(2) 35(3) 25(2) -1(2) 3(2) 0(2)
C(3) 46(3) 60(4) 32(3) 0(3) -6(2) -4(3)
C(11) 48(3) 32(3) 54(4) -9(3) 0(3) 5(3)
C(24) 126(8) 140(9) 43(4) -12(5) -9(5) 61(7)
N(2) 29(2) 21(2) 33(2) -2(2) 4(2) -1(2)
C(21) 45(3) 34(3) 40(3) -10(2) 2(2) -9(2)
C(25) 31(3) 25(3) 38(3) 1(2) 10(2) -5(2)
C(26) 42(3) 33(3) 55(3) -3(3) 13(3) 8(2)
C(30) 34(3) 34(3) 43(3) 7(3) 1(3) 6(2)
C(27) 34(3) 71(4) 55(4) 9(4) 11(3) 3(3)
C(33) 31(3) 26(3) 32(3) -4(2) 5(2) 5(2)
C(34) 28(2) 30(3) 32(3) -3(2) -4(2) 0(2)
C(29) 34(3) 21(2) 41(3) 3(2) 5(2) 0(2)
C(28) 61(4) 92(6) 65(5) 30(4) 17(4) -17(4)
C(32) 61(4) 77(5) 45(3) 19(3) 9(3) 27(4)
C(35) 30(2) 38(3) 38(3) -12(3) 0(2) 4(2)
C(31) 58(4) 46(4) 45(4) 12(3) 18(3) 11(3)
C(4) 60(4) 114(7) 50(5) -13(5) -17(4) 3(4)
C(36) 40(3) 61(4) 59(4) -26(4) 14(3) -3(3)
C(16) 62(4) 34(3) 95(6) 12(4) 8(4) 4(3)
Table 5. Coordinates of H atoms (x4)19nd isotropic displacement parameter29<(§0 3).

X y z U(eq)
H(22A) -4693 -9038 11463 60
H(22B) -5230 -9041 11605 60
H(5A) -3468 -9784 9640 38
H(5B) -3475 -9347 9668 38
H(8A) -4561 -9950 8620 99
H(8B) -4144 -10012 9242 99
H(8C) -4108 -10142 8289 99
H(23A) -4767 -9616 10699 80
H(23B) -5306 -9580 10780 80
H(7A) -4169 -9395 8808 65
H(7B) -4144 -9521 7853 65
H(1A) -2898 -9348 10697 36
H(1B) -2865 -9785 10684 36
H(12A) -1880 -10831 9349 65
H(12B) -2133 -10666 10149 65
H(12C) -1888 -10398 9499 65
H(15A) -2588 -8531 8367 49
H(15B) -2195 -8543 9056 49
H(13A) -2671 -9227 8463 36
H(13B) -2271 -9233 9135 36
H(2A) -2080 -9333 10408 56
H(2B) -2075 -9766 10574 56
H(10A) -3120 -10301 9085 42
H(10B) -2851 -10284 9955 42
H(6A) -3376 -9757 8136 49
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H(6B)

H(14A)
H(14B)
H(9A)

H(9B)

H(3A)

H(3B)

H(11A)
H(11B)
H(24A)
H(24B)
H(24C)
H(21A)
H(21B)
H(25A)
H(25B)
H(26A)
H(26B)
H(30A)
H(30B)
H(27A)
H(27B)
H(33A)
H(33B)
H(34A)
H(34B)
H(29A)
H(29B)
H(28A)
H(28B)
H(28C)
H(32A)
H(32B)
H(32C)
H(35A)
H(35B)
H(31A)
H(31B)
H(4A)

H(4B)

H(4C)

H(36A)
H(36B)
H(36C)
H(16A)
H(16B)
H(16C)

-3415
-3098
-2705
-2631
-2279
-2365
-2337
-2676
-2431
-5072
-4748
-5286
-4699
-5196
-4362
-4142
-4004
-3764
-4503
-4023
-3423
-3222
-4870
-5152
-5349
-5626
-4850
-4370
-3362
-3885
-3679
-3999
-4152
-3702
-5578
-5866
-4600
-4149
-1715
-1563
-1535
-6352
-6070
-6360
-2531
-2619
-3016

-9319
-8821
-8832
-9878
-9907
-9239
-9670
-10830
-10562
-9380
-9080
-9043
-9646
-9540
-8806
-8908
-9344
-9421
-9239
-9346
-8802
-9093
-8812
-8809
-9284
-9294
-9690
-9734
-8531
-8552
-8842
-9892
-9473
-9608
-8651
-8671
-9845
-9978
-9376
-9211
-9643
-8742
-9093
-9108
-7942
-8124
-8114

8185
9332
10022
8467
9222
11807
11970
9099
8449
9452
9870
9952
12173
12476
12521
13404
11917
12799
14795
14395
12691
12042
13893
13042
14436
13573
13874
13425
11362
11618
10969
16299
16231
15768
14633
13787
15314
14849
12601
11718
11880
14960
15255
14410
9027
9922
9240

49
48
48
36
36
55
55
54
54
154
154
154
47
47
38
38
52
52
45
45
64
64
36
36
36

38
38
109
109
109
92
92
92
42
42
60
60
112
112
112

80
80
96
96
96
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Bis(tetramethylammonium) tetrathiotungstate

Table 1. Crystal data and structure refinement iig(tdtramethylammoniuntgtrathiotungstate.

Identification code pw100_1
Empirical formula ((CH)4N) WS,
Formula weight 460.38
Temperature 293(2) K
Wavelength 0.71073 A
Crystal system orthorhombic
Space group P22,2,

Unit cell dimensions a=8.9433(4) A =90°.
b = 15.5658(9) A =90°.
c=37.279(2) A =90°.

Volume 5189.7(5) £

z 12

Density (calculated) 1.768 Mgﬁm

Absorption coefficient 7.139 m'n11

F(000) 2688

Crystal size 0.7 x0.12 x 0.30 m%

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

1.70 to 22.37°.
-9<=h<=9, -16<=k<=16, -39<=I<=39
26540
6609 [R(int) = 0.0884]

Completeness to theta = 22.37° 98.8 %

Refinement method Full-matrix least-squares %n F
Data / restraints / parameters 6609 /21 /364
Goodness-of-fit on '2_ 1.169

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

R1 = 0.0567, WR2 = 0.240

R1 = 0.0706, wR2 = 0.1483
0.0(3)

0.00037(5)

1.664 and -2.224 2 A

4 2 3
Table 2. Atomic coordinates (x Jtand equivalent isotropic displacement paraméfers 10).
U(eq) is defined as one third of the trace ofditbogonalized YJtensor.

X y z U(eq)

