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Abstract

The decomposition pattern of tetraalkyl-tetrathiomolybdates with general formula (R4N)2MoS4 (with R increasing from methyl to heptyl) was
determined by means of differential thermal analysis (DTA), thermogravimetric analysis (TGA) and mass spectroscopy (MS) techniques. The
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omplexity of thermal decomposition reactions increases with the size of the R4N group. Prior to decomposition at least one phase transition seems
o occur in all complexes. The onset of thermal reactions was also a function of the tetra-alkylammonium precursor. All compounds decompose
ithout forming sulfur rich MoS2+x intermediates. For R = methyl to pentyl precursors the MoS2 produced was nearly stoichiometric, however for
= hexyl and heptyl the S content was significantly reduced with a Mo:S ratio of about 1.5. The carbon and hydrogen residual contents in the product

ncreased with the number of C atoms in R4N; for N contamination no clear trend was obvious. SEM images show that the formation of macro-pores
as also a function of the alkyl group in R4N. The MoS2 materials obtained show a sponge-like morphology. Results of DSC experiments in

ombination with in situ X-ray diffraction also revealed the complex thermal behavior of (R4N)2MoS4 materials; reversible and irreversible phase
ransitions and glass-like transformations were identified in the low temperature range (35–140 ◦C), before the onset of decomposition.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Transition metal thiometallate complexes are useful for appli-
ations in several processes as biological [1], enzymatic [2]
nd as catalyst precursors [1,3–9]. Preparation of catalysts
ith better catalytic activity and stability than the present
nes represents a great challenge for the industry and implies
he search of new routes of preparation. During the last few
ears a number of contributions appeared in the literature
ealing with different approaches to synthesize MoS2 cata-
ysts under different synthetic conditions and also the use of
lkylthiometallates as catalysts precursors have been reported
10–21]. Transition metal sulfides (TMS), particularly molyb-
enum and tungsten sulfides, promoted with Co or Ni and
upported on alumina are typically used in hydrotreating reac-
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tions [22]. The use of bis-thiometallates containing Co, Ni and
Mo as precursors of hydrotreating catalysts has been reported
[23–26].

The decomposition of ammonium thiomolybdate (ATM) and
ammonium thiotungstate (ATT) has been studied by several
authors [27,28].

More recently it has been studied by X-ray absorption fine
structure spectroscopy (EXAFS) and powder X-ray diffraction
(XRD) [29–31]. These compounds form trisulfide compounds
Mo(W)S3 as intermediates prior to be transformed to the poorly
crystalline (pc) form of MoS2. The decomposition of tetra-
alkylammonium thiometallates has been used for preparation of
MoS2 catalysts for hydrodesulfurization and has been analyzed
by means of DTA and TG [32] however a clear mechanism of
the process has not yet been reported.

In this work, a further study of tetra-alkylammonium
thiomolybdates decomposition patterns by means of combined
techniques DTA–TG–DTG and MS is performed. The main
goal in this work is to provide a general picture of the decom-
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position process of tetra-alkyl thiomolybdates (R4N)2MoS4,
where R changes from C1 (methyl) up to C7 (heptyl).

2. Experimental

2.1. Preparation of (R4N)2MoS4 precursors

The synthesis of the tetra-alkylammonium salts (R4N)2MoS4
has been reported by McDonald et al. [33]. Later this method was
improved by Alonso et al. [34]. In the present work, a modified
version of the last method was used.

2.1.1. Synthesis of tetramethyl-, tetraethyl-,
tetrapropyl-ammonium thiomolybdate

Fresh prepared (NH4)2MoS4 (5 mmol) was dissolved in
water (30 ml) and stirred. (R)4NBr (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. The solution was kept undisturbed over ice and after
one night red crystals precipitated. The solid was filtered and
washed with cold water and ethanol, the yield was 80%. These
compounds are stable in air for a long time.

2.1.2. Synthesis of tetrabutyl-, tetrapentyl-, tetrahexyl-, and
tetraheptyl-ammonium thiomolybdates

Fresh synthesized (NH ) MoS (1.9 mmol) was dissolved in
w
t
(
s
p

after ethanol was added dark red crystals precipitated. The solid
was filtered and washed with cold water, and the yield was 90%.
These compounds are unstable in air and they were stored under
nitrogen atmosphere.

