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Abstract

Thermal decomposition reactions of tetraalkylammonium thiotungstates, (R4N),WS, (R =methyl to heptyl), were investigated with DSC and
DTA-TG coupled with mass spectroscopy (MS). The results demonstrate that the complexity of thermal decomposition reactions is significantly
influenced by the alkyl group, i.e., more complex steps are observed for the materials with longer alkyl chain lengths. Tetraethyl and tetrapropyl
complexes show reversible and irreversible phase transitions detected by DSC experiments combined with thermodiffractometry. The tetrapentyl
compound undergoes an irreversible phase transition while the tetraheptyl sample exhibits a glass-like transition and melting prior to decomposition.
The whole series of compounds decompose without forming sulfur rich WS, (n=3 or 4) intermediates. The final WS, products are nearly
stoichiometric for R =methyl to pentyl but for hexyl and heptyl samples the sulfur content is significantly reduced with a W/S ratio of about
1.5. The residual carbon and hydrogen contents increase in the final decomposition products in the same order as the number of C atoms in R4N
increase. For the N content no clear trend is obvious. A general thermal decomposition mechanism is suggested which follows a bimolecular
nucleophilic substitution reaction. In the SEM images only for R = heptyl the formation of macro-pores with a sponge-like morphology is seen, but
for the other precursors compact materials are formed which in part display a well developed morphology. X-ray diffraction analysis of the final
products shows the formation of amorphous WS, up to the tetrapentyl precursor. But for the tetrahexyl and tetraheptyl materials the W:S ratio is
significantly smaller than 1:2 and large amounts of C and H are determined by chemical analyses. In accordance with previously reported results
it can be assumed that a carbosulfide phase is formed by a mixed C-W-S sandwich layered structure.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The increasing restrictions of environmental regulations on
sulfur, nitrogen and aromatic contents of vehicle transportation
fuels and by the decreasing availability of high quality crude
oil deliver a lot of reports about high efficient hydrotreating
catalysts. Transition metal sulfides, mainly molybdenum and
tungsten disulfide, promoted with cobalt or nickel, are widely
used to remove heteroelements [1-3]. Alumina is commercially
used as a support because of its high surface area and its strong
interaction with MoSz, which allows good dispersion and stabi-
lization of the active phase [1]. The current research focuses on
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the support material for the active sulfides. Activated carbon,
TiOy, ZrOy, zeolites, MgO and various mixed oxides have been
studied as potential alternatives for the conventional support
[4-T7]. Unsupported molybdenum and tungsten sulfide catalysts
with high surface areas have been synthesized using thiosalts as
precursors [8-12]. Cobalt promoted unsupported catalysts pre-
pared from the decomposition of thiosalts show higher activities
than the catalysts obtained by common preparation methods
[13]. Some alumina supported tungsten catalysts promoted with
nickel were obtained from oxy and thiosalts using fluorine as
additive [14-17]. The decomposition of tetraalkylammonium
thiometallates has been used to prepare WS, catalysts for
hydrodesulfurization and the reactions were followed by DTA
and TG methods [18]; however a clear mechanism of the pro-
cesses has not yet been established. During the last few years the
number of structurally characterized thiotungstates increased
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steadily delivering a wide variety of compounds with the fol-
lowing cations: diammonium [19], ethylenediammonium [20],
N-methylethylenediammonium, monoisopropylammonium, N,
N-dimethyl-1,3-propane-diammonium, 1,4-butanediammo-
nium [21], 1,3-propanediammonium, and N,N,N',N'-tetra-
methylethylenediammonium [22], piperazine, tris(2-aminoe-
thyl)amine [23], 1,4-dimethylpiperazinium [24]. The main
objective of the investigations of these samples was to char-
acterize the crystal arrangement and the influence of N-H- - -S
interactions onto the geometry and bonding properties in the
WS, moiety.