W(1) 2121(1) 1537(1) 4193(1) 35(1)
S(1) 228(10) 755(5) 4016(3) 73(2)
S(2) 2157(10) 1566(7) 4773(2) 84(3)
S(3) 1858(10) 2848(5) 3984(3) 73(2)
S(4) 4271(12) 1026(7) 4008(3) 92(3)
W(2) -2384(1) 3428(1) 2478(1) 41(1)
S(5) -2361(14) 2123(6) 2679(3) 106(4)
S(6) -4227(10) 4128(7) 2709(3) 86(3)
S(7) -384(7) 4018(7) 2619(3) 89(3)
S(8) -2576(9) 3440(7) 1896(2) 72(2)
W(3) 7294(1) 6538(1) 4141(1) 40(1)
S(9) 9510(13) 6010(7) 4293(2) 95(3)
S(10) 5521(10) 5722(6) 4369(3) 75(2)
S(11) 7031(10) 7845(5) 4355(3) 74(3)
S(12) 7024(8) 6553(7) 3559(2) 68(2)
N(1) 2623(19) 1590(16) 2856(5) 43(5)
C(1) 2560(30) 1580(30) 2453(8) 90(12)
C(2) 2150(70) 2410(40) 2968(17) 66(17)
C(3) 4300(80) 1290(50) 2899(19) 90(20)
C(4) 1470(60) 970(30) 3033(13) 48(12)
C(2) 3120(60) 2480(40) 2973(16) 56(14)
C(3) 3800(70) 910(40) 2973(16) 65(16)
C(4) 890(60) 1420(40) 2992(16) 72(16)
N(2) -2810(20) 733(13) 4973(6) 55(7)
C(5) -2510(50) 1420(30) 4693(10) 125(15)
C(6) -2040(80) 720(50) 5336(12) 120(20)
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C(7) -4410(40) 940(30) 5074(13) 65(13)
C(8) -2820(80) -30(30) 4722(17) 110(20)
C(6") -1220(50) 990(60) 5070(20) 100(30)
C(7) -3970(70) 810(50) 5271(17) 80(20)
C(8) -2700(90) -240(20) 4950(20) 70(20)
N(3) 2250(20) 8379(14) 4517(5) 41(5)
C(9) 2830(40) 7508(18) 4623(11) 91(13)
C(10) 3420(30) 8960(20) 4711(7) 71(9)
C(11) 2400(40) 8520(30) 4108(9) 92(11)
C(12) 830(40) 8640(30) 4589(11) 108(13)
N(4) 2250(20) 5720(13) 3363(6) 41(5)
C(13) 800(50) 6010(30) 3260(12) 117(15)
C(14) 2740(40) 6360(30) 3634(11) 116(14)
C(15) 3280(50) 5720(30) 3076(10) 106(12)
C(16) 2090(40) 4890(20) 3523(10) 82(10)
N(5) 12250(30) 1599(18) 6165(6) 61(7)
C(17) 12420(50) 1590(30) 5776(7) 112(14)
C(18) 12520(30) 2514(19) 6306(9) 70(9)
C(19) 13250(50) 1030(20) 6321(11) 112(15)
C(20) 10670(40) 1450(30) 6304(9) 91(11)
N(6) 7490(30) 9214(14) 3300(6) 58(6)
C(21) 6290(40) 9350(30) 3591(12) 129(17)
C(22) 7720(60) 9980(30) 3032(14) 52(13)
C(23) 7010(70) 8390(50) 3059(17) 85(19)
C(24) 9030(50) 8870(30) 3401(13) 39(11)
C(22") 7770(60) 10200(30) 3235(15) 51(13)
C(23) 6550(50) 8800(30) 3032(11) 45(11)
C(24) 8470(90)

Table 3. Bond lengths [A] and angles [°].

W(1)-S(2) 2.162(8) C(2)-N(1)-C(3) 122(4)
W(1)-S(1) 2.187(8) C(1)-N(1)-C(3) 98(3)
W(1)-S(4) 2.192(10) C(2)-N(1)-C(3) 88(4)
W(1)-S(3) 2.196(8) C(3)-N(1)-C(3) 29(3)
W(2)-S(7) 2.079(7) C(4)-N(1)-C(3) 114(4)
W(2)-S(6) 2.155(8) C(2)-N(1)-C(4) 77(3)
W(2)-S(5) 2.165(9) C(1)-N(1)-C(4) 106(3)
W(2)-S(8) 2.176(7) C(2")-N(1)-C(4) 109(3)
W(3)-S(12) 2.182(8) C(3")-N(1)-C(4) 116(4)
W(3)-S(11) 2.199(8) C(4)-N(1)-C(4) 32(2)
W(3)-S(10) 2.202(9) C(3)-N(1)-C(4) 144(4)
W(3)-S(9) 2.219(10) C(8)-N(2)-C(6) 123(4)
N(1)-C(2) 1.41(7) C(8)-N(2)-C(5) 97(4)
N(1)-C(1) 1.50(3) C(6)-N(2)-C(5) 123(4)
N(1)-C(2") 1.52(6) C(8)-N(2)-C(8") 35(3)
N(1)-C(3") 1.56(6) C(6)-N(2)-C(8") 91(4)
N(1)-C(4) 1.56(5) C(5)-N(2)-C(8") 130(4)
N(1)-C(3) 1.58(7) C(8)-N(2)-C(6") 111(4)
N(1)-C(4") 1.65(6) C(6)-N(2)-C(6") 50(4)
N(2)-C(8) 1.52(2) C(5)-N(2)-C(6") 80(4)
N(2)-C(6) 1.52(2) C(8")-N(2)-C(6") 103(5)
N(2)-C(5) 1.52(2) C(8)-N(2)-C(7) 108(3)
N(2)-C(8") 1.52(3) C(6)-N(2)-C(7) 102(3)
N(2)-C(6") 1.52(3) C(5)-N(2)-C(7) 101(3)
N(2)-C(7) 1.52(2) C(8")-N(2)-C(7) 107(4)
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N(2)-C(7") 1.52(3) C(6')-N(2)-C(7) 140(4)
C(5)-C(6) 1.95(9) C(8)-N(2)-C(7") 121(4)
N(3)-C(12) 1.36(4) C(6)-N(2)-C(7") 70(4)

N(3)-C(9) 1.51(3) C(5)-N(2)-C(7") 124(4)
N(3)-C(11) 1.55(4) C(8)-N(2)-C(7") 100(4)
N(3)-C(10) 1.56(3) C(6')-N(2)-C(7") 116(5)
N(4)-C(15) 1.41(4) C(7)-N(2)-C(7") 33(3)

N(4)-C(13) 1.43(4) N(2)-C(5)-C(6") 50(2)

N(4)-C(16) 1.44(4) N(2)-C(6)-C(5) 50(2)

N(4)-C(14) 1.49(4) C(12)-N(3)-C(9) 123(3)
N(5)-C(19) 1.39(4) C(12)-N(3)-C(11) 104(2)
N(5)-C(17) 1.46(3) C(9)-N(3)-C(11) 111(2)
N(5)-C(20) 1.52(4) C(12)-N(3)-C(10) 112(3)
N(5)-C(18) 1.54(4) C(9)-N(3)-C(10) 99(2)

N(6)-C(24") 1.32(7) C(11)-N(3)-C(10) 109(2)
N(6)-C(23") 1.46(5) C(15)-N(4)-C(13) 113(3)
N(6)-C(24) 1.52(5) C(15)-N(4)-C(16) 112(3)
N(6)-C(21) 1.54(4) C(13)-N(4)-C(16) 108(3)
N(6)-C(22) 1.57(5) C(15)-N(4)-C(14) 109(3)
N(6)-C(22') 1.57(5) C(13)-N(4)-C(14) 104(3)
N(6)-C(23) 1.62(7) C(16)-N(4)-C(14) 111(3)
C(21)-C(24)) 2.02(8) C(19)-N(5)-C(17) 110(3)
S(2)-W(1)-S(1) 109.0(4) C(19)-N(5)-C(20) 111(3)
S(2)-W(1)-S(4) 108.0(4) C(17)-N(5)-C(20) 116(3)
S(1)-W(1)-S(4) 112.5(4) C(19)-N(5)-C(18) 110(3)
S(2)-W(1)-S(3) 109.6(4) C(17)-N(5)-C(18) 110(3)
S(1)-W(1)-S(3) 109.1(3) C(20)-N(5)-C(18) 100(3)
S(4)-W(1)-S(3) 108.6(4) C(24)-N(6)-C(23") 140(4)
S(7)-W(2)-S(6) 109.5(4) C(24)-N(6)-C(24) 31(3)

S(7)-W(2)-S(5) 108.6(4) C(23)-N(6)-C(24) 123(3)
S(6)-W(2)-S(5) 110.1(4) C(24)-N(6)-C(21) 90(4)

S(7)-W(2)-S(8) 108.5(4) C(23)-N(6)-C(21) 98(3)

S(6)-W(2)-S(8) 109.5(4) C(24)-N(6)-C(21) 120(3)
S(5)-W(2)-S(8) 110.7(4) C(24)-N(6)-C(22) 123(4)
S(12)-W(3)-S(11) 109.8(4) C(23)-N(6)-C(22) 88(3)

S(12)-W(3)-S(10) 108.1(3) C(24)-N(6)-C(22) 108(3)
S(11)-W(3)-S(10) 108.4(4) C(21)-N(6)-C(22) 116(3)

2 3
Table 4. Anisotropic displacement parameter (£0).
The anisotropic displacement factor exponent tékegorm: -2 2[ h2 a*2U11+ .. +2hka*b*y,)