2.2. Methods and materials

A CHN-O RAPID combustion analyzer from Heraeus was
used to determine the chemical composition of the materials. The
samples were heated up to 1000 ◦C under an oxygen atmosphere
in zinc sample holders and the gases were then detected by gas
chromatography.

A Philips ESEM XL 30 microscope equipped with an EDAX
analyzer was used to perform morphological and elemental
analysis. Pictures were taken at different areas of the samples
applying different magnifications.

DTA–TG–MS measurements were undertaken simultane-
ously using a STA-409CD with Skimmer coupling from Net-
zsch, which is equipped with a quadrupole mass spectrometer
QMA 400 (maximum 512 amu) from Balzers. The MS mea-
surements were performed in analog and trend scans modes.
All TG curves were corrected for buoyancy and current effects.
The heating rate was 4 K/min up to 350 ◦C. For DTA–TG
experiments the samples were placed in Al2O3 crucibles under
a dynamic nitrogen atmosphere (flow rate: 75 ml/min, purity
5.0). DTA–TG–MS measurements were performed under a
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ater (10 ml) and stirred until a clear solution was obtained. To

his solution an aqueous solution of (R)4NBr, R = butyl, pentyl,
3.8 mmol, 20–25 ml water) was added and the mixture was
tirred for 30 min. For R = hexyl and heptyl the synthesis was
erformed in methanol. First a gel-like solid was formed and

able 1
ata of chemical analysis, weight loss and thermal events for (R4N)2MoS4

Weight loss (%) C (%) H (%) N (%) S (%

ethyl −56.5 25.9 6.5 7.5 34.5
25.8 6.49 7.52 34.4

1.5 0.0 0.2 39

thyl −64 39.3 8.2 5.7 26.1
39.65 8.32 5.78 26.4

5.6 0.3 0.4 37.1

ropyl −71.4 47.9 9.4 4.6 20.9
48.29 9.46 4.69 21.4

5.2 0.3 0.4 37.4

utyl −74 54.0 10.1 3.9 18.1
54.2 10.23 3.95 18.0

7.7 0.5 0.4 37

entyl −76 58.2 10.6 3.3 15.4
58.49 10.8 3.41 15.6

8.1 0.6 0.5 36.3

exyl −79.6 61.5 11.1 3.0 13.4
61.76 11.23 3.0 13.7
11.1 1.3 0.8 29.1

eptyl −81 64.2 11.7 2.7 11.9
64.32 11.57 2.68 12.2
18.1 1.9 1.1 24.3
hemical composition: first line, experimental values; second line, theoretical values
ynamic helium atmosphere (flow rate: 50 ml/min, purity 5.6).
he MS spectra recorded were compared with data from

he National Institute of Standards and Technology, NIST
http://webbook.nist.gov/chemistry). DSC experiments (heating
ate: 3 K/min; final temperature: 150 ◦C) were performed with

Composition Tp (◦C) Tonset (◦C)

MoS1.96C0.2N0.02 246 239

MoS1.96C0.79N0.04H0.5 43, 224 40, 217

MoS1.97C0.73N0.04H0.5 108, 176, 222 102, 169, 216

MoS2.03C1.13N0.04H0.8 117, 142, 167, 194 115, 139, 157, 189

MoS1.99C1.18N0.07H1.14 218 205

MoS1.5C1.53N0.09H2.14 167, 239, 292 162, 212

MoS1.3C2.6N0.13H3.33 76, 178, 275 72, 158, 244
; third line, after decomposition.

http://webbook.nist.gov/chemistry
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a Netzsch DSC 204 Phoenix instrument using aluminum cru-
cibles covered with aluminum lid. Sealed glass ampoules filled
with argon were also used as sample carriers to prevent a reac-
tion of the samples with Al. The ampoules were mounted in
an aluminum shoe to ensure a good thermal contact with the
thermocouple. An empty sealed glass ampoule with an Al shoe
was used as reference. For these experiments just the tempera-
ture was calibrated measuring mercury, indium, tin and bismuth
provided by Netzsch.

