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An extensive study by thermo-Raman spectroscopy was carried out to understand the structural changes occurring
during the thermal decomposition of (NH4)6Mo7O24�4H2O in open air and under O2 and N2 flow. In addition,
themogravimetry, differential thermal analysis and thermogravimetry coupled with mass spectrometry analysis
were also carried out and a satisfactory decomposition mechanism has been proposed on a molecular level. The
thermo-Raman investigations on the decomposition of (NH4)6Mo7O24�4H2O or 12(NH4)2O�4(MoO3)7�16H2O, since
there are four formulae in a unit cell, in open air indicated the formation of a first intermediate 11(NH4)2O�4(MoO3)7

in the temperature interval from 124 to 131 �C and a second intermediate 7(NH4)2O�4(MoO3)7 from 174 to 239 �C,
the coexistence of a third intermediate (mixed molybdena with residual volatile components) with MoO3 from 255
to 346 �C and the formation of MoO3 from 347 �C onwards. The present investigations indicated that during the
thermal decomposition process from 25 to 250 �C, the (MoO3)7 unit in (NH4)6Mo7O24�4H2O remained intact and the
collapse of (MoO3)7 occurred to form MoO3 immediately subsequent to the loss of the remaining volatile compounds
at 255 �C. The thermal decomposition of (NH4)6Mo7O24�4H2O under O2 and N2 flow was also investigated in detail.

Introduction
Hexaammonium heptamolybdate tetrahydrate (NH4)6Mo7O24�
4H2O is usually used as the basic source for the preparation of
molybdenum containing catalysts.1 The industrial importance
of molybdena as a catalyst has promoted a large number of
characterization studies on the active phase of this catalyst
since the catalytic performance depends heavily on the structure
of the active phase, which is directly influenced by preparation
processes such as drying, thermal decomposition and calcin-
ation. Several spectroscopic techniques 2–8 including Raman
spectroscopy 9–12 and thermal analysis like thermogravimetry
(TG) 13 and differential thermal analysis (DTA) 14 were used to
derive structural information during catalyst preparation.
Raman spectroscopy has contributed a lot to the progress in
this area of catalysis because of its in situ capabilities and its
ability to identify different metal oxide structures.9–12 Although
several techniques are available there is still a lack of reliable
practical techniques to follow the catalyst preparation process
dynamically.

As a key catalyst material (NH4)6Mo7O24�4H2O continues
to inspire new research efforts to better understand its
thermal decomposition. Extensive studies on the thermal
decomposition of (NH4)6Mo7O24�4H2O by TG, DTA, XRPD,
ammonia determination and omegatron mass-spectrometry
were carried out earlier by Ma.13,14 Based on the experimental
results, Ma proposed that it decomposed into 2(NH4)2O�
5MoO3 at around 115 to 130 �C then to 2(NH4)2O�8MoO3 at
around 225 to 245 �C and finally to MoO3 at around 320 to 355
�C.13,14 On the basis of TG and DTA data, Erdey et al. proposed
that (NH4)6Mo7O24�4H2O dehydrated into (NH4)6Mo7O24 at
around 40 to 170 �C then decomposed to 6NH3�7MoO3 at
around 170 to 260 �C and finally to MoO3 at around 400 �C.15

Based on high temperature XRD and TGA/DTA data,
Zhoulan et al. proposed that (NH4)6Mo7O24�4H2O decomposed
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and gave off NH3 to form a series of ammonium molybdates
such as (NH4)4Mo5O17, (NH4)2Mo4O13 and finally MoO3 in
sequence.16,17 The thermal decomposition of (NH4)6Mo7O24�
4H2O was also studied by Kiss and Gado and they proposed
formation of intermediates (NH4)2Mo14O43 and (NH4)2Mo22-
O67.

18 Li et al. studied the thermal decomposition of (NH4)6-
Mo7O24�4H2O using FT-IR emission spectroscopic techniques
and could identify only dehydration and deammoniation
processes.3 Although studies on the thermal decomposition of
(NH4)6Mo7O24�4H2O were extensive, a satisfactory and detailed
decomposition mechanism especially at molecular level is still
lacking.

Thermo-Raman spectroscopy (TRS) in which Raman
spectra are measured dynamically as a function of temperature
has been applied successfully in the in situ investigation of solid
state phase transformations and composition changes.19–25

It can monitor dynamically the thermal decomposition of
(NH4)6Mo7O24�4H2O in situ in 1 �C resolution. Hence, in this
work TRS studies were carried out to understand the thermal
decomposition mechanism of (NH4)6Mo7O24�4H2O in open air
and under O2 and N2 flow. In addition, TG, DTA and TG-MS
(thermogravimetry coupled with mass spectrometry) analyses
were also carried out to support the thermal decomposition
mechanism revealed by TRS.

