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Microwave-Assisted Synthesis of MPS; Materials (M = Mn, Cd) Using a
Dewar-Ampoule Device
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We report on an easy procedure for the synthesis of inorganic
solids such as MPS; materials (M = Mn, Cd) which uses a
simple device consisting of a silica ampoule that is divided
into a Dewar zone (hot zone) and a nonisolated part (cold
zone), which is able to operate inside domestic microwave
ovens. This is a rapid and advantageous method applied for
the first time to the preparation of inorganic solids. It involves
a heat concentration within the Dewar zone that allows the
required temperature for the reaction between the compon-
ents to be reached. In this way, a mixture of S, P, and a trans-

ition metal such as Mn or Cd, placed in the Dewar zone gives
MPS; compounds. The temperature gradient assures the
vapor phase transport to the cold zone. The resulting MPS;
crystals are deposited within a few minutes in the cold area,
in contrast to other conventional procedures requiring long
periods of treatment or more complicated procedures for the
synthesis of similar products.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Microwave-assisted reactions are of increasing interest in
different fields of synthetic chemistry to yield both inor-
ganic materials (as in the solid-state synthesis of functional
ceramics!! %)) and organic compounds (as synthesis on sup-
ported phasest’-®)). Usually, the reactions developed under
microwave (MW) heating show remarkable improvement
over those carried out under conventional heating in an
extraordinary acceleration of the processes. This is particu-
larly true for solid-state reactions, as for instance,
the synthesis of vanadates  chromates,™ and
metal —chalcogenides.”) In general, the MW treatment of
mixtures of pure or combined elements such as metal ox-
ides, nitrates, or carbonates, produces enough heat to in-
duce a rapid transformation of the reagents, to give the cor-
responding inorganic materials through solid-state reac-
tions, often with excellent yields. A successful control of
these reactions depends on the intrinsic properties of the
involved solids, mainly related to their conductivity be-
havior. The energy necessary for the MW-assisted solid-
state reactions is given by the absorption of high frequency
waves, related to the so-called tangent loss (tan §), which is
the ratio between the dielectric loss (¢'") and the dielectric
constant (&') of the material.l”! The tangent loss indicates
the efficiency of the solid material towards the conversion
of MW energy into thermal energy mainly associated with
two mechanisms: dipole rotation and electrical conductivity
(either ionic or electronic). In solid-state reactions, no relax-
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ation process except for the conduction process of both
electrons and ions, takes place because the molecular di-
poles are fixed, leading to high loss tangent values.['! This
has been observed particularly for reactions involving semi-
conductors or ion-conducting solids, in which the increased
temperature produces an increase of the electrical conduc-
tivity and therefore gives exponential MW energy absorp-
tion and rapid heating, that is, the so-called thermal run-
away.?]

Transition-metal phosphorus trisulfides (MPS;; M =
Mn, Cd) are the compounds selected in this paper to show
the advantages of using the Dewar ampoule device. This is
a family of layered compounds!®! with interesting properties
as host lattices for intercalation of organic compounds,
and lithium insertion,!'” and is indeed useful as electrodes
for lithium-batteries and in nonlinear optical devices. The
structure of MPS; compounds derives from that of CdCl,,
and is closely related to the structure of transition-metal
dichalcogenides.[''1 Conventional synthesis of MPS; materi-
als by ceramic methods needs a heating treatment program
at temperatures in the 550—800 °C range, from one to sev-
eral weeks!!'? making the process too long for practical pur-
poses. It is assumed that in these conditions a vapor phase
transport mechanism occurs,['3! but the nature of the trans-
ported species is so far unknown. MPS; compounds can be
alternatively prepared by coordination of [P,S¢]*~ anions to
M?2" cations in aqueous solutions, as in the reaction at
room temperature between MnCl, and sodium hexathiohy-
pophosphatel'¥l [Equation (1)].

2 MnCl, + NayP,S = 2 MnPS; + 4 NaCl 1)
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This procedure is also long and tedious, because the so-
dium hexathiohypophosphate is a noncommercial product
that needs to be prepared in the laboratory by reaction of
sodium sulfide and phosphorus trichloride.['>] In addition,
the reaction yield is lower than that of the ceramic method
(about 67 %, from our experiments).

Results and Discussion

Figure 1. shows the apparatus developed for the MPS;
synthesis, which essentially consists of a silica (quartz) am-
poule with two different zones. One of the zones is fur-
nished with a vacuum thermal barrier [i.e., it is a Dewar
container (hot zone)], while the other zone is thermally de-
shielded (cold zone). Such a device was inspired by the typi-
cal two-zone furnace used to grow single crystals. The nov-
elty of this design is that it operates inside a domestic MW
oven, and this configuration allows the temperature to be
reached so as to activate certain solid-state reactions. A suf-
ficiently high temperature cannot be obtained in conven-
tional reactors (e.g. standard sealed silica ampoules). For
the first time, we have successfully applied this methodology
to the preparation of well-crystallized MPS; layered solids,
selected as an example in view of its difficult synthesis by
the classical ceramic process. The attempts to produce these
solid-state reactions using small amounts of metals inside
conventional silica ampoules (i.e., classical quartz reactors)
with MW irradiation always failed. Apparently, in an unshi-
elded ampoule fast heat dissipation precludes the system
from reaching a temperature high enough to afford the
solid-state reaction. By contrast, the reaction is completed
after a few minutes with MW irradiation when the Dewar
ampoule apparatus is used, giving almost quantitative
amounts of the corresponding metal phosphorus trisulfides.
The driving idea to design such a device was to avoid the
heat dissipation in the region of the reactor where the com-
ponents are placed, thus assuring the increase of tempera-
ture required to produce the reaction. In our example, the
MPS; compounds are deposited in the cold zone as rela-
tively large crystals due to the temperature gradient that
promotes the vapor-phase transport of the synthesized ma-
terials.