3. Results

3.1. Elemental analysis

The results of chemical analysis of the MoS2 catalysts before
and after the thermal decomposition of tetra-alkyl thiomolyb-
date precursors are shown in Table 1. The content of carbon
in the decomposed products increases gradually with the size
of the alkyl group, from 1.5 wt.% for tetramethylammonium up
to 18.1 wt.% for tetraheptylammonium. The amount of hydro-
gen and nitrogen also increase from tetramethylammonium to
tetraheptylammonium tetrathiomolybdate (from 0 to 1.9 wt.%
for H and from 0.2 to 1.1 wt.% for N). According to the chemi-
cal analyses the atomic ratio S/Mo is about 2 for the precursors
with R = methyl until R = pentyl. But for the hexyl and heptyl
s
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Fig. 1. DTA, TG and DTG plot of [(methyl)4N]2[MoS4] decomposition. Tem-
perature in ◦C and weight loss in %.

The theoretical mass loss expected for the formation of MoS2
is 57%, and therefore it can be assumed that some amount
of carbon remained trapped or adsorbed in MoS2. The mass
spectrum (Fig. 2) shows that trimethylamine (m/z = 59) and
dimethyldisulfide (m/z = 94) were emitted at 240 ◦C, it is related
to the endothermic peak detected. The TG–MS results indicate
that tetramethylammonium thiomolybdate decomposes at lower
temperature than ammonium thiomolybdate (ATM) and also as
shown in Eq. (1) it does not form MoS3 as an intermediate which
further decomposes to MoS2 as ATM typically does [28,35–38].

3.2.2. Tetraethylammonium thiomolybdate
((CH3CH2)4N)2MoS4

The thermal decomposition reaction of ((CH3CH2)4N)2
MoS4 also took place in one step starting at 200 ◦C, however
it was accompanied by at least two endothermic peaks (Fig. 3).
The nature of the event at low temperature (Tonset = 40 ◦C) was
analyzed by DSC and XRD and will be discussed below. The
second peak (Tonset = 217 ◦C) can be assigned to the amine frag-
mentation and elimination. Similarly to the methyl precursor
endothermic peaks may be attributed to molecule rearrangement
and formation of diethyldisulfide (DEDS).

F
t

amples the S concentration is significantly lower. The atomic
omposition of the catalysts in Table 1 shows that carbon and
ydrogen coexist with MoS2 in about the same proportion for
atalysts derived from C1 to C5 alkyl groups suggesting that
hey may exist combined as CH groups which remain trapped
etween the MoS2 layers or adsorbed on its surface. Otherwise,
he amount of N is much lower than that of C and H and are con-
idered as residual trace. The composition of catalysts formed
rom C6 and C7 alkyl precursors show an important reduction
f S concentration as well as a significant augment of C and
, suggesting that these elements substituted partially S in the

tructure of MoS2.
These results clearly indicate that the size of alkyl precursor

nfluence the final composition of the decomposition products
nd that carbon and hydrogen can be an important part of the
nal MoS2 catalyst.

.2. DTA–TG–DTG–MS characterization

.2.1. Tetramethylammonium thiomolybdate
(CH3)4N)2MoS4

The thermal decomposition reaction of ((CH3)4N)2MoS4
ccurred in one step starting at about 240 ◦C, accompanied by a
trong endothermic peak at Tonset = 239 ◦C (Fig. 1). During this
vent a mass loss of 56.5% was detected. The weight loss pro-
ess ended at 350 ◦C. The thermal decomposition reaction can
e represented as

(CH3)4N)2MoS4

→ 2(CH3)3N + (CH3)2S2 + MoS1.96C0.2N0.02 (1)

ig. 2. Mass spectrum of [(methyl)4N]2[MoS4] decomposition at 240 ◦C. Note:

he top two traces were taken from http://webbook.nist.gov/chemistry.

http://webbook.nist.gov/chemistry
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Fig. 3. DTA, TG and DTG plot of [(ethyl)4N]2[MoS4] decomposition. Temper-
ature in ◦C and weight loss in %.

The experimental weight loss of 64.2% is lower than the theo-
retical value of 66.95% for the formation of MoS2, in agreement
with the larger amount of residual carbon than in the methyl pre-
cursor (see Table 1). The weight loss also ended at 350 ◦C. The
corresponding equation is

((CH3CH2)4N)2MoS4 → 2(CH3CH2)3N + (CH3CH2)2S2

+ MoS1.96C0.79N0.04H0.5 (2)

The MS spectrum (Fig. 4) shows the emission of tri-
ethylamine (m/z = 101) and DEDS (m/z = 122.16) which indi-
cates that a similar pattern of fragmentation as in the methyl
precursor occurred, indeed the onset of decomposition decreased
to 200 ◦C. Again, there are no hints for the formation of MoS3
as an intermediate.