Ui Uzz Uss Uzs Uiz Uiz
W(1) 35(1) 36(1) 35(1) -3(1) 0(1) 3(1)
S(1) 91(6) 52(4) 77(5) -10(4) -41(5) -17(4)
S(2) 107(6) 106(7) 39(4) -12(4) -8(4) 7(7)
S(3) 79(5) 44(4) 96(6) 15(4) -15(5) -1(4)
S(4) 88(6) 93(7) 94(7) -2(6) 35(6) 0(6)
W(2) 51(1) 36(1) 37(1) 0(1) 4(1) 4(1)
S(5) 158(10) 55(5) 104(8) 20(5) 3(7) 10(6)
S(6) 83(6) 99(7) 76(6) -13(5) 25(4) 50(5)
S(7) 17(3) 146(9) 105(7) 1(6) -3(4) -34(4)
S(8) 72(4) 100(6) 42(4) -5(4) -3(3) -5(6)
W(3) 46(1) 38(1) 36(1) 1(1) 5(1) 2(1)
S(9) 139(8) 93(7) 52(5) 13(5) -3(5) 46(7)
S(10) 71(5) 71(5) 82(6) 10(4) 4(4) -18(4)
S(11) 100(6) 43(4) 80(6) -18(4) -12(5) 12(5)
S(12) 71(4) 93(6) 41(4) -4(4) -2(3) -1(6)
N(1) 26(8) 55(13) 47(12) 10(11) 17(8) 0(12)
C(1) 70(19) 130(30) 70(20) -10(20) -28(19) 0(30)
N(2) 64(14) 42(12) 58(15) -20(11) 24(12) -4(12)
N(3) 44(11) 44(12) 34(11) -3(9) -18(8) 3(12)
C(9) 70(20) 48(18) 150(40) 6(19) -20(20) 30(17)
C(10) 71(19) 100(20) 46(15) -25(14) 2(14) -36(18)
C(11) 120(20) 80(20) 80(30) -11(18) 50(20) 20(20)
N(4) 25(9) 42(12) 55(14) 9(10) 19(9) 12(9)
N(5) 70(15) 56(15) 56(15) -1(13) 27(11) -6(17)
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c(7) 220(40) 100(30) 20(17) 0(16) -10(20) -30(30
C(18) 59(18) 59(19) 90(20) -23(16) -16(18) 12(16)
C(19) 160(40) 70(20) 110(30) -13(19) -50(30) m@3

N(6) 87(17) 42(13) 46(14) -5(10) -13(13) -11(13)
c(21) 60(20) 140(40) 190(40) -10(30) 70(20) 30(20

4 2 3
Table 5. Coordinates of H atoms (x )LAnd isotropic displacement parameters«(£0 )

X y z U(eq)
H(1A) 2180 2117 2368 135
H(1B) 1906 1122 2376 135
H(1C) 3541 1483 2358 135
H(1D) 2181 2114 2364 135
H(1E) 3541 1479 2359 135
H(1F) 1905 1120 2379 135
H(2A) 2189 2447 3225 100
H(2B) 1150 2516 2887 100
H(2C) 2807 2842 2868 100
H(3A) 4413 720 2800 134
H(3B) 4560 1275 3149 134
H(3C) 4950 1677 2775 134
H(4A) 1718 388 2973 72
H(4B) 485 1101 2946 72
H(4C) 1496 1041 3288 72
H(2D) 3160 2508 3230 84
H(2E) 2422 2902 2886 84
H(2F) 4095 2601 2876 84
H(3D) 3481 349 2894 97
H(3E) 3884 910 3230 97
H(3F) 4748 1042 2868 97
H(4D) 572 860 2918 108
H(4E) 242 1847 2890 108
H(4F) 850 1459 3249 108
H(5A) -1972 1169 4495 188
H(5B) -1918 1870 4796 188
H(5C) -3439 1648 4609 188
H(5D) -1972 1168 4495 188
H(5E) -1918 1870 4796 188
H(5F) -3439 1648 4609 188
H(6A) -2148 1267 5449 184
H(6B) -1002 588 5306 184
H(6C) -2499 284 5484 184
H(7A) -5019 954 4862 97
H(7B) -4450 1492 5190 97
H(7C) -4786 509 5235 97
H(8A) -3395 105 4512 166
H(8B) -3261 -516 4842 166
H(8C) -1815 -170 4653 166
H(6D) -903 659 5279 149
H(6E) -1190 1588 5132 149
H(6F) -560 875 4877 149
H(7D) -3943 308 5418 118
H(7E) -4943 875 5166 118
H(7F) -3747 1309 5415 118
H(8D) -2939 -491 5175 109
H(8E) -1708 -401 4877 109
H(8F) -3401 -442 4769 109
H(9A) 3853 7453 4546 136
H(9B) 2238 7069 4512 136
H(9C) 2783 7448 4879 136
H(10A) 4410 8794 4636 106
H(10B) 3336 8879 4966 106
H(10C) 3248 9547 4652 106
H(11A) 3407 8397 4036 139
H(11B) 2154 9101 4050 139
H(11C) 1727 8136 3984 139
H(12A) 132 8248 4480 162
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H(12B)
H(12C)
H(13A)
H(13B)
H(13C)
H(14A)
H(14B)
H(14C)
H(15A)
H(15B)
H(15C)
H(16A)
H(16B)
H(16C)
H(17A)
H(17B)
H(17C)
H(18A)
H(18B)
H(18C)
H(19A)
H(19B)
H(19C)
H(20A)
H(20B)
H(20C)
H(21A)
H(21B)
H(21C)
H(21D)
H(21E)
H(21F)
H(22A)
H(22B)
H(22C)
H(23A)
H(23B)
H(23C)
H(24A)
H(24B)
H(24C)
H(22D)
H(22E)
H(22F)
H(23D)
H(23E)
H(23F)
H(24D)
H(24E)
H(24F)

675
674
200
330
884
2026
2799
3701
3269
3003
4264
1495
3062
1614
11720
12231
13419
11809
13513
12401
13139
14248
13043
10000
10655
10359
5622
5737
6763
5622
5738
6763
8502
7976
6804
7736
6048
6947
9654
8932
9480
7045
8756
7673
5911
5947
7166
8755
9342
8035

9205
8645
6101
5586
6540
6377
6918
6203
6271
5284
5603
4931
4664
4504
1979
1016
1754
2900
2692
2520
1048
1188
458
1855
1524
876
8865
9862
9398
8865
9862
9398
9842
10489
10077
8300
8499
7892
8849
8304
9243
10415
10285
10505
9222
8368
8540
9529
8767
8615

4495
4844
3470
3110
3129
3826
3524
3726
2961
2906
3166
3737
3585
3357
5669
5688
5714
6200
6245
6562
6577
6256
6237
6195
6560
6245
3593

3541
3822
3593
3541
3822
2866

3163
2902
2875

2952
3209
3192

3500

3576
3067
3140
3458
2923

3145
2851
3678

3442
3715
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5. Experimental part

Bis(tetraethylammonium) tetrathiotungstate

Table 1. Crystal data and structure refinemenbisftetraethylammonium) tetrathiotungstate.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.04°
Refinement method

Data / restraints / parameters
Goodness-of-fit on ¥

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

pw200
GeHaoN2SW
572.59
293(2) K
0.71073 A
Monoclinic
P2/n
a=16.6695(12) A =90°.
b =9.3415(6) A
c=16.9965(13) A =90°.

2354.3(3) B
4

1.615 Mghn

5.263 mrh
1152

15 x 24 x 30 mr
2.32 to 28.04°.
-22<=h<=22, -12<=k<=11, -22<=|<=22
22222
5644 [R(int) = 0.0410]
98.9 %
Full-matrix least-squares énF
5644 /0/ 225

1.034
R1 = 0.0294, wR2 = 0.069
R1 = 0.0459, wR2 = 0.0744
0.0090(3)

1.067 and -1.047%.A

Table 2. Atomic coordinates (x 4])Oalnd equivalent isotropic displacement parameﬂ%ezrxs 103).
U(eq) is defined as one third of the trace ofditbogonalized {Jtensor.

= 117.185(8)°.