Experimental
Hexaammonium heptamolybdate tetrahydrate (NH4)6Mo7O24�
4H2O (Riedel-deHaen) was used without further purification.
Raman scattering was excited with an argon ion laser
(Coherent, Innova 100–15) operating at a wavelength of 514.5
nm. The scattered radiation was collected, analyzed by a 0.5 m
spectrophotometer (Spex) and detected by a CCD camera
(Princeton Instruments, 1024 × 1024 pixels). Spectra were taken
continuously with 12 seconds exposure time such that each
spectrum covered 1 �C in a dynamic thermal process heating
from 25 to 500 �C with a 5 �C min�1 heating rate in open air and
under O2 and N2 flow (in a home-made sample cell) under

D
A

LTO
N

FU
LL PA

PER

DOI: 10.1039/b102959m J. Chem. Soc., Dalton Trans., 2001, 3125–3132 3125

This journal is © The Royal Society of Chemistry 2001



irradiation of low laser power of 20 mW for thermo-Raman
studies. The spectra were calibrated using an argon lamp and
the resolution was about 2 cm�1.

TG and DTA (Seiko I SSC 5000 TGA/DTA) thermograms
were recorded under air and N2 flow with a flow rate of 100 mL
min�1. Combined TG, DTA (Seiko I SSC 5000 TGA/DTA)
thermograms of (NH4)6Mo7O24�4H2O and traces of evolved
gases sampled by a mass spectrometer (VG quadrupoles
micromass spectrometer) were also recorded simultaneously
under He flow with a flow rate of 100 mL min�1. A TG (Perkin
Elmer TGA6) thermogram was also recorded in O2 flow with a
flow rate of 100 mL min�1. All the thermograms were taken
under the same thermal process from 25 to 500 �C with a 5 �C
min�1 heating rate.

Results

Thermo-Raman spectroscopy (TRS)

Although there have been a number of studies on the assign-
ment of Raman bands of (NH4)6Mo7O24�4H2O supported on
metal oxides,9,11,12 there were disagreements on the interpret-
ation of the Raman bands. However, Raman studies on the
thermal decomposition of unsupported (NH4)6Mo7O24�4H2O
were scarce. The changes in the spectral profile observed by
TRS in 1 �C intervals in this work would indicate in detail the
variation in composition during the thermal decomposition of
(NH4)6Mo7O24�4H2O.

In open air

MoO6 vibrations. For MoO6 having Oh symmetry, six fund-
amental vibrations, symmetric stretching ν1(A1g), asymmetric
stretching ν2(Eg) and ν3(F1u), asymmetric bending ν4(F1u),
symmetric bending ν5(F2g) and inactive ν6(F2u) modes, were
interpreted.26 In a crystalline environment, the octahedral
symmetry of MoO6 is lowered by the sharing of oxygen atoms
with other groups. Since there were different Mo–O distances
and different Mo–O–Mo angles in the (NH4)6Mo7O24�4H2O
crystalline environment, the Raman spectra in the terminal
Mo–O and bridging Mo–O–Mo vibration regions became
complicated with different frequencies for different Mo–O
distances and Mo–O–Mo angles. Hardcastle criteria 27 and
earlier investigations 9 on (Mo7O24)

6� indicated that stretching
vibrations of terminal Mo–O bonds were at higher frequencies
in the range from 1000 to 890 cm�1. The earlier analysis also
indicated that stretching vibrations of Mo–O–Mo bridge bonds
occurred from 850 to 500 cm�1, frequencies lower than those of
terminal bonds.9 The deformation modes of terminal Mo–O
and bridging Mo–O–Mo bonds usually appeared below 500
cm�1, however it was rather difficult to analyze because these
modes were observed together with the librational modes of
NH4

� and H2O.
In this work, 475 Raman spectra were taken, there were three

major and three minor changes. Seven typical thermo-Raman
spectra observed at 25, 115, 140, 200, 245, 275 and 385 �C
during the thermal decomposition of (NH4)6Mo7O24�4H2O in
open air in the terminal Mo–O and bridging Mo–O–Mo
stretching region are illustrated in Fig. 1. The variation in
thermo-Raman spectra during these changes is not shown.
Band positions and their tentative vibrational assignments are
presented in Table 1. As reported, a strong band at 934 cm�1

due to the symmetric stretching of the short Mo–O terminal
bond along with medium bands at 890 and 881 cm�1 and weak
bands at 905, 859 and 838 cm�1 was observed for the room
temperature Raman spectrum as shown in Fig. 1(a). Thermo-
Raman spectra measured in this range indicated no major
change until 74 �C. However from 75 to 115 �C several minor
changes in the weak bands were found but the strongest band
at 934 cm�1 remained the same. A typical thermo-Raman

spectrum measured at 115 �C is shown in Fig. 1(b). This is the
first minor change in the Raman spectra.