3.2.3. Tetrapropylammonium thiomolybdate
((CH3(CH2)2)4N)2MoS4

The thermal decomposition reaction of this precursor is more
complex than in the previous cases and a two-step decomposition
mechanism starting at about 155 and 210 ◦C is observed (Fig. 5).
The first strong endothermic peak at Tonset = 102 ◦C corresponds

F
t

Fig. 5. DTA, TG and DTG plot of [(propyl)4N]2[MoS4] decomposition. Tem-
perature in ◦C and weight loss in %.

to a phase transition of the crystal structure, whereas the other
endothermic events at Tonset = 169 and 216 ◦C may be due to
molecular redistribution and fragmentation. In the first decom-
position step the weight loss amounts to 36.4% while during the
next thermal process the weight loss is 35%. The experimental
weight change is again lower than the expected value of 73.1%
for the formation of MoS2, and the thermal reaction path may
be formulated as

((CH3(CH2)2)4N)2MoS4 → 2(CH3(CH2)2)3N

+ (CH3(CH2)2)2S2 + MoS1.97C0.73N0.04H0.5 (3)

From this equation a substantial increase in retained carbon is
observed, but the S content remains very close to stoichiometric
values. The weight loss ends at 300 ◦C, lower than for the two
previous samples.

In the mass spectrum (Fig. 6) tripropylamine (m/z = 143) and
dipropyldisulfide (m/z = 150) are identified in both decomposi-
tion steps. Both compounds are released at temperatures where
the endothermic peak occurs in the DTA trace.

F
t

ig. 4. Mass spectrum of [(ethyl)4N]2[MoS4] decomposition at 222 ◦C. Note:
he top two traces were taken from http://webbook.nist.gov/chemistry.
ig. 6. Mass spectrum of [(propyl)4N]2[MoS4] decomposition at 175 ◦C. Note:
he top two traces were taken from http://webbook.nist.gov/chemistry.

http://webbook.nist.gov/chemistry
http://webbook.nist.gov/chemistry
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Fig. 7. DTA, TG and DTG plot of [(butyl)4N]2[MoS4] decomposition. Temper-
ature in ◦C and weight loss in %.

3.2.4. Tetrabutylammonium thiomolybdate
((CH3(CH2)3)4N)2MoS4

The thermal decomposition reaction of tetrabutylammo-
nium thiomolybdate is also complex (Fig. 7). First a phase
transition (endothermic) occurs at Tonset = 115 ◦C. The second
(Tonset = 139 ◦C) and third events (Tonset = 157 ◦C) are accompa-
nied by a weight loss of 29%. During the fourth endothermic
peak at Tonset = 189 ◦C a mass change of 45% is observed. The
total weight loss (74%) is again lower than the theoretical value
for MoS2 formation (77.2%), and the thermal decomposition
reaction may be formulated as

((CH3(CH2)3)4N)2MoS4 → 2(CH3(CH2)3)3N

+ (CH3(CH2)3)2S2 + MoS2.03C1.13N0.04H0.8 (4)

The large amount of residual carbon in this sample indicates
that the elimination of organic fractions from MoS2 was not
very efficient. The two decomposition steps starting at 160 and
190 ◦C took place at temperatures slightly lower than those in
the tetrapropylammonium sample. Similar to the previous case
the weight loss ended at 300 ◦C. Analysis of MS data (Fig. 8)

F
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Fig. 9. DTA, TG and DTG plot of [(pentyl)4N]2[MoS4] decomposition. Tem-
perature in ◦C and weight loss in %.

suggests that tributylamine (m/z = 185) and dibutyldisulfide
(m/z = 178) were released during both weight loss steps.

3.2.5. Tetrapentylammonium thiomolybdate
((CH3(CH2)4)4N)2MoS4

In the DTA curve of the thermal decomposition of
((CH3(CH2)4)4N)2MoS4 no events indicative for a phase tran-
sition are seen. A continuous decay with a broad and strong
signal at Tonset = 205 ◦C occurs in the DTA curve. The TG trace
(Fig. 9) shows that degradation of the sample starts at about
150 ◦C and is accompanied by a total mass loss of 76%, sig-
nificantly lower than the calculated value (80.3%) for MoS2
formation. The weight loss ended at 300 ◦C.