In a previous contribution the thermal decomposition
pathways of tetraalkylammonium tetrathiomolybdates were
reported [25]. In our ongoing work we investigated the anal-
ogous tetraalkylammonium tetrathiotungstates, (R4N)2WS4 (R
changes from methyl to heptyl) and the results of the experiments
are presented here.

2. Experimental details
2.1. Preparation of (R4N); WSy starting materials

The synthesis of the tetralkylammonium salts (R4N)2WS,
has been reported by McDonald et al. [26] and by Alonso et al.
[27]. The last method was used here in a modified version.

2.2. Synthesis of tetramethyl, tetraethyl and
tetrapropylammonium thiotungstates

Fresh prepared (NHs); WS4 (1.4mmol) was dissolved
in water (30mL) with stirring. 2.8mmol of (R)4NBr
(R =C1=tetramethyl, C2 =tetraethyl, and C3 = tetrapropyl) was
dissolved in NaOH (2.8 mmol) and 10 mL water with stirring.
Both solutions were mixed and stirred for 30 min, then kept
undisturbed over ice. Yellow crystals precipitated overnight with
80% yield. Cold water and ethanol were used for washing. These
compounds are air stable for a long time.

2.3. Synthesis of tetrabutyl, tetrapentyl, tetrahexyl, and
tetraheptylammonium thiotungstates

An aqueous solution of fresh (NH4)2WS4 (0.7 mmol,
10mL) was added to an aqueous solution of (R)4NBr (for
R = C4 =tetrabutyl, C5=tetrapentyl) (1.4 mmol, 20 mL), then
stirred for 30 min. For R =C6 =tetrahexyl and C7 =tetraheptyl
the solution was obtained in 10 mL water and 10 mL ethanol.
Yellow powders precipitated with 80% yield and were stored
under static vacuum over P,0Os.

2.4. Methods and materials

DTA-TG and measurements coupled with mass spectrometry
(MS) were performed using a NETZSCH STA-409CD device
with Skimmer coupling, equipped with a BALZERS quadrupole
mass spectrometer QMA 400 (max. 512amu). For DTA-TG
experiments alumina crucibles were used under a dynamic nitro-
gen atmosphere (flow rate: 75 mL/min, purity 5.0). In some cases
the first derivative of the TG curve was used to confirm a ther-

mal event. The TG curve of an empty crucible was measured
under the same experimental conditions and the effects of gas
flow and buoyancy were corrected automatically with the evalu-
ation software. DTA-TG-MS measurements were performed
under a dynamic helium atmosphere (flow rate: 50 mL/min,
purity 5.6) in the analog scan mode. Heating rate of 4 K/min was
applied in DTA-TG and MS coupled experiments up to 350 °C.
The National Institute of Standards and Technology (NIST)
(http://webbook.nist.gov/chemistry) data were used for compar-
ison with the spectra obtained. Note that only one example is
presented in the manuscript but all spectra are available as sup-
plementary materials. DSC experiments were performed with a
NETZSCH DSC 204 Phoenix device using aluminium crucibles
pressed with an aluminium lid and also in sealed glass ampoules
filled with argon. Protective atmosphere of nitrogen (30 mL/min)
was applied. X-ray powder diffraction (XRPD) and in situ ther-
modiffractometry was performed on a STOE STADI-P instru-
ment equipped with a graphite-high-temperature oven. The
collected data were processed with the STOE WIN “XPOW” soft-
ware. Chemical elemental analyses were performed on a HER-
AEUS CHN-O RAPID combustion analyzer, using zinc sample
holders with 2-3 mg pro sample, heated up to 1000 °C under
oxygen atmosphere. Scanning electron microscopy (SEM) and
energy dispersive X-ray analysis (EDX) were performed with a
Philips ESEM XL 30 scanning electron microscope.