Besides some minor changes, the major spectral variation
observed in the TRS indicated the appearance of a band at
945 cm�1 from 121 �C and also an increase in its intensity
with temperature. Although the intensity of the strong band at
934 cm�1 decreased considerably during this temperature
interval still it appeared as a weak band even at 133 �C but
slightly shifted to 931 cm�1. A typical thermo-Raman spectrum
measured at 140 �C is shown in Fig. 1(c). This was the
first major change observed in the Raman spectra from 121 to
133 �C.

The appearance of a band at 961 cm�1 from 176 �C and its
increase in intensity with temperature were notable spectral
variations observed in the next temperature range in the TRS
for the second major change. The intensity of the strong band
at 945 cm�1 decreased from 176 �C but it still appeared as a
weak band even at 231 �C. The bands observed at 931 and 919
cm�1 at 140 �C were slightly shifted to 929 and 918 cm�1,
respectively, at 199 �C. Therefore, a second major change was
the replacement of the band at 945 cm�1 by that at 961 cm�1

from 176 to 231 �C and the second minor change was the dis-
appearance of the band at 945 cm�1 from 232 to 255 �C. Typical
thermo-Raman spectra measured at 200 and 245 �C are shown
in Figs. 1(d) and (e), respectively.

The interesting spectral variation observed in the next tem-
perature interval was the appearance of the characteristic
Raman bands of MoO3 at 993, 819 and 664 cm�1 from 255 �C.
In addition, a weak band at 977 cm�1 appeared from 255 �C and
its intensity increased slightly with temperature up to 305 �C
but then decreased. The intensity of the strong band at 961
cm�1 decreased from 250 �C and disappeared at around 275 �C.
Several weak bands observed at around 245 �C were replaced by
three broad weak bands centered at 917, 902 and 884 cm�1 at
around 275 �C as shown in Fig. 1(f ). This is the third major
variation. An appreciable decrease in intensities of those weak

Fig. 1 Typical thermo-Raman spectra of (NH4)6Mo7O24�4H2O in
open air in the 100 to 1100 cm�1 region in a dynamical thermal process.
(a) (NH4)6Mo7O24�4H2O, at room temperature, (b) (NH4)6Mo7O24�
xH2O, after the onset of dehydration, (c) 11(NH4)2O�4(MoO3)7, the
first intermediate, (d) mixture of 11(NH4)2O�4(MoO3)7, the first
intermediate, and 7(NH4)2O�4(MoO3)7, the second intermediate, (e)
7(NH4)2O�4(MoO3)7, the second intermediate, (f ) MoO3 and the third
intermediate and (g) MoO3.
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Table 1 Band positions (in cm�1) and their tentative vibrational assignments of the Raman spectrum of (NH4)6Mo7O24�4H2O from 800 to 1000
cm�1 during dynamical thermal processes

25 �C c 115 �C d 140 �C e 200 �C f 245 �C g 275 �C h 385 �C i

     993(m) a 992(s) a

     977(w) a

   961(s) a 961(s) a

  945(s) a 945(m) a 945(vw) a

934(vs) a 934(vs) a

  931(w) a 929(w) a 929(w) a

  919(w) a 918(vw) a  917(vw) a

   910(vw) a 910(w) a

905(vw) a     902(w) a

890(m) a 890(w) a

  884(m) a 884(m) a 884(m) a 884(vw) b

881(m) a 881(w) a

  866(vw) b 866(vw) b

859(w) b 859(w) b

  850(vw) b 850(vw) b 850(vw) b

   844(w) b 844(w) b

838(vw) b 838(vw) b 836(vw) b

     819(s) b 819(vs) b

vs very strong, s strong, m medium, w weak and vw very weak. a ν(Mo–O). b ν(Mo–O–Mo). c (NH4)6Mo7O24�4H2O or 3(NH4)2O�(MoO3)7�4H2O,
original sample. d (NH4)6Mo7O24�xH2O (after onset of dehydration). e 11(NH4)2O�4(MoO3)7, the first intermediate. f Mixture of 11(NH4)2O�
4(MoO3)7, the first intermediate, and 7(NH4)2O�4(MoO3)7, the second intermediate. g 7(NH4)2O�4(MoO3)7, the second intermediate. h MoO3 and the
third intermediate (mixed molybdena with residual volatile compounds). i MoO3.

bands from 310 �C and their complete disappearance at around
347 �C were also observed. The increase in intensities of char-
acteristic Raman bands of crystalline MoO3 above 350 �C was
clear. A typical thermo-Raman spectrum measured at 385 �C
corresponding to MoO3 is shown in Fig. 1(g). This was the third
minor change. The similarity of the spectra observed in the
terminal Mo–O and bridging Mo–O–Mo stretching regions
(Figs. 1(a)–(g)) indicated that no major change occurred in the
skeleton structure of (MoO3)7 from 25 to 250 �C, however it
dramatically changed at around 255 �C to form MoO3. From
the thermo-Raman spectra, there were three intermediates
with the Raman spectra shown in Figs. 1(c), (e) and (f ) corre-
sponding to the three major variations in the spectra.