According to the mass spectrometry results (emission of
tripentylamine (m/z = 227) and dipentyldisulfide (m/z = 206)
(Fig. 10)) and the chemical analysis of the final product the ther-
mal decomposition reaction of the material may be represented
by the equation:

((CH3(CH2)4)4N)2MoS4 → 2(CH3(CH2)4)3N

+ (CH3(CH2)4)2S2 + MoS1.99C1.18N0.07H1.14 (5)
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ig. 8. Mass spectrum of [(butyl)4N]2[MoS4] decomposition at 196 ◦C. Note:
he top two traces were taken from http://webbook.nist.gov/chemistry.
ig. 10. Mass spectrum of [(pentyl)4N]2[MoS4] decomposition at 218 ◦C. Note:
he top two traces were taken from http://webbook.nist.gov/chemistry.

http://webbook.nist.gov/chemistry
http://webbook.nist.gov/chemistry
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Fig. 11. DTA, TG and DTG plot of [(hexyl)4N]2[MoS4] decomposition. Tem-
perature in ◦C and weight loss in %.

3.2.6. Tetrahexylammonium thiomolybdate
((CH3(CH2)5)4N)2MoS4

This compound decomposed in a broad single step from about
180 to 330 ◦C. The DTA signal shows three peaks at Tonset = 162,
212 ◦C, and at Tp = 292 ◦C (Fig. 11). The origin of the first peak
is not clear, but the signal may be due to melting of the material.
In the DSC experiments (see below) a glass-like transition is seen
and the product was more compact after a heat treatment up to
150 ◦C. Directly after the endothermic signal at Tonset = 162 ◦C
an exothermic event occurs and the thermal degradation started
immediately after this event. The rest of the broad and more
or less featureless endothermic peaks correspond to the single
weight loss of 79.6%. The difference to the theoretical value
for MoS2 formation of 82.6% is explained by the chemical
analysis giving as composition MoS1.5C1.53N0.09H2.14. Obvi-
ously, during the thermal reaction a large fraction of S is emitted
whereas C, H and N are retained in the sample. In the MS curves
(Fig. 12) signals of trihexylamine (m/z = 269) and dihexyldisul-
fide (m/z = 234.2) are detected. According to these results the
thermal decomposition reaction may be formulated as for the
other precursors.

F
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Fig. 13. DTA, TG and DTG plot of [(heptyl)4N]2[MoS4] decomposition. Tem-
perature in ◦C and weight loss in %.

3.2.7. Tetraheptylammonium thiomolybdate
((CH3(CH2)6)4N)2MoS4

The thermal decomposition reaction of tetraheptylammo-
nium thiomolybdate is displayed in Fig. 13. The TG and DTG
curves show that the decomposition covers a large temperature
range from 180 to 350 ◦C. In the DTA trace one event occurs
at Tonset = 72 ◦C that may be associated with a phase transition.
This phenomenon will be further discussed below in the DSC
and in situ X-ray scattering section. The small exothermic event
at Tonset = 158 ◦C may be due to a rearrangement of the structure
immediately before the decomposition starts; and the stronger
endothermic peak at 244 ◦C is associated with the weight loss
of 81%. The DTA signal is very broad indicating a complex
fragmentation and reorganization of the constituents in the com-
pound. The theoretical value for MoS2 formation is 84.5%, and
the difference is explained on the basis of chemical analysis of
the final product yielding as composition MoS1.3C2.6N0.13H3.3.
Like for ((CH3(CH2)5)4N)2MoS4 a large amount of S is emitted
during the thermal reaction. Mass spectrometry data (Fig. 14)
can be interpreted as emission of triheptylamine (m/z = 311) and
diheptyldisulfide (m/z = 262), which suggest that the thermal
decomposition reaction can be formulated as for the previous
precursors.
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ig. 12. Mass spectrum of [(hexyl)4N]2[MoS4] decomposition at 241 ◦C. Note:
he top trace was taken from http://webbook.nist.gov/chemistry.
ig. 14. Mass spectrum of [(heptyl)4N]2[MoS4] decomposition at 265 ◦C. Note:
he top trace was taken from http://webbook.nist.gov/chemistry.

http://webbook.nist.gov/chemistry
http://webbook.nist.gov/chemistry
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Fig. 15. SEM image of the thermal decomposition product from [(methyl)4N]2

[MoS4].