3. Results
3.1. Elemental analysis

The data of the chemical analyses agree well with the
chemical composition of the starting materials. These data are
summarized together with the composition of the final decom-
position products in Table 1. The carbon content increases
gradually with the size of the alkyl group (2.02wt% for C1
up to 11 wt% for C6). The hydrogen and nitrogen contents also
increase from C1 to C7 alkyl precursors (0-1.1 wt% for H, 0.46
to 0.73wt% for N). It is remarkable that the C/H ratio in the
decomposition products for C1 to C5 educts remains more or
less identical suggesting that these elements may exist com-
bined as CH groups which remain trapped between the WS,
layers or adsorbed on its surface. The W/S ratio is about 2 for
C1-C5incontrast to the C6 and C7 derived materials containing
significantly less sulfur. However, in the last two materials the
carbon and hydrogen content is very large and the nature of the
incorporated C and H is not fully understood. But according to
results presented in the literature one can assume that C partially
substitutes S in WS, (see also below). In general, the size of the
tetraalkylammonium cation influences the composition of the
final decomposition product.

3.2. DTA-TG-DTG-MS characterization

3.2.1. Tetramethylammonium and tetraethylammonium
thiotungstate ((CH3)4N), WS4 and ((CH3CH3)4N), WS4

The thermal decomposition of ((CH3)4N)2WS,; and
((CH3CH32)4N)2WS, (Fig. 1) occurs in one step with 43.2%
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Table 1
Data of chemical analysis, weight loss and thermal events for (R4N), WS,
R Weight (%) C (%) H (%) N (%) S (%) Composition Tp (°C); Te (°C)
Methyl 20.73 5.10 5.80 27.84
—43.2 20.87 5.21 6.08 27.86 WS2.09C0.43No.08 285; 265
2.02 0.0 0.46 26.05
Ethyl 32.96 6.93 4.89 22.10
33.57 6.98 4.89 22.4
—52 4,63 0.27 0.41 23.56 WS1.9Co.99No.07Ho.60 61, 245; 235
Propyl 42.08 8.25 4.04 18.86
—60.4 42.13 8.18 4.09 18.74 WS501C1.24No.11H1.16 101, 178, 282; 170, 273
5.64 0.44 0.59 24.25
Butyl 42.88 8.14 3.11 14.13
48.25 9.04 3.51 16.10
—65.2 5.77 0.43 0.39 24.0 WS;,C1.28No.07H1.14 165, 205, 264, 326; 159, 256, 309
Pentyl 51.01 9.30 2.93 13.01
—69.3 52.85 9.68 3.08 14.10 WS5.08C1.229Np.04H1.13 117, 173.5, 227, 236, 258, 300; 168
5.51 0.42 0.24 25.0
Hexyl 55.83 10.23 2.69 105
56.48 10.19 2.74 12.56
—73.2 9.1 0.96 0.47 17.93 WS1.43C1.94No.08H2.48 169, 253; 160, 247
Heptyl 59.2 11.03 2.53 10.86
—738 58.55 11.83 243 11.16 WS1 61C2.49No.14H2.97 156, 250, 288; 146, 264
11 11 0.73 19

Chemical composition: first line, experimental values; second line, calculated values, third line, after decomposition.

mass loss for the first and 52% for the second compound.
The experimental weight changes are less than expected for
the formation of WS; (theo: 46% for C1 and 56.6% for C2).
The differences between the values can be explained on the
basis of chemical analysis (Table 1). The thermal degradations
are accompanied by strong endothermic peaks (7, =285°C,
Te=265°C for Cl and T =245°C, T, =235 °C for C2). Inter-
estingly, the onset of thermal decomposition of ((CH3)4N)2 WS4
occurs at a significantly higher temperature (240 °C) than that
of the second compound (150 °C). A thermal event at 61°C
observed for ((CH3CH2)4N)>2WS, was studied with DSC and

Am in %, At in arbitrary units

T T T M T

T T T T T T v
50 100 150 200 250 300 350
Temperature/°C

Fig. 1. DTA, TG plot of [(methyl)4N]2[WS4]=dash line and [(ethyl)4N].
[WS4] =solid line. Temperature in °C, mass loss in %.