X y z U(eq)
W(1) 7421(1) 2412(1) 5097(1) 29(1)
S(1) 6598(1) 2264(2) 5804(1) 49(1)
S(2) 6616(1) 3356(2) 3791(1) 53(1)
S(3) 7859(1) 279(1) 4912(1) 55(1)
S(4) 8602(1) 3741(2) 5865(1) 64(1)
N(1) 6344(2) 7378(3) 6254(2) 31(1)
C(2) 5663(4) 6284(6) 6238(4) 44(1)
c@) 6557(16) 6720(30) 7139(16) 45(5)
Cc(2) 5810(4) 5801(8) 7148(4) 75(2)
Cc@3) 6418(4) 8636(6) 6830(4) 45(1)
Cc(@3) 5489(15) 8320(20) 5970(15) 40(5)
C(4) 5521(4) 9396(6) 6600(4) 60(1)
C(5) 6045(4) 7912(7) 5311(4) 44(1)
C(5) 6157(18) 6260(30) 5552(16) 50(6)
C(6) 6032(5) 6811(9) 4671(4) 83(2)
C(7) 7262(4) 6627(7) 6625(5) 48(1)
C(7) 7125(15) 8350(20) 6382(15) 41(5)
c(8) 7998(4) 7504(7) 6592(6) 76(2)
N(2) 9118(2) 2447(3) 3228(2) 31(1)
Cc(11) 8100(3) 2262(6) 2755(3) 48(1)
C(12) 7698(4) 2018(7) 1761(4) 60(1)
C(13) 9417(3) 3645(5) 2818(3) 39(1)
C(14) 8966(4) 5071(5) 2752(4) 56(1)
C(15) 9348(3) 2773(5) 4182(3) 43(1)
C(16) 10350(4) 2980(7) 4797(3) 60(1)
c(17) 9590(3) 1098(5) 3152(3) 42(1)
c(18) 9428(5) -241(6) 3569(4) 64(2)
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Table 3. Bond lengths [A] and angles [°].

W(1)-S(4) 2.1846(12) C(1')-N(1)-C(1) 64.9(10)
W(1)-S(2) 2.1867(12) C(7')-N(1)-C(1) 171.6(9)
W(1)-S(3) 2.1933(12) C(3)-N(1)-C(5) 108.6(4)
W(1)-S(1) 2.2030(12) C(5')-N(1)-C(5) 63.0(10)
N(1)-C(3) 1.498(6) C(1')-N(1)-C(5) 173.3(10)
N(1)-C(5") 1.51(3) C(7')-N(1)-C(5) 78.7(9)

N(1)-C(1) 1.51(2) C(1)-N(1)-C(5) 108.5(4)
N(1)-C(7") 1.52(2) C(3)-N(1)-C(7) 108.8(4)
N(1)-C(1) 1.519(6) C(5')-N(1)-C(7) 79.3(10)
N(1)-C(5) 1.527(6) C(1)-N(1)-C(7) 70.5(10)
N(1)-C(7) 1.533(7) C(7')-N(1)-C(7) 65.4(9)

N(1)-C(3") 1.55(2) C(1)-N(1)-C(7) 107.2(4)
C(1)-C(2) 1.520(8) C(5)-N(1)-C(7) 111.6(4)
C(1)-C(2) 1.52(2) C(3)-N(1)-C(3) 63.2(9)

C(3)-C(4) 1.536(8) C(5')-N(1)-C(3") 108.5(13)
C(3)-C(4) 1.45(2) C(1)-N(1)-C(3") 107.7(13)
C(5)-C(6) 1.490(9) C(7')-N(1)-C(3" 108.4(12)
C(5')-C(6) 1.50(3) C(1)-N(1)-C(3) 78.5(9)

C(7)-C(8) 1.497(8) C(5)-N(1)-C(3) 71.1(9)

C(7')-C(8) 1.55(2) C(7)-N(1)-C(3) 171.8(9)
N(2)-C(15) 1.517(5) N(1)-C(1)-C(2) 114.3(5)
N(2)-C(13) 1.518(5) N(1)-C(1)-C(2) 114.9(15)
N(2)-C(11) 1.519(5) C(1')-C(2)-C(1) 64.7(9)

N(2)-C(17) 1.521(5) N(1)-C(3)-C(4) 114.6(4)
C(11)-C(12) 1.524(7) C(4)-C(3)-N(1) 116.3(14)
C(13)-C(14) 1.508(7) C(3)-C(4)-C(3) 64.6(9)

C(15)-C(16) 1.525(7) C(6)-C(5)-N(1) 115.4(5)
C(17)-C(18) 1.521(7) C(6)-C(5')-N(1) 115.7(17)
S(4)-W(1)-S(2) 110.21(6) C(5)-C(6)-C(5) 64.0(10)
S(4)-W(1)-S(3) 109.52(6) C(8)-C(7)-N(1) 114.5(5)
S(2)-W(1)-S(3) 108.12(5) N(1)-C(7)-C(8) 112.7(14)
S(4)-W(1)-S(1) 109.00(5) C(7)-C(8)-C(7") 65.6(9)

S(2)-W(1)-S(1) 109.40(5) C(15)-N(2)-C(13) 111.5(3)
S(3)-W(1)-S(1) 110.59(5) C(15)-N(2)-C(11) 105.3(3)
C(3)-N(1)-C(5" 170.5(10) C(13)-N(2)-C(11) 111.2(3)
C(3)-N(1)-C(1) 76.0(10) C(15)-N(2)-C(17) 111.7(3)
C(5')-N(1)-C(1") 111.9(14) C(13)-N(2)-C(17) 106.3(3)
C(3)-N(1)-C(7") 68.3(9) C(11)-N(2)-C(17) 110.9(3)
C(5')-N(1)-C(7") 112.4(14) N(2)-C(11)-C(12) 115.0(4)
C(1')-N(1)-C(7") 107.8(13) C(14)-C(13)-N(2) 115.4(4)
C(3)-N(1)-C(1) 112.1(4) N(2)-C(15)-C(16) 114.8(4)
C(5')-N(1)-C(1) 68.7(11) C(18)-C(17)-N(2) 115.6(4)

Table 4. Anisotropic displacement parameterzg(ﬁos).
The anisotropic displacement factor exponent tékesorm: -2 2[ h2 a*2U11+ .. +2hka*b*y,)

Ui Uz Uss Uzs Uis Ui,
W(1) 33(1) 29(1) 31(1) o(1) 19(1) -3(1)
S(1) 48(1) 68(1) 46(1) 2(1) 34(1) -6(1)
S(2) 62(1) 59(1) 42(1) 18(1) 27(1) 18(1)
S(3) 71(1) 34(1) 73(1) 5(1) 43(1) 11(1)
S(4) 62(1) 78(1) 62(1) -28(1) 35(1) -42(1)
N(1) 31(2) 30(2) 34(2) 3(1) 15(1) -3(1)
c@) 40(3) 41(3) 51(3) 3(2) 22(3) -9(2)
c@) 57(3) 82(5) 86(4) 43(4) 32(3) -5(3)
c@) 47(3) 41(3) 46(3) -7(2) 20(3) -4(2)
c@) 74(4) 50(3) 74(4) -3(3) 49(3) 14(3)
C(5) 52(3) 50(3) 34(3) 9(2) 22(2) 3(3)
C(6) 110(6) 104(6) 52(3) -23(3) 51(4) -13(4)
c(7) 42(3) 43(3) 63(4) 9(3) 28(3) 5(2)
c(8) 39(3) 72(4) 121(6) 12(4) 41(3) 0(3)
N(2) 29(2) 35(2) 34(2) -1(1) 19(1) -2(1)
C(11) 31(2) 66(3) 51(3) 3(2) 23(2) -3(2)
C(12) 47(3) 74(4) 47(3) 3(3) 10(2) -9(3)
C(13) 42(2) 43(3) 42(2) 7(2) 27(2) 0(2)
C(14) 63(3) 40(3) 67(3) 6(2) 31(3) 4(2)
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C(15) 55(3) 44(3) 36(2) -5(2) 27(2) -2(2)
C(16) 65(3) 63(3) 37(2) -7(2) 10(2) -14(3)
C(17) 43(2) 39(2) 48(3) -2(2) 25(2) 4(2)
C(18) 96(5) 38(3) 55(3) 4(2) 33(3) 2(3)
Table 5. Coordinates of H atoms (x4)lﬁnd isotropic displacement parameter29<(ﬁ03).