NH4
� and H2O vibrations. The normal modes of free NH4

�

under T d symmetry have frequencies at 3033, 1689, 3134 and
1397 cm�1 for ν1(A1), ν2(E), ν3(F2) and ν4(F2) modes, respect-
ively.26 All the modes are Raman active. Since NH4

� in
(NH4)6Mo7O24�4H2O occupy sites of lower symmetry than
those of the free ion, anisotropic crystal fields may remove the
degeneracies of the normal modes. The normal modes of H2O
are at 3651 (ν1), 1595 (ν2) and 3755 (ν3) cm�1.26 In the last two
decades, there has been growing interest in understanding the
nature and role of crystalline water in hydrated crystals. In this
compound, NH3 and H2O are both involved in stabilizing the
structure. In general, the anion–water interaction involving
hydrogen bonding affords stability to the hydrated materials.
The Raman spectra of water in hydrated crystals usually show
extremely broad bands, making interpretation difficult.

A broad band at 3491 cm�1 and a weak shoulder at 3329 cm�1

due to the stretching modes of H2O and a strong band at 3141
cm�1 due to the stretching modes of NH4

� and a weak band at
2795 cm�1 possibly due to the overtone of the ν4 mode of
NH4

� were observed in the room temperature spectrum of
(NH4)6Mo7O24�4H2O. No major change in band positions and
profiles of the stretching modes of H2O and NH4

� were
observed below 70 �C. But from 75 �C, the bands at 3491 and
3329 cm�1 began to broaden continuously and also their
intensity reduced, which signaled the onset of the dehydration
process. The H2O bands at 3491 and 3329 cm�1 almost dis-
appeared at around 131 �C indicated the major dehydration
process. The stretching mode of NH4

� at 3141 cm�1 broadened
slightly at 121 �C and broadened appreciably and shifted to
3145 cm�1 at around 131 �C. With increase in temperature, that

band broadened considerably from 176 �C onwards and at 197
�C it appeared as a very weak band centered at 3148 cm�1. With
further increase in temperature, its intensity dropped drastically
from 240 �C and at around 270 �C no band corresponding to
the stretching modes of NH4

� was visible. The characteristic
spectra around 70, 131, 176 and 197 �C are shown in Fig. 2.

The spectra measured in the ν2 and ν4 mode regions of NH4
�

below 100 �C showed three weak overlapped bands at 1671,
1644 and 1622 cm�1 along with a strong ν4 band at 1419 cm�1.
The three overlapped bands broadened from 116 �C and
appeared as a single broad band centered at 1661 cm�1 at 124
�C. Similarly, the band observed at 1419 cm�1 also broadened at
124 �C but their intensities did not change much. However,
these bands not only broadened but their intensities also
decreased after 176 �C. Around 197 �C, these bands became

Fig. 2 Typical thermo-Raman spectra of (NH4)6Mo7O24�4H2O in
open air from 2600 to 3600 cm�1 at 70, 131, 176 and 197 �C in a
dynamical thermal process.

J. Chem. Soc., Dalton Trans., 2001, 3125–3132 3127



very weak and indicated a major loss of NH3. With further
increase of temperature the intensity of these bands decreased
and vanished around 240 �C and at around 265 �C even the ν4

mode became invisible, which signaled another major loss of
NH3 accomplished at around 265 �C. The characteristic spectra
at 100, 116, 124, 176, 197 and 240 �C are shown in Fig. 3.

Under O2 flow

MoO6 vibrations. In general, the major difference observed in
the terminal Mo–O and bridging Mo–O–Mo stretching bands
of (NH4)6Mo7O24�4H2O under O2 flow compared to those in
open air was the broadened nature of the bands. The typical
thermo-Raman spectra measured at 25, 115, 140, 200 and
245 �C during the thermal decomposition process under O2 flow
are shown in Figs. 4(a)–(e). No major difference in spectral
variation was observed from 25 to 250 �C. The spectra observed
from 250 to 410 �C indicated some changes. An interesting
difference was the non-appearance of the characteristic bands
of MoO3 but an increase in the intensities of the bands at 977,
917, 902 and 884 cm�1 corresponding to the third intermediate
from 250 to 305 �C. A typical Raman spectrum measured at
275 �C is shown as Fig. 4(f ). The spectra observed from 310 to
370 �C indicated an increase in the intensities of all these
bands. The characteristic band of MoO3 at around 819 cm�1

appeared after 310 �C and onwards. In addition to an increase
in intensity, the band at 977 cm�1 broadened considerably
with temperature and at around 350 �C a weak band at
993 cm�1 appeared as a shoulder to it as shown in Fig. 4(g).
The gradual decrease in intensities of the medium bands at
977, 917, 902 and 884 cm�1 were observed from 370 �C. Around
410 �C, they disappeared completely and all the characteristic
bands of MoO3 remained. Typical thermo-Raman spectra
measured at 385 and 410 �C are shown in Figs. 4(h) and 4(i),
respectively.