XRD and the results are discussed below. ((CH3)a4N)2,WS4
decomposes at slightly higher temperature than (NH4)2,WS4
(Tp =252°C [28]). In contrast to the ammonium compound no
WS3 is formed as an intermediate during the decomposition of
C1 [29,30]. We note that for organic ammonium thiotungstates
like (pipH2)WS4 and (trenH,)WS, also a one step decomposi-
tion was reported [23]. According to the chemical analysis the
C content in the decomposition product of C2 is larger than for
CL

In the mass spectrum recorded at 290 °C during decomposi-
tion of ((CH3)4N)2WS4 the most intense signals are from the
intact ions of tri-methylamine (m/z =59) and dimethyldisulfide
(mlz=94). In the MS spectrum of C2 recorded at 244 °C again
the intact ions of tri-ethylamine (m/z = 101) and diethyldisulfide
(mlz=122.1) molecules yield the most intense peaks. In both MS
spectra the fragmentation patterns of the molecules matches well
with the patterns seen in the NIST database for these molecules.

3.3. Tetrapropylammonium thiotungstate,
((CH3(CH2)2)4N)2 WS4

The DTA-TG curves show two decomposition steps and
three endothermic events (Fig. 2). The first peak (7, =101 °C)
represents a phase transition (see below). Thermal decompo-
sition starts at 147 °C showing a strongest endothermic peak
at 176°C (T, =178°C) and a second at 282°C (T, =273°C).
The total mass loss (41.3% and 19.1% for the two steps) is less
than expected for the formation of WS,. Compared to the C1
and C2 compounds the residual C content is larger (Table 1).
The results of the MS experiments clearly show the emission of
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Fig. 2. DTA, TG and DTG plot of [(propyl)4N]2[WS4]. Temperature in °C,
mass loss in %.

ions of intact tri-propylamine (m/z =143) and dipropyldisulfide
(mlz=150) as the main masses, and the fragmentation patterns
of these to molecules.

3.3.1. Tetrabutylammonium thiotungstate,
((CH3(CH2)3)4N)2 WS4

The thermal degradation occurs in a wide temperature range
(130-330 °C) with two mass losses, which are accompanied by
four endothermic peaks (Fig. 3). In the first step the mass is
reduced by 44.6% joined to two endothermic peaks, 7T, = 165°C
(Te=159°C) and T, =205°C. In the second step the mass is
reduced by 20.6% with one endothermic peak (7p=264°C,
T =256 °C). Interestingly, an exothermic event at 7, =326 °C
(Te =309°C) occurs which may be caused by structural rear-
rangements within the decomposition product. Like for the
other compounds a remarkable difference between experimen-
tal (65.2%) and theoretical values for WS, formation (68.8%)
is observed, and the difference can be explained on the basis of
C, H, and N in the final product. MS data show the emission

Am, AT, dm/dt in arbitrary units

T . . ) T T . T T T .
50 100 150 200 250 300 350
Temperature/°C

Fig. 3. DTA, TG and DTG plot of [(butyl)aN]2[WS4]. Temperature in °C, mass
loss in %.
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Fig.4. DTA, TG and DTG plot of [(pentyl)4N]2[WS4]. Temperature in °C, mass
loss in %.

of tri-butylamine (m/z=185) and dibutyldisulfide (m/z=178)
molecule during both weight change steps.

3.3.2. Tetrapentylammonium thiotungstate,
((CH3(CH2)4)4N)2 WS4

Several thermal events are observed in the DTA curve (Fig. 4).
The first peak (7p=117°C) corresponds to a phase transi-
tion (see below). The decomposition step extends from 135 to
330 °C containing four endothermic peaks (7, = 173.5, 227, 236,
and 258°C). In the MS curves in this temperature range tri-
pentylamine (m/z=227), dipentyldisulfide (m/z=206) and the
fragmentation products of the two molecules are detected. A
weak endothermic event at 300°C in the DTA curve may be
due to structural rearrangements of the degraded product. The
calculated mass loss for WS, formation (72.6%) is larger than
the experimental value of 69.3%. Again, the difference is due to
C, H, N in the residue (Table 1).