X y z U(eq)
H(1A) 5688 5452 5909 52
H(1B) 5064 6690 5925 52
H(1C) 6695 7478 7569 55
H(1D) 7094 6132 7325 55
H(2A) 5357 5112 7086 113
H(2B) 5769 6612 7475 113
H(2C) 6396 5373 7459 113
H(2D) 5714 4980 6776 113
H(2E) 5264 6351 6934 113
H(2F) 5979 5491 7742 113
H(3A) 6832 9324 6787 54
H(3B) 6675 8315 7439 54
H(3C) 5370 8792 5421 48
H(3D) 4982 7687 5849 48
H(4A) 5625 10184 6998 90
H(4B) 5110 8733 6656 90
H(4C) 5267 9745 6004 90
H(4D) 5974 10093 6677 90
H(4E) 5666 8949 7158 90
H(4F) 4944 9858 6381 90
H(5A) 5444 8313 5091 53
H(5B) 6445 8680 5330 53
H(5C) 6653 5582 5772 60
H(5D) 5618 5740 5460 60
H(6A) 5838 7243 4101 125
H(6B) 5622 6058 4629 125
H(6C) 6626 6422 4872 125
H(6D) 5476 7336 4391 125
H(6E) 6013 6020 4303 125
H(6F) 6525 7429 4758 125
H(7A) 7442 6363 7235 58
H(7B) 7195 5751 6294 58
H(7C) 7239 9007 6861 49
H(7D) 6959 8904 5848 49
H(8A) 8548 6961 6833 114
H(8B) 8084 8362 6933 114
H(8C) 7834 7752 5990 114
H(8D) 8262 7178 7194 114
H(8E) 8417 8116 6511 114
H(8F) 7857 6696 6203 114
H(11A) 7825 3109 2858 57
H(11B) 7942 1455 3016 57
H(12A) 7056 1912 1517 91
H(12B) 7951 1165 1649 91
H(12C) 7834 2822 1490 91
H(13A) 10063 3770 3165 47
H(13B) 9303 3353 2229 47
H(14A) 9196 5758 2486 85
H(14B) 9088 5390 3333 85
H(14C) 8327 4972 2395 85
H(15A) 9127 1996 4409 51
H(15B) 9030 3636 4195 51
H(16A) 10436 3184 5383 90
H(16B) 10574 3763 4588 90
H(16C) 10671 2122 4805 90
H(17A) 9395 909 2530 51
H(17B) 10234 1281 3425 51
H(18A) 9753 -1029 3490 96
H(18B) 8795 -458 3291 96
H(18C) 9633 -80 4189 96
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Bis(tetrapropylammonium) tetrathiotungstate

Table 1. Crystal data and structure refinemenbisftetrapropylammonium) tetrathiotungstate.

Identification code pw300

Empirical formula GHseNL,S,W

Formula weight 684.80

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system monoclinic

Space group C2/c

Unit cell dimensions a=32.440(2) A a= 90°.
b = 13.8453(6) A b=109.191(7)".
¢ = 15.0563(10) A g =90°.

Volume 6386.7(7) B

z 8

Density (calculated) 1.424 Mgﬁn

Absorption coefficient 3.893 mith

F(000) 2816

Crystal size 0.5x0.5x0.25 mm

Theta range for data collection 2.48 to 28.04°.

Index ranges -42<=h<=42, -16<=k<=17, -18<=|<=19

Reflections collected 30476

Independent reflections 7615 [R(int) = 0.0534]

Completeness to theta = 28.04° 98.4 %

Refinement method Full-matrix least-squares én F

Data / restraints / parameters 7615/0/318

Goodness-of-fit on & 1.034

Final R indices [I>2sigma(l)] R1 =0.0300, wR2 ©610

R indices (all data) R1 =0.0486, wR2 = 0.0664

Extinction coefficient 0.00069(4)

Largest diff. peak and hole 0.526 and -0.708 e A

4 2 3
Table 2. Atomic coordinates (x JGand equivalent isotropic displacement paramé#enrs 10).
U(eq) is defined as one third of the trace ofditbogonalized YJtensor.

X y z U(eq)
W(1) 3732(1) 7429(1) 4145(1) 37(1)
S(1) 4194(1) 6679(1) 3594(1) 52(1)
S(2) 3164(1) 7934(1) 2979(1) 56(1)
S(3) 3503(1) 6434(1) 5006(1) 63(1)
S(4) 4056(1) 8661(1) 5009(1) 61(1)
N(1) 2550(1) 4887(2) 6029(2) 35(1)
C(1) 2487(1) 5319(3) 5061(3) 37(1)
C(2) 2196(1) 6197(3) 4786(3) 45(1)
C(3) 2177(1) 6533(3) 3812(3) 50(1)
C(4) 2112(1) 4628(3) 6140(3) 44(1)
C(5) 1833(2) 3936(4) 5417(3) 59(1)
C(6) 1417(2) 3711(4) 5636(4) 65(1)
C(7) 2772(1) 5633(3) 6776(3) 43(1)
C(8) 2881(2) 5288(4) 7792(3) 66(1)
C(9) 3095(3) 6079(5) 8459(4) 100(2)
C(10) 2830(1) 3978(3) 6141(3) 42(1)
C(11) 3310(1) 4142(3) 6273(3) 48(1)
C(12) 3513(2) 3194(3) 6112(3) 53(1)
N(2) 5000 9107(3) 2500 38(1)
C(21) 5069(1) 8462(3) 3354(3) 40(1)
C(22) 5114(2) 8972(3) 4270(3) 54(1)
C(23) 5206(2) 8247(4) 5072(3) 60(1)
C(24) 5395(1) 9761(3) 2641(3) 46(1)
C(25) 5825(1) 9247(4) 2787(4) 59(1)
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C(26) 6177(2) 9966(4) 2788(4) 80(2)
N(3) 5000 4222(3) 2500 46(1)
C(31) 5228(3) 5063(8) 3197(7) 51(2)
C(32) 5420(4) 4812(9) 4219(8) 71(3)
C(31) 5127(3) 4574(7) 3475(6) 50(2)
C(32) 5487(3) 5337(8) 3732(7) 61(2)
C(33) 5592(2) 5638(5) 4782(4) 86(2)
C(34) 5345(3) 3395(7) 2658(6) 49(2)
C(35) 5764(3) 3630(9) 2494(7) 65(3)
C(34) 5366(3) 3844(8) 2198(8) 58(2)
C(35) 5614(4) 3006(10) 2734(10) 85(4)
C(36) 6022(2) 2760(6) 2538(4) 97(2)
Table 3. Bond lengths [A] and angles [°].