The non-appearance of the characteristic bands of MoO3 in
the temperature range from 250 to 305 �C under O2 flow
depends upon the flow rate of O2 in the sample cell. Under a
fast flow rate of O2, no bands corresponding to MoO3 appeared
however under slow flow rate these bands due to MoO3

appeared as weak signals.

Fig. 3 Typical thermo-Raman spectra of (NH4)6Mo7O24�4H2O in
open air from 1200 to 1800 cm�1 at 100, 116, 124, 176, 197 and 240 �C
in a dynamical thermal process. X marks the plasma line from the laser.

NH4
� and H2O vibrations. The spectral variation observed in

the stretching modes of H2O and NH4
� and also in the ν2 and ν4

region of NH4
� under O2 flow from 25 to 250 �C was similar to

the variation observed in open air. Under open air, after 270 �C
no band for NH4

� was visible but under O2 flow, a band at 3145
cm�1 was visible from 320 �C and its intensity increased further
up to 350 �C then dropped and disappeared at around 390 �C.

Under N2 flow

The spectra observed under N2 flow from 25 to 150 �C in the
terminal Mo–O and bridging Mo–O–Mo vibration regions
were similar to those in open air. Afterwards, the intensity of
the overall spectrum reduced dramatically and no band was
visible till 500 �C. However, when N2 flow was replaced by O2

flow at 380 �C arbitrarily in a dynamic thermal process, weak
bands appeared from 385 �C and the spectrum observed at 390
�C showed the characteristic bands of MoO3 along with some
other intermediate. At around 450 �C, the characteristic bands
of MoO3 were quite clearly observed and the color of the
sample also changed from dark purple to yellow. The spectral
variation observed in the NH4

� and H2O vibration regions
under N2 flow over the entire thermal process was very similar
to the variation in open air.

TGA/DTA/TG-MS

The thermogravimetry (TG), differential thermogravimetry
(DTG) and differential thermal analysis (DTA) thermograms
of (NH4)6Mo7O24�4H2O measured under air flow from 25 to
500 �C with a heating rate of 5 �C min�1 are shown in Fig. 5. The
TG thermogram showed three major weight losses of 6.85, 4.24
and 7.06% from 75 to 146 �C, from 174 to 239 �C and from 253

Fig. 4 Typical thermo-Raman spectra of (NH4)6Mo7O24�4H2O under
O2 flow in the 100 to 1100 cm�1 region in a dynamical thermal process.
(a) (NH4)6Mo7O24�4H2O, at room temperature, (b) (NH4)6Mo7O24�
xH2O, after the onset of dehydration, (c) 11(NH4)2O�4(MoO3)7, the
first intermediate, (d) mixture of 11(NH4)2O�4(MoO3)7, the first
intermediate, and 7(NH4)2O�4(MoO3)7, the second intermediate, (e)
7(NH4)2O�4(MoO3)7, the second intermediate, (f ) the third inter-
mediate at 275 �C, (g) the third intermediate at 350 �C, (h) MoO3 with
the third intermediate and finally (i) MoO3.
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to 350 �C, respectively. The DTG clearly indicated a gradual
weight loss in the temperature interval from 75 to 115 �C and a
rapid weight loss from 116 to 146 �C in the first stage. Similarly,
during the second stage, a gradual weight loss in the temper-
ature interval from 174 to 207 �C and a rapid one from 210 to
239 �C were clear. During the third stage, the DTG thermogram
indicated, in addition to the major weight loss from 253 to 307
�C, a very small fraction of weight loss in the temperature inter-
val from 310 to 350 �C. The DTA thermogram also reflected
the results of TG and DTG. The nature of the TG and DTG
thermograms measured under N2 and O2 flow was similar to the
thermograms measured under air flow.

Analysis of the gases evolved during the decomposition of
(NH4)6Mo7O24�4H2O from 25 to 500 �C with a heating rate of 5
�C under He flow measured by a TG coupled mass spectrometer
(TG-MS) reveals the formation of ions having a mass of 17
(NH3) and 18 (H2O) u, as illustrated in Fig. 6. The mass spectra
in the range from 10 to 250 u were examined and no other
significant reaction product was detected. The TG-MS trace of
evolved H2O indicated the onset of the dehydration process
from 86 �C and its maximum rate at around 150 �C corre-
sponded to the first major weight loss observed in TG. It again
showed two maximum rates at 220 and 320 �C corresponding
to the second and third major weight losses observed in TG.
For NH3, a minor loss at around 170 �C and two major losses at
230 and 310 �C were clearly reflected from the results of the
TG-MS experiment as shown in Fig. 6. The TG-MS traces of
evolved H2O and NH3 recorded under He flow indicated that
dehydration and deammination occurred at slightly higher
temperatures compared to that under air flow.