3.3.3. Tetrahexylammonium and tetraheptylammonium
thiotungstate (CH3(CH>)5)4N)2 WS4 and
((CH3(CH2)6)4N)2 WS4

Both compounds decompose within a broad single step
(Fig. 5) in the temperature ranges 140-337°C (C6) and
160-343°C (C7). Inthe DTA curve of C6 a very weak endother-
mal peak is located at 7, =169°C and an intense signal at
T, =253°C. The DTA trace of C7 shows a weak endothermic
peak (Tp=156°C) which is discussed below and a com-
plex endothermic event with two maxima at 7, =250°C and
T, =288°C. Itis remarkable that in the decomposition products
the S contents are significantly reduced and the amount of C
increased. This observation suggests that S could be replaced
by C as already reported by Berhault et al. from studies of
the interaction of carbon with transition metal sulfides in the
activation process of catalysts [31]. The total mass loss for C6
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Fig. 5. DTA, TG plot of: [(hexyl)sN]2[WS4]=dash line and [(heptyl)4N].
[WS4] =solid line. Temperature in °C, mass loss in %.

(73.2%) is low compared to 76.6% calculated for WS, forma-
tion. The same tendency is seen for C7 with total mass loss of
73.8% versus 76.98% calculated. The MS experiments clearly
indicate that intact tri-hexylamine (m/z = 269) and dihexyldisul-
fide (m/z=234.2) ions are emitted (C6) while the elimination
of tri-heptylamine (m/z=311) and diheptyldisulfide (m/z = 262)
is detected for C7. We note that like in the former cases the
fragmentation patterns of the tri-alkylamine and diaminsulfide
molecules are in agreement with data reported in the NIST
database.

3.4. Scanning electron microscopy

Inthe SEM micrograph of the C1 decomposition product long
faceted particles with arough surface are seen, similar to the WS,
particles obtained from ammonium thiotungstate (ATT). There-
fore, the decomposition process is suggested to be topotactic, i.e.
the morphology of the precursor material is maintained [25,32].
The morphology of the C2 decomposition material shows no
cavities in contrast to the analogous Mo sample morphology
[25]. An interesting morphology occurs in the decomposition
product of the C3 precursor (Fig. 6). Needle like particles with
size between 30 and 45 pwm are observed which are amorphous
according to the XRPD pattern. It is documented in the literature
that decomposition products of thiotungstates yield products
with a more pronounced morphology than the thiomolybdates
analogues [33]. For the C4 precursor a partially molten surface
is observed while C5 and C6 decomposition materials (Fig. 7)
yield solid pieces. Only for the heptyl sample (Fig. 8) the decom-
position product shows cavities like those obtained for the Mo
analogue [25]. The R4N molecules are widely used as ‘tem-
plates’ for zeolites and mesoporous material syntheses [34]. The
‘templates’ stabilize voids inside the solid structure that are pro-
portional to the size of the alkyl group in the molecule. The
WS, material generated from the heptyl precursor may be con-
sidered as an amorphous mesoporous material like that reported
before for Mo compounds [25,35], or it may be called amor-

Det WD Exp
1274x _SE 10.0 1
. — S

Fig. 6. SEM image of the thermal decomposition product of [(propyl)sN],
[WS4].
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30.0kv 49 320x SE 1000

f———— 100m

Fig.7. SEM image of the thermal decomposition product of [(hexyl)4N]2[WS4].

phous zeolite as claimed by Alonso et al. [36]. Every member
of the Mo analogues family developed surface porosity showing
a gradual increase of pore sizes according to the alkyl precur-
sor chain length, whereas the W educts produced more compact
decomposition products.