W(1)-S(3) 2.1836(11) C(4)-C(5)-C(6) 109.7(4)
W(1)-S(4) 2.1918(11) N(1)-C(7)-C(8) 115.2(3)
W(1)-S(1) 2.1979(10) C(9)-C(8)-C(7) 110.4(4)
W(1)-S(2) 2.2001(11) C(11)-C(10)-N(1) 115.9(3)
N(1)-C(7) 1.522(4) C(10)-C(11)-C(12) 109.1(3)
N(1)-C(1) 1.525(4) C(21)-N(2)-C(21)#1 108.1(4)
N(1)-C(4) 1.529(4) C(21)-N(2)-C(24)#1 110.5(2)
N(1)-C(10) 1.529(5) C(21)#1-N(2)-C(24)#1 110.3(2)
C(1)-C(2) 1.511(5) C(21)-N(2)-C(24) 110.3(2)
C(2)-C(3) 1.520(5) C(21)#1-N(2)-C(24) 110.5(2)
C(4)-C(5) 1.507(6) C(24)#1-N(2)-C(24) 107.2(4)
C(5)-C(6) 1.525(6) C(22)-C(21)-N(2) 116.1(3)
C(7)-C(8) 1.529(6) C(21)-C(22)-C(23) 110.5(4)
C(8)-C(9) 1.493(7) C(25)-C(24)-N(2) 115.6(3)
C(10)-C(11) 1.519(5) C(26)-C(25)-C(24) 110.5(4)
C(11)-C(12) 1.523(6) C(31)-N(3)-C(31)#1 141.2(9)
N(2)-C(21) 1.520(4) C(31)-N(3)-C(34)#1 78.7(6)
N(2)-C(21)#1 1.520(4) C(31)#1-N(3)-C(34")#1 115.3(5)
N(2)-C(24)#1 1.526(4) C(31)-N(3)-C(34") 115.3(5)
N(2)-C(24) 1.526(4) C(31)#1-N(3)-C(34)) 78.7(6)
C(21)-C(22) 1.513(6) C(34)#1-N(3)-C(34) 139.1(10)
C(22)-C(23) 1.522(6) C(31)-N(3)-C(34)#1 110.3(5)
C(24)-C(25) 1.517(6) C(31)#1-N(3)-C(34)#1 98.0(5)
C(25)-C(26) 1.514(6) C(34)#1-N(3)-C(34)#1 36.0(5)
N(3)-C(31) 1.471(9) C(34)-N(3)-C(34)#1 107.3(7)
N(3)-C(31")#1 1.471(9) C(31)-N(3)-C(34) 98.0(5)
N(3)-C(34")#1 1.499(9) C(31)#1-N(3)-C(34) 110.3(5)
N(3)-C(34") 1.499(9) C(34)#1-N(3)-C(34) 107.3(7)
N(3)-C(34)#1 1.564(10) C(34')-N(3)-C(34) 36.0(5)
N(3)-C(34) 1.564(10) C(34)#1-N(3)-C(34) 85.9(7)
N(3)-C(31) 1.580(10) C(31)-N(3)-C(31) 34.5(4)
N(3)-C(31)#1 1.580(10) C(31)#1-N(3)-C(31) 109.5(7)
C(31)-C(32) 1.499(14) C(34)#1-N(3)-C(31) 107.5(6)
C(32)-C(33) 1.424(12) C(34')-N(3)-C(31) 102.4(5)
C(31)-C(32) 1.528(12) C(34)#1-N(3)-C(31) 142.7(5)
C(31)-C(34)#1 1.883(13) C(34)-N(3)-C(31) 106.5(5)
C(32)-C(33) 1.561(11) C(31)-N(3)-C(31)#1 109.5(7)
C(34)-C(35) 1.496(14) C(31)#1-N(3)-C(31)#1 34.5(4)
C(35)-C(36) 1.455(12) C(34)#1-N(3)-C(31)#1 102.4(5)
C(34)-C(35) 1.488(16) C(34')-N(3)-C(31)#1 107.5(6)
C(34)-C(31)#1 1.883(13) C(34)#1-N(3)-C(31)#1 106.5(5)
C(35")-C(36) 1.486(13) C(34)-N(3)-C(31)#1 142.7(5)
S(3)-W(1)-S(4) 109.17(5) C(31)-N(3)-C(31)#1 84.9(8)
S(3)-W(1)-S(1) 109.48(5) C(32)-C(31)-N(3) 117.1(9)
S(4)-W(1)-S(1) 109.79(4) C(33)-C(32)-C(31) 111.9(10)
S(3)-W(1)-S(2) 108.30(5) N(3)-C(31')-C(32") 115.0(8)
S(4)-W(1)-S(2) 109.83(5) N(3)-C(31)-C(34")#1 51.3(4)
S(1)-W(1)-S(2) 110.24(4) C(32)-C(31)-C(34")#1 162.2(9)
C(7)-N(1)-C(1) 108.8(3) C(31)-C(32)-C(33) 109.6(8)
C(7)-N(1)-C(4) 108.0(3) C(32)-C(33)-C(32) 43.1(6)
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C(1)-N(1)-C(4) 111.0(3) C(35)-C(34)-N(3) 117.4(8)
C(7)-N(1)-C(10) 111.0(3) C(36)-C(35)-C(34) 110.6(10)
C(1)-N(1)-C(10) 108.4(3) C(35)-C(34")-N(3) 116.6(10)
C(4)-N(1)-C(10) 109.6(3) C(35)-C(34')-C(31')#1 157.3(10)
C(2)-C(1)-N(1) 117.0(3) N(3)-C(34')-C(31)#1 50.0(4)
C(1)-C(2)-C(3) 109.5(3) C(36)-C(35')-C(34") 115.3(12)
C(5)-C(4)-N(1) 115.4(3) C(35)-C(36)-C(35') 44.3(6)

Symmetry transformations used to generate equivatems:
#1 -x+1,y, -z+1/2

2 3
Table 4. Anisotropic displacement parametersx (£0).
The anisotropic displacement factor exponent tékesorm: -2 2[ h2 a*2U11 +... +2hka*b*U2

U1l u22 U33 u23 U13 u12
W(1) 35(1) 38(1) 39(1) -6(1) 15(1) -6(1)
S(1) 46(1) 55(1) 59(1) -6(1) 24(1) 7(1)
S(2) 51(1) 68(1) 46(1) -8(1) 10(1) 17(1)
S(3) 58(1) 67(1) 69(1) 11(1) 29(1) -18(1)
S(4) 62(1) 56(1) 67(1) -26(1) 25(1) -21(1)
N(1) 40(2) 30(2) 36(2) -2(1) 16(1) -5(1)
c@) 41(2) 38(2) 35(2) 2(1) 17(1) -3(2)
c@) 49(2) 42(2) 45(2) 4(2) 15(2) 6(2)
c@) 47(2) 52(3) 49(2) 11(2) 12(2) 1(2)
c@) 52(2) 41(2) 47(2) -3(2) 30(2) -9(2)
C(5) 53(3) 62(3) 68(3) -17(2) 29(2) -18(2)
C(6) 52(3) 61(3) 93(4) -9(2) 39(3) -14(2)
c(7) 53(2) 36(2) 40(2) -5(2) 15(2) -8(2)
C(8) 96(4) 61(3) 37(2) -3(2) 16(2) -14(3)
c(9) 139(6) 107(5) 40(3) -16(3) 10(3) -47(4)
C(10) 51(2) 32(2) 44(2) 2(2) 17(2) 2(2)
C(11) 44(2) 44(2) 51(2) 3(2) 10(2) 0(2)
C(12) 56(2) 51(3) 52(2) 1(2) 20(2) 10(2)
N(2) 43(2) 30(2) 42(2) 0 17(2) 0
c(21) 37(2) 37(2) 47(2) 6(2) 15(2) 0(2)
C(22) 63(3) 56(3) 44(2) 3(2) 20(2) -1(2)
C(23) 52(2) 78(3) 46(2) 13(2) 11(2) -1(2)
C(24) 54(2) 39(2) 44(2) -4(2) 18(2) -11(2)
C(25) 44(2) 62(3) 76(3) -11(2) 25(2) -12(2)
C(26) 65(3) 91(4) 94(4) -21(3) 40(3) -31(3)
N(3) 48(3) 42(3) 55(3) 0 27(2) 0
C(31) 53(5) 51(6) 58(5) -8(4) 28(5) 0(4)
C(32) 63(6) 83(8) 64(6) -18(6) 17(5) -1(5)
C(31) 53(5) 53(6) 50(5) -5(4) 25(4) -10(4)
C(32) 57(6) 74(7) 53(5) -16(5) 19(5) -26(5)
C(33) 106(5) 93(5) 62(3) -21(3) 32(3) -20(4)
C(34) 65(6) 35(5) 47(5) 4(4) 20(4) 5(4)
C(35) 63(6) 79(8) 58(6) 14(5) 28(5) 23(5)
C(34" 41(5) 65(7) 68(6) -10(5) 19(4) 2(4)
C(35) 68(7) 80(9) 102(9) -1(7) 23(7) 31(7)
C(36) 63(3) 142(6) 81(4) -27(4) 17(3) 30(4)

4 2 3
Table 5. Coordinates of H atoms (x )Lnd isotropic displacement parametersc(£0).