Discussion
An empirical formulae of 3(NH4)2O�(MoO3)7�4H2O for (NH4)6-
Mo7O24�4H2O has long been supported by crystallographic
studies.28 At room temperature six NH4

� are attached to Mo
through O� with ionic bonds. During heating, two NH3 and one
H2O are evolved simultaneously, hence, it is represented by
(NH4)2O. The crystal structural analysis of (NH4)6Mo7O24�
4H2O indicated that the monoclinic unit cell contained 4 units
of (NH4)6Mo7O24�4H2O.27 It also indicated that seven MoO3

formed (MoO3)7 and 4(MoO3)7 stabilized by 12(NH4)2O and
16H2O in a unit cell. At room temperature, NH4 attaches to Mo
through O with an ionic bond. The structure of (MoO3)7 in
(NH4)6Mo7O24�4H2O crystals was determined earlier by
Lindqvist, who established a peculiar butterfly shaped con-

Fig. 5 (a) TG, (b) DTG and (c) DTA thermograms of (NH4)6Mo7O24�
4H2O measured with 5 �C min�1 heating rate from 25 to 500 �C under a
flow of air.

figuration.29 Later on, many crystal structural analyses were
attempted in order to resolve the oxygen atoms and to refine
their positions.30–32 Evans et al. reported that (NH4)6Mo7O24�
4H2O consists of seven MoO6 octahedra condensed by edge
sharing into a compact structure, which has a point symmetry
2mm (C2v).

33 Also they mentioned that the (MoO3)7 units are
assembled in layers extended normal to the y axis and in these
layers 3(NH4)2O and 4H2O serve to bind the molecules together
by a complex system of ionic and hydrogen bonds.

In open air

In the first stage, the DTG thermogram indicated a gradual
decrease in weight from 75 to 115 �C and a rapid decrease in
weight at around 121 �C. In the thermo-Raman investigations,
the observation of a minor decrease in intensities of the
stretching bands of H2O at 3491 and 3329 cm�1 from 75 to 115
�C indicated the onset of dehydration however the observation
of no major change in the intensities of the ν2 and ν4 modes of
NH4

� indicated that there could be no major loss of (NH4)2O.
For the Mo–O mode, the strongest band at 934 cm�1 remained
the same and the observation of only minor changes in the
weak bands indicated that there was very minor modification
in the structure of (NH4)6Mo7O24�4H2O due to the onset of
dehydration. The skeleton structure of (MoO3)7 remained
intact from 75 to 115 �C.

The complete disappearance of the stretching modes of H2O
and the slight decrease in intensity of the NH4

� stretching
modes observed from 124 to 131 �C indicated the rapid loss of
hydrated water along with minor loss of (NH4)2O. The appear-
ance of a strong band at 945 cm�1 to replace the strong band at
934 cm�1 and minor variation in the weak bands at around 124
�C indicated that there could be some minor modification in the
crystalline structure of (NH4)6Mo7O24�4H2O. The complete
removal of hydrated water and the partial removal of (NH4)2O
gave the first intermediate with no change in the skeleton
structure of (MoO3)7.

During the second stage weight loss, the DTG thermogram
clearly indicated a gradual weight loss from 174 to 207 �C and a
rapid weight loss from 210 to 239 �C. The DTA thermogram
also reflected the observation made with TG and DTG over
that temperature interval. In the thermo-Raman spectra, the

Fig. 6 TG-MS traces of evolved (- - - -) H2O and (—) NH3 during the
decomposition of (NH4)6Mo7O24�4H2O with a 5 �C min�1 heating rate
from 25 to 500 �C under a flow of He.
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observation of a continuous decrease in the intensities of the
stretching and ν2 and ν4 modes of NH4

� from 176 �C indicated
a major loss of (NH4)2O. An interesting spectral variation
observed in the Mo–O stretching region was the appearance
and increase in intensity of the strong band at 961 cm�1 from
176 �C and the simultaneous decrease in intensity of the band at
945 cm�1. The disappearance of the band at 945 cm�1 revealed
the vanishing of the first intermediate. This spectral variation
indicated the formation of the second intermediate. Although
there was some modification in the crystalline structure due to
the major release of (NH4)2O over this temperature interval, the
skeleton structure of (MoO3)7 was not perturbed.