. y
AccV Spot Magn Det WD Exp p———— 100m
30.0kv 49 320x SE 1000

]

Fig. 8. SEM image of the thermal decomposition product of [(heptyl)sN],
[WS4].
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3.5. DSC experiments and X-ray powder diffraction

The DSC trace of the tetraethyl sample exhibits an endother-
mic event (7Tp =64 °C) in the heating curve and an exothermic
peak (Tp =29 °C) in the cooling curve (Fig. 9). After this treat-
ment the XRPD shows reflections of a new crystalline phase
(Fig. 10), which was further supported by thermodiffractome-
try experiments (Fig. 11). In order to follow the reversibility
of this structural phase transition another DSC experiment was
undertaken. In the DSC curves an endothermic event occurs
(Tp =34°C, Te =29 °C) which matches not with the event seen
during the first heating experiment, meanwhile the second cool-
ing curve shows an exothermic peak (7, =29°C, T =23°C)
identical to that registered in the first cooling curve. Obviously,
the pristine material (I) undergoes an irreversible structural
phase transition to a new phase (1), and this second phase shows

20 40 60 80 100 120 140
—r r 1 T T T L

<«— cooling

heating—»

go T, =24
E T, =29
o)
w2
[}

T T T T u T u T T T
20 40 60 80 100 120 140

Temperature/°C
60 80 100 120

<+——cooling

T, =112

DSC(mW/mg)

heating —*

T T T T T T T
60 80 100 120

Temperature/°C

a reversible structural phase transition to phase (I11). Transition
temperatures of compounds R4NBF; (R =C1-C4) have been
observed at 63 °C for C2 [37]. The C3 sample shows a similar
behaviour with that of the tetraethyl compound with a broad
and intense endothermic signal (7, =88°C, T, =78°C) in the
heating curve and an exothermic peak (7, =53°C, T, =45°C)
in the cooling curve (Fig. 9). The XRPD pattern of the material
after the DSC experiment exhibits reflections of a new crys-
talline phase (Fig. 12). Again, the structural phase transition
is confirmed by thermodiffractometry measurements (Fig. 13).
The reversibility of the phase transition was probed by a sec-
ond DSC measurement, which displays an endothermic event
(Tp=91°C, Te =74 °C) during heating and an exothermic peak
(Tp=51°C, T, = 44 °C) during cooling. Like inthe previous case
this material (1) transforms to a new phase (I1), which reversibly
undergoes a phase transition into a third phase (I11). Interestingly
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T T T T
<+—cooling
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% T,=78
ot exo
[22]
: l
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Fig. 9. DSC traces of the ethyl (top left), propyl (top right), pentyl (bottom left) and heptyl (bottom right) compounds [(R)4aN]2[WSa].
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Fig. 10. Powder patterns of tetraethylammonium tetrathiotungstate, before and
after the DSC experiment. Note: the sample was heated up to 150 °C.

no phase transition is observed for the C4 precursor in contrast
to the Mo analogue sample, which showed a transition at 113°C
[25].

In the DSC experiment of the tetrapentyl compound (Fig. 9)
an endothermic peak (7p =112 °C) occurs but there is no sig-
nal in the cooling curve. According to the X-ray powder pattern
collected after the treatment a new phase is formed (Fig. 14).
Contrary to the Mo analogue [25], the tetrahexyl thiotungstate
sample shows no thermal event in the DSC curve up to 150 °C.
Finally, the C7 sample behaves similarly to the molybdenum
analogue. In the DSC heating curve (Fig. 9) an intense endother-
mic peak is detected (7, =158 °C) but no peak occurs in the
cooling curve indicating the irreversibility of this effect. The
powder pattern of a sample heated to 150 °C (Fig. 15) shows a
broad modulation of the background in the region of the pristine
material and several new reflections at higher scattering angles
suggesting a partial decomposition. When the sample is heated to
170 °C an amorphous material is obtained and in the XRPD only
broad and featureless modulations occur. The product looks like
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Fig. 11. Powder patterns of the in situ X-ray diffraction experiments of tetraethy-
lammonium tetrathiotungstate.
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Fig. 12. Powder patterns of tetrapropylammonium tetrathiotungstate, before and
after the DSC experiment. Note: the sample was heated up to 150 °C.
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Fig. 13. Powder pattern of the in situ X-ray diffraction experiments of
tetrapropylammonium tetrathiotungstate.

a glass and the chemical analysis reveals a loss of about 11 wt%
C and 2.2wt% H. It can be assumed that incongruent melting
occurs at the beginning of the decomposition process, in con-
trast to the Mo analogue, which showed a melting point with no
change of the chemical composition [25].