3.3. Scanning electron microscopy

The morphology of the MoS2 catalysts obtained by the ther-
mal decomposition reactions of tetra-alkyl thiomolybdates was
studied with SEM and images of selected materials are shown
in Figs. 15–17. In general, formation of cavities (macropores)
was observed for all samples and the morphology of the prod-
ucts changed gradually as a function of the alkyl precursor. The
size of the cavities increases with the size of the alkyl group
in the precursors. All samples exhibit a glassy appearance in
SEM micrographs although they contained a high volume of
micropores, as it was previously shown by nitrogen adsorption
[8]. Such appearance is attributed to the presence of carbon in
MoS2, which is very good for transmission of electrons pro-
ducing very high contrast images. The SEM micrograph of the
tetramethylammonium precursor (Fig. 15) shows long faceted
particles, similar to those observed for MoS2 derived from ATM.
Hence, the decomposition process of C1ATM is suggested to be
topotactic (same morphology of precursor is maintained) as the
process reported for ATM decomposition [39].

F
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Fig. 17. SEM image of thermal decomposition product from [(hexyl)4N]2

[MoS4].

In the SEM micrograph of the tetraethylammonium sam-
ple small cavities (about 2 and 6 �m) and large tunnels in the
bulk of MoS2 are seen. The process leading to the formation of
cavities was suggested to be associated with the elimination of
alkyl groups from the precursor [8]. In the SEM micrograph of
tetrapropylammonium precursor (Fig. 16) an increased amount
of cavities with a spherical form is observed. The size of these
voids is in the range from about 6 up to 22 �m. The MoS2 mate-
rial surrounding the holes looks as agglomerated particles. In
the SEM micrograph of the tetrabutylammonium thiomolyb-
date precursor a high density of cavities with a wide range of
diameters (2–50 �m) are seen forming a spongy material. Small
holes formed inside large cavities indicate that connectivity was
developed in this MoS2 catalyst. Using higher magnifications it
is obvious that spherical bubbles have been formed during the
decomposition process being responsible for this spongy mor-
phology. The SEM pictures of the tetrapentylammonium and the
tetrahexylammonium precursor (Fig. 20) show that the density
of cavities is much larger compared to other precursors. In addi-
tion, the size distribution looks more homogeneous for these
samples than for the others, particularly for the hexyl material.
The SEM pictures of the tetraheptylammonium precursor reveal
that it contains the largest cavities of all samples indicating that
the size of alkyl group is responsible for cavity formation.

The (R4N) compounds are well known for their applications
as template molecules during the synthesis of zeolites and meso-
p
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ig. 16. SEM image of the thermal decomposition product from [(propyl)4N]2

MoS4].
orous materials [40]. The templates stabilise voids inside the
olid structure of the precursor and these voids are proportional
o the size of the alkyl group in the molecule. The MoS2 materi-
ls generated from the tetra-alkylthiomolybdate precursors have
een considered as amorphous mesoporous materials [41] or
morphous zeolites [42].

.4. DSC experiments and X-ray powder diffraction

As pointed out above several compounds exhibit thermal
vents at relatively low temperatures that were not accompanied
y weight changes. For a better understanding of the thermal
roperties DSC measurements were performed (Fig. 18) and
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Fig. 18. DSC curves for the tetra-alkylammonium tetrathiomolybdate compounds.

the products were characterised with X-ray powder diffractom-
etry (XPD). For several compounds in situ X-ray diffraction
experiments were also performed.

For R = ethyl, events occur at very low temperatures, an
endothermic event at Tonset = 30 ◦C in the heating curve and an
exothermic peak at Tonset = 26 ◦C in the cooling curve. The XPD
pattern taken after cycling through these thermal events reveals
that the reflections are at the same positions as for the genuine
material, but the profiles indicate a poorer crystallinity. The in
situ X-ray experiment clearly show the occurrence of a new

phase (Fig. 19) indicating that the phase transition was at least
partially reversible. The signal in the DSC curve is intense sug-
gesting that the transition may be first order however the exact
order cannot be determined with this experiment.