During the third stage, the TG and DTG thermograms
indicated a major loss of weight from 253 to 307 �C and
another very small fraction of weight loss from 310 to 350 �C.
In the thermo-Raman spectra, the complete disappearance of
the bands of NH4

� at around 265 �C indicated major loss of
(NH4)2O. Because of the weak nature of the NH4

� modes, the
intensity of the NH4

� bands dropped drastically immediately
subsequent to the loss of the remaining (NH4)2O, starting at
around 255 �C, hence it was not possible to follow this stage
completely till 307 �C in the thermo-Raman spectra. The
appearance of the characteristic band of MoO3 at 993 cm�1 and
the decrease in intensity of the strong band at 961 cm�1 were
observed from 255 �C onwards. The spectral variation observed
in the terminal Mo–O and bridging Mo–O–Mo stretching
regions clearly indicated the dramatic change in the structure of
(MoO3)7, which began to break down to MoO3 at around 255
�C. Although the characteristic bands of MoO3 appeared after
255 �C and their intensity increased with temperature, the
appearance of the weak bands at 977, 917, 902 and 884 cm�1

together indicated the presence of the third intermediate along
with a small amount of MoO3. The decrease in intensities of
those weak bands from 310 �C onwards, their complete dis-
appearance and the presence of only the characteristic bands of
MoO3 after 347 �C indicated the loss of the third intermediate
and formation of MoO3 after 347 �C. The characteristic bands
of MoO3 became stronger and sharper above 350 �C because
crystal grains were growing continuously with temperature.

The appearance of the strong terminal Mo–O bands at 945
and 961 cm�1 at around 124 and 199 �C, respectively, clearly
indicated the formation of two stable intermediates during
the thermal decomposition. Till 250 �C, the intensity of the
terminal Mo–O stretching band was very strong compared to
other bands in that region, but afterwards as soon as MoO3

started to appear, as expected, the band observed at 819 cm�1

corresponding to MoO3 became quite strong, which signaled
the breakdown of (MoO3)7 to form MoO3. The complicated
layer structure of MoO3 was interpreted as being built up by
distorted MoO6 octahedron.34 Julien et al. have reported that
MoO3 exhibits an intriguing layered structure consisting of
double layers of MoO6 octahedra.35 The present thermo-
Raman investigation indicated that during the thermal decom-
position process from 25 to 250 �C, (MoO3)7 distorted slightly
and the collapse of (MoO3)7 occurred to form MoO3 immedi-
ately subsequent to the loss of the remaining volatile com-
pounds at 255 �C. Although the process of collapse of (MoO3)7

started at 255 �C, it was not completed until around 347 �C. The
presence of small amounts of residual volatile compounds
during this temperature interval might delay the complete
collapse of all (MoO3)7 to MoO3 and hence the third inter-
mediate (might be mixed molybdena with residual volatile
compounds) appeared along with MoO3 over this temperature
interval. The disappearance of the weak bands at 977, 917, 902
and 884 cm�1 of the third intermediate and the appreciable
increase in intensities of characteristic bands of MoO3 at 993
and 819 cm�1 above 350 �C indicated the increase in concen-
tration of MoO3.

The spectral variations observed in the thermo-Raman
spectra, the weight losses observed in TG, the DTA thermo-

grams and the results from the TG-MS experiment suggest that
the thermal decomposition could follow the sequence shown in
Scheme 1 based on 4[3(NH4)2O�(MoO3)7�4H2O] in a unit cell.

The band positions of the symmetric stretching vibration of
strong terminal Mo–O bands measured during the dynamic
thermal process from 25 to 500 �C in open air is presented in
Fig. 7 for the range from 800 to 1000 cm�1. The band at 934
cm�1 appeared as the strongest band in the temperature interval
from 25 to 123 �C, which indicated no major change in the
skeleton structure of (MoO3)7 over this temperature interval.
Another terminal Mo–O stretching band at 945 cm�1 started to
appear from 121 �C and became the strongest band in that
region from 124 to 192 �C indicating the existence of the first
intermediate. Similarly, another band at 961 cm�1 started to
appear from 176 �C and became the strongest from 193 to 259
�C indicating the presence of the second intermediate. The
bands at 977 (Fig. 7(d)), 993 (Fig. 7(e)) and 819 cm�1 (Fig. 7(f ))
appeared from 255 �C onwards. The band at 819 cm�1 (Fig.
7(f )) corresponding to MoO3 turned out to be the strongest
band from 260 �C onwards, which signaled the breakdown of
(MoO3)7 to form MoO3. The band at 977 cm�1 appeared along
with the characteristic bands of MoO3 from 255 to 350 �C indi-
cating the coexistence of the third intermediate with MoO3.
From Fig. 7 the evolution of (MoO3)7 can be traced step by step
dynamically from the original compound through the first
intermediate, to the second intermediate, to the mixture of the
third intermediate with MoO3 and finally to the decomposed
product MoO3.