X y z U(eq)
H(1A) 2772 5489 5031 44
H(1B) 2368 4821 4595 44
H(2A) 2310 6711 5238 54
H(2B) 1905 6039 4785 54
H(3A) 1995 7095 3640 76
H(3B) 2059 6027 3365 76
H(3C) 2466 6689 3816 76
H(4A) 2166 4348 6758 52
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H(4B)

H(5A)

H(5B)

H(6A)

H(6B)

H(6C)

H(7A)

H(7B)

H(8A)

H(8B)

H(9A)

H(9B)

H(9C)

H(10A)
H(10B)
H(11A)
H(11B)
H(12A)
H(12B)
H(12C)
H(21A)
H(21B)
H(22A)
H(22B)
H(23A)
H(23B)
H(23C)
H(24A)
H(24B)
H(25A)
H(25B)
H(26A)
H(26B)
H(26C)
H(31A)
H(31B)
H(32A)
H(32B)
H(31C)
H(31D)
H(32C)
H(32D)
H(33A)
H(33B)
H(33C)
H(34A)
H(34B)
H(35A)
H(35B)
H(34C)
H(34D)
H(35C)
H(35D)
H(36A)
H(36B)
H(36C)

1947
1994
1760
1241
1255
1491
2583
3039
2616
3075
3167
2899
3357
2810
2707
3459
3339
3815
3364
3486
4826
5331
4847
5350
5233
5474
4971
5337
5426
5911
5791
6446
6216
6092
5458
5014
5197
5652
5223
4871
5393
5748
5712
5362
5816
5415
5209
5703
5930
5247
5571
5688
5425
6290
5860
6085

5219
3344
4220
3265
4297
3430
6193
5839
5088
4736
5849
6617
6278
3619
3577
4376
4625
3295
2968
2723
8017
8081
9319
9437
8581
7912
7791
10179
10171
8903
8780
9630
10419
10305
5328
5572
4518
4342
4028
4843
5898
5079
5448
6099
5925
3169
2862
3930
4086
3660
4367
3141
2445
2924
2315
2466

6114
5423
4795
5178
5616
6251
6686
6679
7904
7898
9094
8367
8345
6678
5588
6904
5829
6192
5486
6558
3220
3441
4213
4406
5647
5135
4940
2096
3182
3380
2288
2874
3291
2199
2992
3136
4429
4300
3896
3581
3330
3637
5429
4714
4582
3300
2248
1882
2967
1542
2241
3401
2596
2435
2061
3145
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52
70
70
97
97
97
52
52
79
79
150
150
150
51
51
57
57
79
79
79
48
48
65
65
90

90
55
55
71
71
120
120
120
62
62
85
85
60
60
73

129
129
129
58
58
78
78
70
70
101
101
145
145
145
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Bis(diethylenetriamine)cobalt(ll) tetrathiomolyb@é¥1) oxotrithiamolybdate(1V)

Table 1. Crystal data and structure refinemenbisfdiethylenetriamine)cobalt(ll) tetrathiomolybd@¥|)

oxotrithiamolybdate(1Y.

Identification code pl050a

Empirical formula @H2.CoMOoN;Oy 5053 50
Formula weight 481.43

Temperature 293(2) K
Wavelength 0.71073 A

Crystal system monoclinic

Space group R

Unit cell dimensions a=7.4164(5) A =90°.
b=15.9171(11) A = 93.063(9)°.
¢ = 15.4070(12) A = 90°.

Volume 1816.2(2) B

Z 4

Density (calculated) 1.761 mg§3m

Absorption coefficient 2.007 mith

F(000) 980

Crystal size 0.27 x 0.28 x 0.28 méh

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.68°
Refinement method

Data / restraints / parameters
Goodness-of-fit on &

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

2.56 to 25.68°.
-8<=h<=8, -19<=k<=19, -18<=|<=18

11766

3269 [R(int) = 0.0475]

95.0 %

Full-matrix least-squares énF
3269/0/191

1.024

R1 = 0.0408, wR2 9905
R1 =0.0628, wR2 = 0.0985

0.0022(6)

0.551 and -0.601®.A

4 2 3
Table 2. Atomic coordinates (x Jtand equivalent isotropic displacement paraméfers 10).

U(eq) is defined as one third of the trace ofdithogonalized Ytensor.

X y z U(eq)
Mo(1) 6041(1) 3919(1) 7007(1) 42(1)
S(1) 5524(2) 3873(1) 8401(1) 52(1)
S(2) 3463(2) 3850(1) 6258(1) 57(1)
S(3) 7703(3) 2854(1) 6633(1) 72(1)
S(4) 7172(9) 5013(4) 6591(4) 55(1)
0(1) 7200(30) 4902(11) 6917(9) 68(5)
Co(1) 2224(1) 6320(1) 7433(1) 33(1)
N(1) 1203(6) 5070(3) 7743(3) 44(1)
C(2) 644(9) 5033(4) 8646(4) 56(2)
C(2) 19(9) 5897(4) 8936(4) 61(2)
N(2) 1289(6) 6570(3) 8715(2) 43(1)
Cc@3) 2877(8) 6695(4) 9322(3) 55(2)
C(4) 4408(8) 6096(4) 9153(3) 55(2)
N(3) 4732(6) 6078(3) 8217(2) 41(1)
N(11) -308(6) 6593(3) 6700(3) 50(1)
C(11) -24(9) 6554(4) 5760(3) 62(2)
C(12) 1432(9) 5930(4) 5574(3) 61(2)
N(12) 3083(7) 6055(3) 6149(2) 46(1)
C(13) 4338(10) 6720(4) 5890(4) 67(2)
C(14) 3953(12) 7563(4) 6228(4) 79(2)
N(13) 3297(6) 7559(3) 7104(3) 45(1)
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Table 3. Bond lengths [A] and angles [°].

Mo(1)-O(1)
Mo(1)-S(4)
Mo(1)-S(2)
Mo(1)-S(3)
Mo(1)-S(1)
Co(1)-N(12)
Co(1)-N(2)
Co(1)-N(11)
Co(1)-N(1)
Co(1)-N(13)
Co(1)-N(3)
N(1)-C(1)
N(L)-H(1N)
N(1)-H(2N)
C(1)-C(2)
C(1)-H(1A)
C(1)-H(1B)
C(2)-N(2)
C(2)-H(2A)
C(2)-H(2B)
N(2)-C(3)
N(2)-H(3N)
C(3)-C(4)
C(3)-H(3A)
C(3)-H(3B)
C(4)-N(3)
C(4)-H(4A)
C(4)-H(4B)
N(3)-H(4N)
N(3)-H(5N)
N(11)-C(11)
N(11)-H(6N)
N(11)-H(7N)
C(11)-C(12)
C(11)-H(11A)
C(11)-H(11B)
C(12)-N(12)
C(12)-H(12A)
C(12)-H(12B)
N(12)-C(13)
N(12)-H(8N)
C(13)-C(14)
C(13)-H(13A)
C(13)-H(13B)
C(14)-N(13)
C(14)-H(14A)
C(14)-H(14B)
N(13)-H(9N)
N(13)-H(10N)
O(1)-Mo(1)-S(4)
0(1)-Mo(1)-S(2)
S(4)-Mo(1)-S(2)
O(1)-Mo(1)-S(3)
S(4)-Mo(1)-S(3)
S(2)-Mo(1)-S(3)
O(1)-Mo(1)-S(1)
S(4)-Mo(1)-S(1)
S(2)-Mo(1)-S(1)
S(3)-Mo(1)-S(1)
N(12)-Co(1)-N(2)
N(12)-Co(1)-N(11)
N(2)-Co(1)-N(11)
N(12)-Co(1)-N(1)
N(2)-Co(1)-N(1)
N(11)-Co(1)-N(1)
N(12)-Co(1)-N(13)
N(2)-Co(1)-N(13)
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1.796(17)
2.050(6)
2.1826(16)
2.1908(16)
2.2041(14)
2.152(4)
2.164(4)
2.182(4)
2.191(4)
2.196(4)
2.197(4)
1.474(7)
0.9000
0.9000
1.524(8)
0.9700
0.9700
1.479(7)
0.9700
0.9700
1.478(7)
0.9100
1.516(8)
0.9700
0.9700
1.474(6)
0.9700
0.9700
0.9000
0.9000
1.476(7)
0.9000
0.9000
1.506(9)
0.9700
0.9700
1.486(7)
0.9700
0.9700
1.478(7)
0.9100
1.473(9)
0.9700
0.9700
1.459(7)
0.9700
0.9700
0.9000
0.9000
14.0(5)
114.5(5)
103.84(19)
112.0(7)
109.2(2)
108.11(7)
102.3(5)
115.37(18)
108.71(6)
111.11(6)
178.43(18)
81.49(17)
97.29(17)
98.35(16)
80.64(16)
89.79(18)
80.48(16)
100.55(16)