4. Discussion

Our recent study about the thermal decomposition of
tetraalkylammonium tetrathiomolybdates revealed an increas-
ing complexity of the thermal reactions with increasing alkyl
chain lengths. During the thermal degradation tri-alkylamines
and dialkyldisulfides were eliminated and for some samples low-
temperature structural phase transitions were observed [25]. The
tetraalkylammonium thiotungstates show a similar behaviour
suggesting that the decomposition processes are very similar.
For all samples the MS data reveal that intact tri-alkylamine and
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——— ((Pentyl),N), WS,
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Fig. 14. Powder patterns of tetrapentylammonium tetrathiotungstate before and
after the DSC experiment. Note: the sample was heated up to 150 °C.

dialkyldisulfide molecules are the main species emitted during
thermal decomposition. All experimental MS data display the
fragmentation patterns of these molecules as is evidenced by a
careful comparison with the data found in the NIST database.
The MS traces of the tetrapropyl precursor are shown as an
example in Fig. 16. The formation of dialkyldisulfide molecules
can be envisaged by the reaction of intermediate formed alkyl
radicals with two S atoms from the (WS4)?~ anion. Therefore,
a general decomposition pathway can be represented as

(R4N)2WS4 — 2R3N + R2S; -|-W82_,,CXNYHZ

with values for n, x, y, and z depending on the actual com-
position of the precursor material (compare Table 1). In order

((Hepty),N), WS, (DSC upto 170°C)
— ((Hepty),N), WS, (DSC upto 150°C)

- == - ((Hepty),N), WS,

Intensity (a. u.)
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2 Theta

Fig. 15. Powder patterns of tetraheptylammonium tetrathiotungstate before and
after DSC experiments up to 150 and 170 °C.
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Fig. 16. Mass spectrum of [(propyl)aN]2[WS4] scanned at 183 °C. Note: the
top two traces were taken from http://webbook.nist.gov/chemistry.

to explain this reaction a nucleophilic bimolecular substitution
(Sn2) mechanism is most likely [25]: a nucleophilic attack from
one anionic sulfur atom to the o carbon atom in the ammonium
ions gives tri-alkylamine and dialkyldisulfide as products [38].

The XRPD patterns of all decomposition products show a
high dispersion of the phases with very low layer stacking and
no reflections of crystalline carbon or tungsten carbides are seen
indicating that no segregation of C or formation of a carbide
occurs in the final product. Fig. 17 shows a comparison of
the powder patterns of C5, C6 and C7 decomposition products
with that of 2H-WS,. Amorphous tungsten disulfide (a-WS) is
formed up to C5 derived materials, which is in agreement with
the observation made by Liang et al. [39]. The XRPD of the C6
and C7 decomposition products are typical for highly dispersed
small particles with a low layer stacking. In view of results pre-
sented by Berhault etal. [40] it can be assumed that S atoms at the
edges of WS; platelets are replaced by C atoms and WS;_,C,
materials are formed. According to these evidences published in
[40] C stabilizes texturally sulfide particles keeping the crystal-
lites smaller and less stacked. Furthermore, all decomposition
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"1 laony
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Fig. 17. Powder patterns of [(R)aN]2[WS4] after thermal decomposition up
to 350°C, R=(a) heptyl, (b) hexyl and (c) pentyl. Vertical bars indicate the
positions of reflections of crystalline WS,.
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products were characterized with IR spectroscopy and no hints
were found for the presence of undestroyed organic molecules,
i.e., no signals of C—H or C-N vibrations were seen.