The DSC trace of R = propyl displays an intense endothermic
signal at Tonset = 82 ◦C in the heating curve and an exothermic
peak at Tonset = 42 ◦C during the cooling ramp. The powder
pattern after the heat treatment is different compared to the
starting material indicating a structural phase transition. The in
situ X-ray experiments (Fig. 20) clearly demonstrate that the
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Fig. 19. Powder pattern of the in situ X-ray diffraction experiments for
((CH3CH2)4N)2MoS4.

Fig. 20. Selected X-ray powder patterns of the in situ experiments performed
for the tetrapropyl compound. Traces are: starting material, data collected at
T > 91 ◦C and after cooling to 28 ◦C.

starting material is first converted to a phase II, which in turn
is transformed into a phase III during the cooling process. The
reflections of phase II appear again heating phase III above
100 ◦C. A process of five cycles was performed with DSC, and
in the heating cycles an endothermic event occurs always at
about 90 ◦C and an exothermic peak was seen at about 40 ◦C in
the cooling ramp. The structures of the three phases are closely
related as evidenced by the similar X-ray powder patterns.

The R = butyl compound shows only one event during the
heating cycle (Tonset = 107 ◦C), but no signal occurs during the
cooling cycle. The X-ray powder pattern (Fig. 21) show strong
reflections at positions different from that of the pristine material
indicating that a new compound was formed with no reversibil-
ity to the original phase. The DSC curves of the tetrapentyl
and tetrahexyl compounds display no pronounced signals up to

F
a

Fig. 22. Powder patterns for tetrapentyl tetrathiomolybdate. The displayed pat-
terns are the starting material, after heating to 140 ◦C and after a treatment at
150 ◦C.

Fig. 23. Experiments of X-ray diffraction for tetrahexyl tetrathiomolybdate.
Patterns were recorded from the starting material, after heating to 55 ◦C and
after a treatment at 150 ◦C.

150 ◦C, but the traces are typical for glass-like transitions. When
the experiment with R = pentyl was stopped at 140 ◦C the result-
ing material look like a melt and in the resulting powder pattern
(Fig. 22) a strong and broad reflection is located at a different
position compared with the starting material. When the com-
pound is heated up to 150 ◦C the powder pattern of the product
show only broad modulations of the background suggesting that
the sample was destroyed. For the tetrahexyl sample no signal up
to 150 ◦C is detected in the DSC curve and only a drift of the base
line occurs. In the powder patterns (Fig. 23) taken after heating
the material to 55 and 150 ◦C no differences are seen compared
with the pristine material suggesting that the compound is stable
up to 150 ◦C, being quite remarkable for this type of materials.

A different behavior is observed for R = heptyl. In the DSC
curve an intense signal is seen at Tonset = 67 ◦C in the heating
curve, but no peak occurs in the cooling curve. The powder pat-
tern of a sample heated to 80 ◦C (Fig. 24) shows only minor
differences compared with the original sample. When the tem-
perature is increased to 150 ◦C the sample decomposes and the
powder diagram indicates the presence of a new compound. In
situ X-ray diffraction experiments demonstrate that the sample
melts at above 70 ◦C.

4. Discussion

t

ig. 21. Powder patterns of tetrabutylammonium tetrathiomolybdate before and
fter the DSC experiment. Note: the sample was heated to 150 ◦C.
The decomposition of tetra-alkyl thiomolybdates (methyl up
o heptyl) shows different steps of weight loss involving differ-
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Fig. 24. Results of X-ray diffraction experiments for tetraheptyl tetrathiomolyb-
date. Patterns were recorded from the starting material, after heating to 80 ◦C
and after a treatment at 150 ◦C.

ent energy processes as phase transitions, bond breaking and
product elimination. Nevertheless, all precursors emit the same
type of products during the thermal reaction, trialkylamines and
dialkyldisulfides, indicating that besides the increasing com-
plexity of the structure and composition of the precursors the
reaction steps may be similar. The transformation of the tetralky-
lammonium cation R4N+ into two trialkylamine molecules and
two alkyl radicals which react with two sulfur atoms of the
MoS4

2− anion seems to be the best scheme for the decom-
position process. As shown above, the reaction process for all
precursors can be represented with the general formula:

(R4N)2MoS4 → 2R3N + R2S2 + MoS2CxNyHz

One possible explanation for the decomposition reaction may
base on a concerted SN2 mechanism where the nucleophilic
attack from one sulfur atom of the thiomolybdate anion to the
�-carbon atom of R4N+ ions gives the trialkylamines as a prod-
uct and also the dialkyldisulfides. With this mechanism there is
only one transition state, i.e. a pentavalent C atom, usual in SN2
mechanisms.