H(1N)-N(1)-H(2N)
N(1)-C(1)-C(2)
N(1)-C(1)-H(1A)
C(2)-C(1)-H(1A)
N(1)-C(1)-H(1B)
C(2)-C(1)-H(1B)
H(1A)-C(1)-H(1B)
N(2)-C(2)-C(1)
N(2)-C(2)-H(2A)
C(1)-C(2)-H(2A)
N(2)-C(2)-H(2B)
C(1)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
C(3)-N(2)-C(2)
C(3)-N(2)-Co(1)
C(2)-N(2)-Co(1)
C(3)-N(2)-H(3N)
C(2)-N(2)-H(3N)
Co(1)-N(2)-H(3N)
N(2)-C(3)-C(4)
N(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
N(2)-C(3)-H(3B)
C(4)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
N(3)-C(4)-C(3)
N(3)-C(4)-H(4A)
C(3)-C(4)-H(4A)
N(3)-C(4)-H(4B)
C(3)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
C(4)-N(3)-Co(1)
C(4)-N(3)-H(4N)
Co(1)-N(3)-H(4N)
C(4)-N(3)-H(5N)
Co(1)-N(3)-H(5N)
H(4N)-N(3)-H(5N)
C(11)-N(11)-Co(1)
C(11)-N(11)-H(6N)
Co(1)-N(11)-H(6N)
C(11)-N(11)-H(7N)
Co(1)-N(11)-H(7N)
H(6N)-N(11)-H(7N)
N(11)-C(11)-C(12)
N(11)-C(11)-H(11A)
C(12)-C(11)-H(11A)
N(11)-C(11)-H(11B)
C(12)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
N(12)-C(12)-C(11)
N(12)-C(12)-H(12A)
C(11)-C(12)-H(12A)
N(12)-C(12)-H(12B)
C(11)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(13)-N(12)-C(12)
C(13)-N(12)-Co(1)
C(12)-N(12)-Co(1)
C(13)-N(12)-H(8N)
C(12)-N(12)-H(8N)
Co(1)-N(12)-H(8N)
C(14)-C(13)-N(12)
C(14)-C(13)-H(13A)
N(12)-C(13)-H(13A)
C(14)-C(13)-H(13B)
N(12)-C(13)-H(13B)
H(13A)-C(13)-H(13B)

108.0
110.3(4)
109.6
109.6
109.6
109.6
108.1
112.3(5)
109.2
109.2
109.2
109.2
107.9
116.6(4)
108.6(3)
108.4(3)
107.6
107.6
107.6
112.7(4)
109.1
109.1
109.1
109.1
107.8
110.1(4)
109.6
109.6
109.6
109.6
108.2
110.9(3)
109.5
109.5
109.5
109.5
108.1
109.6(3)
109.7
109.7
109.7
109.7
108.2
110.9(4)
109.5
109.5
109.5
109.5
108.1
112.0(4)
109.2
109.2
109.2
109.2
107.9
116.5(5)
109.2(3)
107.4(3)
107.8
107.8
107.8
114.9(5)
108.6
108.6
108.6
108.6
107.5
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N(11)-Co(1)-N(13) 90.77(18) N(13)-C(14)-C(13)
N(1)-Co(1)-N(13) 178.61(17) N(13)-C(14)-H(14A)
N(12)-Co(1)-N(3) 100.80(17) C(13)-C(14)-H(14A)
N(2)-Co(1)-N(3) 80.43(16) N(13)-C(14)-H(14B)
N(11)-Co(1)-N(3) 177.54(16) C(13)-C(14)-H(14B)
N(1)-Co(1)-N(3) 90.75(16) H(14A)-C(14)-H(14B)
N(13)-Co(1)-N(3) 88.74(16) C(14)-N(13)-Co(1)
C(1)-N(1)-Co(1) 111.1(3) C(14)-N(13)-H(9N)
C(1)-N(1)-H(1N) 109.4 Co(1)-N(13)-H(9N)
Co(1)-N(1)-H(IN) 109.4 C(14)-N(13)-H(10N)
C(1)-N(1)-H(2N) 109.4 Co(1)-N(13)-H(10N)
Co(1)-N(1)-H(2N) 109.4 H(9N)-N(13)-H(10N)

113.7(5)
108.8
108.8
108.8
108.8
107.7

111.2(3)
109.4
109.4
109.4
109.4
108.0

2 3
Table 4. Anisotropic displacement parameters(£0).

The anisotropic displacement factor exponent tékesorm: -2 2[ h2 a*2U11+ .. +2hka*b*y,)

Ui Uz, Uss Uzs Uss Ui,

Mo(1) 45(1) 45(1) 35(1) 9(1) 6(1) 7(2)
S(1) 72(1) 53(1) 31(1) 1(1) -2(2) -8(1)
S(2) 65(1) 63(1) 41(1) -7(1) -9(1) 18(1)
S(3) 71(1) 73(1) 71(1) 9(1) 10(1) 37(1)
S(4) 50(2) 43(2) 72(3) 7(2) 5(2) -13(2)
0(1) 78(8) 50(6) 74(10) 27(7) -2(8) -24(5)
Co(1) 40(1) 39(1) 21(1) 1(1) -1(2) 1(1)
N(1) 43(3) 45(2) 45(2) -1(2) 1(2) 1(2)
Cc(1) 64(4) 55(3) 48(3) 15(3) 4(3) -16(3)
c(2) 61(5) 79(4) 46(3) 4(3) 24(3) -1(3)
N(2) 49(3) 53(2) 27(2) 1(2) 2(2) 8(2)
C(3) 70(4) 69(4) 26(2) -11(2) -6(2) 1(3)
C(4) 54(4) 71(4) 37(3) 4(3) -18(2) -3(3)
N(3) 44(3) 44(2) 34(2) -3(2) -6(2) -4(2)
N(11) 55(3) 52(3) 42(2) -2(2) -6(2) 12(2)
Cc(11) 68(5) 75(4) 41(3) 8(3) -20(3) 7(3)
c(12) 80(5) 77(4) 26(2) -11(2) -8(3) 2(3)
N(12) 62(3) 46(2) 31(2) 2(2) 9(2) 8(2)
Cc(13) 80(5) 73(4) 51(3) -3(3) 33(3) -3(3)
C(14) 107(7) 69(4) 65(4) -9(3) 41(4) -31(4)
N(13) 51(3) 45(2) 39(2) 5(2) 5(2) 5(2)
Table 5. Coordinates of H atoms (XA)LQnd isotropic displacement parameter29<(ﬁ03).

X y z U(eq)
H(1N) 255 4944 7377 53
H(2N) 2071 4685 7669 53
H(1A) 1649 4847 9026 67
H(1B) -332 4632 8687 67
H(2A) -1160 6015 8660 73
H(2B) -103 5891 9559 73
H(3N) 661 7061 8687 52
H(3A) 2516 6616 9913 66
H(3B) 3303 7268 9270 66
H(4A) 5496 6275 9478 66
H(4B) 4104 5536 9347 66
H(4N) 5174 5572 8077 49
H(5N) 5559 6469 8099 49
H(6N) -1153 6217 6836 60
H(7N) -700 7108 6840 60
H(11A) 316 7105 5556 74
H(11B) -1142 6392 5449 74
H(12A) 977 5365 5654 74
H(12B) 1739 5985 4973 74
H(8N) 3702 5561 6173 55
H(13A) 5554 6562 6089 81
H(13B) 4304 6746 5261 81
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H(14A) 5047 7897 6228 95
H(14B) 3058 7832 5839 95
H(9N) 2423 7948 7141 54
H(10N) 4206 7695 7488 54
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