The hexyl and heptyl decomposition products show W/C and
W/H ratios larger than the W/S stoichiometric ratio (Table 1). A
similar observation was made for the analogous Mo compounds
[25], but the carbon content was not as large as in the present
decomposition products [25]. Another difference to the Mo sam-
ples is the observation that the W based decomposition products
are more compact and only the precursor with the longest alkyl
chain produces large cavities. The DSC results in combination
with in situ X-ray diffraction highlight the complex thermal
behaviour of these materials. The tetraethyl and tetrapropyl sam-
ples undergo structural phase transitions at low temperatures,
which may be due to conformational motion and/or disorder of
the alkyl chains. Such a disorder is seen in the crystal structure of
the tetrapropyl tetrathiotungstate at room temperature [41]. Sim-
ilar transitions were reported in the literature for tetraethyl and
tetrapropylammonium tetraclorozincates [42]. The results of our
study indicate that the two tetraalkylammonium thiotungstates
obtained by solvent route are metastable forms that transform
into the thermodynamically more stable materials upon heating.

For the tetrabutylammonium compound the most extended
decomposition process (110-330 °C) is observed, but no phase
transition occurs. For tetrabutylammonium iodide a glass tran-
sition was reported at 230K [43]. The low decomposition
temperature may be due to the fact that the material melts just
before thermal degradation starts. Similarly for the tetraalky-
lammonium tetrafluoroborate series with C1-C4, the earliest
melting point has been observed for C4 compound [37]. The
tetrapentyl sample is irreversibly transformed into a new com-
pound at 112 °C, a different behavior compared with the Mo
analogue [25]. No phase transition is observed for the tetrahexyl
sample, in contrast to what was found for the analogous Mo
sample. The tetrahexyl and tetraheptyl precursors show both
weak endothermic peaks at around 160 °C, followed by more
complex endothermic events. The corresponding X-ray powder
patterns evidence that the products are amorphous immediately
after the decomposition process starts. The disorder and motion
in crystals and mesophases of tetrahexylammonium iodide was
studied based on entropy changes during the phase transition
concluding that the mesophase is likely a conformational dis-
ordered crystal [44]. The disordered crystals may be quenched
to glasses as it has been observed by quenching of the present
tetraheptyl compound at 150 °C.

5. Summary

The tetraalkylammonium thiotungstates, (R4N)2WS4, with
R =methyl to heptyl undergo thermal decomposition reactions
very similar to the analogous Mo samples. The elimination
of tri-alkylamines and dialkyldisulfides is accompanied by
endothermic peaks in DSC and DTA curves. All samples
decompose without formation of WS3 as an intermediate. The
composition of the final products is affected by the alkyl chain
length: samples from methyl through pentyl yield WS,, whereas
the hexyl and heptyl precursors decompose to carbon supported

tungsten sulfides because the carbon content is higher than the
sulfur content. Previous studies presented evidences that the
surface of the active phase under real hydrotreating conditions
presents a carbidic like nature. Therefore, thermal decompo-
sition of starting materials with long alkyl chains offer the
possibility to prepare catalysts with a desired structural C con-
tent. We note that tetraheptyl thiotungstate was used as starting
material for the preparation of active WS, catalysts [45]. In this
study the precursor was not decomposed prior to the catalytic test
but was applied under HDS conditions yielding in situ formed
active WS, material containing a large amount of carbon. Like
for the molybdenum analogues a general decompaosition reaction
mechanism is proposed following a nucleophilic bimolecu-
lar substitution (Sn2) mechanism yielding tri-alkylamines and
dialkyldisulfides as eliminated products. The morphology of
the final decomposition products shows no tendency to develop
porous materials. This observation is in contrast to the findings
for the analogous Mo samples. A highly interesting result is
that several compounds undergo phase transitions to more sta-
ble polymorphs. These new modifications are then reversibly
transformed into a new modification at elevated temperatures.
X-ray diffraction analyses of the final products demonstrate that
amorphous WS; is obtained up to the tetrapentyl material, and
with C6 and C7 precursors S-poor products are developed which
may be better described as carbosulfide phases.
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