For the two precursors with the largest tetraalkyl groups the
sulfur content in the decomposition product is low indicating
that the thermal reaction is more complex.

The composition of MoS2 formed from the alkylthiomolyb-
dates is a function of the precursor, the residual quantities of
h
t
h
f
t
s
fi
g
s

e
t
a
t
b
t
T

90 ◦C. Obviously, such a low temperature indicates that only
very small structural rearrangements can occur. Cooling the
material down to room temperature an exothermic signal at
Tonset = 42 ◦C indicates another structural rearrangement. The
X-ray powder patterns recorded under in situ conditions clearly
show the formation of a phase III, and all three structures must
be very similar due to the similar X-ray powder patterns. The
butyl compound irreversibly transforms at about 113 ◦C into a
new phase. The DSC traces for R = pentyl and hexyl suggest a
glass-like phase transformation with no pronounced signal in
the curves up to 150 ◦C. The X-ray powder patterns give evi-
dences that the sample with R = pentyl is transformed into a
new compound at T < 150 ◦C, and at T = 150 ◦C it is destroyed
yielding a featureless powder diagram. Interestingly, the tetra-
hexyl containing material could be heated up to 150 ◦C without
any significant changes of the X-ray powder patterns. It is quite
remarkable that this is the most stable precursor of the whole
series of tetra-alkylammonium thiomolybdates. Surprisingly,
the DSC curve for the tetraheptyl compound shows an intense
endothermic event at Tonset = 67 ◦C but no signal occurs in the
cooling cycle. The X-ray powder pattern is very similar to that
of the genuine material. Heating the material to 150 ◦C leads to
a decomposition of the sample and X-ray scattering experiments
indicate the formation of a new compound.

5. Summary

t

•

•

•

•

•
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ydrogen and carbon in the final solid increase with the size of
he alkyl group in the starting material, and for R = hexyl and
eptyl the contamination with C and H is larger than the sul-
ur content. The materials formed from educts with R = methyl
o pentyl contain sulfur in a Mo:S ratio of 1:2, i.e. they are
toichiometric. However, for the hexyl and heptyl groups the
nal materials contain less than the stoichiometric sulfur sug-
esting that carbon and hydrogen may be incorporated into the
olid.

The low temperature thermal events were studied with DSC
xperiments in combination with in situ X-ray diffraction and
he results highlight the complex thermal behavior of the materi-
ls. The sample with R = ethyl shows a partially reversible phase
ransition at a very low temperature of about 30 ◦C as evidenced
y in situ XPD experiments. For R = propyl three different struc-
ural phases are identified with the in situ XPD investigations.
he original material is first transformed to a phase II at about
The decomposition pattern of tetra-alkylammonium
hiomolybdates presents several common features as:

Phase transitions prior to decomposition, either reversible
or irreversible, depending on the tetra-alkylammonium
thiomolybdate precursor.
Endothermic peaks during decomposition attributable to
structural rearrangements and elimination reactions.
Formation of trialkylamine and dialkyldisulfide products fol-
lowing a very similar mechanism.
Increase of carbon and nitrogen contamination in MoS2
residuals after decomposition with increasing size of R4N.
Decrease of S content below the stoichiometric value for the
hexyl and heptyl precursors.
Formation of cavities in MoS2 materials obtained by thermal
decomposition of tetra-alkyl thiometallates. The size of cavi-
ties increases with the size of the alkyl group in the precursor.

The thermal stability and decomposition of all compounds
s complex with no simple relation between the number of
vents, its temperature and its composition. The materials with
= methyl and ethyl decompose in one sharp step, meanwhile
two-step decomposition occur for R = propyl and butyl. For
= pentyl, hexyl and heptyl the strong endothermic signal asso-

iated with the decomposition process become gradually broader
ith increasing size of the tetraalkyl chain covering a large tem-
erature range. The temperature for phase transitions increase
ith increasing number of C atoms for R = ethyl, propyl and
utyl. The remaining three materials show a different behavior
ith a glass-like transition for R = pentyl and hexyl.
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