Under O2 flow

Under O2 flow, the weight losses observed in the TG during the
first two stages were the same as in air flow, but in the third
stage the temperature interval for the final fraction of weight
loss extended up to 400 �C. An interesting difference observed
under O2 flow from 250 to 305 �C was the non-appearance of
the characteristic band for MoO3 but the increase in the inten-
sities of the bands at 977, 917, 902 and 884 cm�1 corresponded
to the third intermediate. The dominance of these bands in the
terminal Mo–O and bridging Mo–O–Mo stretching regions
and the band observed at 3145 cm�1 from 330 to 350 �C
indicated the presence of the third intermediate (might be some

Fig. 7 Band positions of some strong bands observed in the 800 to
1000 cm�1 region during the decomposition of (NH4)6Mo7O24�4H2O
with 5 �C min�1 heating rate from 25 to 500 �C in open air.
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Scheme 1

mixed molybdena with residual volatile components) as the
dominant species in this high temperature range under O2 flow.
Although the process of removal of the final residual amount
of volatile compounds started at around 260 �C it took a longer
time to reach completion, hence the process of collapse of
(MoO3)7 to MoO3 took longer. The bands corresponding to the
third intermediate, mixed molybdena, appeared dominant in
the terminal Mo–O and bridging Mo–O–Mo stretching regions
of the thermo-Raman spectra. Immediately subsequent to the
loss of the residual volatile compounds at around 410 �C the
intensities of the characteristic bands of MoO3 increased and
appeared distinctively.

Under N2 flow

The thermo-Raman investigation on the thermal decom-
position of (NH4)6Mo7O24�4H2O under N2 flow in the terminal
Mo–O, bridging Mo–O–Mo, NH4

� and H2O vibration regions
indicated that the decomposition in the temperature interval
from 25 to 150 �C was similar to that in open air. Afterwards
from 150 �C, no band was visible in the terminal Mo–O and
bridging Mo–O–Mo vibration regions but the spectral vari-
ation observed in the NH4

� and H2O vibration regions was
similar to that observed in open air. The non-observation of
any band in the terminal Mo–O and bridging Mo–O–Mo vibra-
tion might be because an O2 deficient sample was a poor
Raman scatterer and absorbed the incident laser light and the
scattered light due to its dark purple color.

Conclusion
The spectral variation of (NH4)6Mo7O24�4H2O observed in the
thermo-Raman investigations in open air indicated the gradual

removal of hydrated water over the temperature interval 75 to
115 �C and the rapid loss of hydrated water along with the loss
of one (NH4)2O at around 124 to 131 �C. The thermo-Raman
investigations and the results of TG, DTA and TG-MS experi-
ments strongly suggested that the first intermediate formed
after the complete removal of hydrated water along with one
(NH4)2O could be 11(NH4)2O�4(MoO3)7. The results of the
present investigation also indicated the loss of four (NH4)2O
from the first intermediate resulting in the second intermediate
7(NH4)2O�4(MoO3)7 over the temperature interval 174 to 239
�C. The thermo-Raman investigations detected the formation
of MoO3 along with the third intermediate (mixed molybdena
along with some residual volatile compounds) at around 255
�C. A simultaneous increase in the intensity of MoO3 and a
decrease in the intensity of the coexisting third intermediate
were observed from 310 to 347 �C and pure MoO3 was derived
above 350 �C. The thermo-Raman investigations strongly
suggest that (NH4)6Mo7O24�4H2O consists of a (MoO3)7 unit
stabilized by 3(NH4)2O and 4H2O and also indicated the
presence of (NH4)2O along with (MoO3)7 till 250 �C because all
of the Raman spectra were similar, consisting of a strong band
with several weak ones. The step-by-step decomposition clearly
indicated that the water and ammonia in the (NH4)6Mo7O24�
4H2O crystals are bonded to (MoO3)7 in slightly different
strengths because the strongest Raman band showed only
a slight shift in position. The present investigations clearly
indicated that (MoO3)7 in (NH4)6Mo7O24�4H2O during the
thermal decomposition process remained intact till 250 �C and
the collapse of (MoO3)7 occurred to form MoO3 immediately
subsequent to the loss of the remaining volatile compounds at
255 �C.

The thermal decomposition of (NH4)6Mo7O24�4H2O
observed under O2 flow from 25 to 250 �C was similar to that
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in open air. The spectral variations observed after 250 �C
suggested a slightly different decomposition pathway. An inter-
esting difference observed under O2 flow was the appearance of
the third intermediate (mixed molybdena with residual volatile
compounds) as the dominant species over the temperature
interval 260 to 370 �C. Subsequently, MoO3 was derived only
at elevated temperatures above 400 �C. The thermal decom-
position of (NH4)6Mo7O24�4H2O under N2 flow over the tem-
perature interval 25 to 150 �C was very similar to that in open
air. However, the non-observation of any band in the terminal
Mo–O and bridging Mo–O–Mo vibration regions in the
thermo-Raman spectra after 150 �C might be because of O2

deficient conditions.
In all, these thermo-Raman investigations have detected the

intermediates, nature of the intermediates, existence temper-
ature ranges of the intermediates and also the temperature at
which pure MoO3 was derived during the decomposition of
(NH4)6Mo7O24�4H2O in open air and under O2 and N2 flow
dynamically. The present study revealed new information on the
thermal decomposition of (NH4)6Mo7O24�4H2O at a molecular
level and the results will be useful for further studies on
supported molybdena catalysts.
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