The nonmetallic elements, sulfur and phosphorus are in-
sulators and practically transparent to MW, although theo-
retically they could be activated in the presence of a metal
incorporated in the form of a fine powder. Under these con-
ditions, the metal simultaneously acts as a reagent and as a
MW absorber, because it couples very effectively with mi-
crowave radiation. This is the case for the reactions between
sulfur and transition metals such as Ta, Cr, Fe, and Mn,
which produces the corresponding sulfides.l'® In a similar
way, we have tried to prepare MPS; compounds (M = Mn
and Cd) by MW irradiation of a mixture of their three inte-
grating elements using a conventional reactor (sealed,
evacuated, single-quartz ampoule), using the same domestic
MW oven. As indicated above, the reactions were always
unsuccessful, even after a long time of treatment. It could
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Figure 1. A picture of the Dewar ampoule highlighting its different
parts and the process of MPS; crystallization

be maintained that under these conditions, the temperature
reached is always lower than that required for the activation
of the solid-state reaction. We have also unsuccessfully tried
to carry out the MnPS; synthesis using mixtures of manga-
nese metal and P,Ss, or working under different conditions
in a set of experiments involving conventional ampoules. In
contrast, the Dewar ampoule offers a way to produce the
phosphorus trichalcogenides quickly with excellent yields.

The details for the use of the Dewar ampoule with start-
ing reagent mixtures of sulfur, phosphorus, and the selected
transition metal (Mn or Cd), or alternatively mixtures of
manganese, sulfur, and P,Ss (with stoichiometric MPS; ra-
tios) are described in the Exp. Sect. Emission of very intense
light of different colors is produced during the reactions,
which are completed after 25—40 minutes of MW ir-
radiation.

The MPS; resulting materials were characterized by
XRD, FTIR spectroscopy and SEM-EDX analyses. Fig-
ure 2 shows the XRD patterns of MnPS; prepared by con-
ventional procedures, that is, either from the ceramic
method using a standard furnace (10 days, 700 °C, see A in
Figure 2), or from soft conditions through a reaction in-
volving various steps [Equation (1), see B in Figure 2], or
by the MW-assisted synthesis using the Dewar ampoule
(Figure 2, C and D). The XRD diagram of the reaction
product obtained from the aqueous solution method [Equa-
tion (1)] corresponds to an ill-crystallized solid in view of
the broad and low intensity Akl reflections attributed to
MnPS; materials. All the diffraction peaks of the com-
pound prepared by the ceramic method (Figure2 A) fit
very well with the corresponding ASTM file (No. 33—903),
the diffractogram being very similar to the sample resulting
from 25 minutes of MW irradiation of stoichiometric mix-
tures of Mn, P, and S (see D in Figure 2). Small differences
in the relative intensities of the reflections of the two materi-
als are attributed to preferred orientation effects: the [00 I]
reflections of MnPS; (in particular for / = 2) are increased
with respect to other reflections in the sample prepared by
conventional techniques, while in the material prepared by
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the method reported here other reflections are relatively en-
hanced (like the [130] and [200] reflections, see Figure 2).
The sample prepared from 30 minutes MW irradiation of
Mn, P,Ss, and S stoichiometric mixtures shows additional
low intensity peaks identified as P,Ss5, MnP,, and other by-
products of variable P, S, and Mn composition.
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Figure 2. XRD diffraction patterns of MnPS; synthesized by: A)
conventional heating of Mn + P + 3S (700 °C, 10 days); B) reac-
tion of NayuP,Sg with MnCl, in aqueous solution; C) MW-assisted
reaction of 2Mn + P,Ss + S (30 min); D) MW-assisted reaction of
Mn + P + 3S (25 min); traces A and D correspond to pure and
highly crystalline MnPS;, the differences between them being re-
lated to preferred orientations

Figure 3 shows the IR spectra (800—400 cm ™! region) of
the reaction products obtained by the two methods that
give the best results, that is, conventional heating and MW-
assisted reactions involving the Mn + P + 3S mixture. The
similarity between the compounds prepared by the two pro-
cedures is again evidenced by their coincidence in frequency
and intensity of the IR absorption bands, the most charac-
teristic of them appearing in the 700—400 cm™! spectral
region. According to Mathey and co-workers,'”l and Joy
and Vasudevan,!'8! the strong intensity band that appears
at 573 cm™! is attributed to P—S stretching vibrations
vp_s(PS3), whereas the vp_p vibration band appears at
440 cm ™!,

SEM images of the MnPS; products obtained by both
procedures, the conventional ceramic method, and MW-as-
sisted reactions show crystals of lamellar shape and average
particle sizes of about 100 and 20 um, respectively (Fig-
ure 4). The differences in the crystal size can be attributed
to the different nucleation and crystal growth rates achieved
by MW or conventional heating.

The method of preparation of MnPS; compounds, with
MW’s and the Dewar ampoule reported above has also
been successfully applied to the synthesis of CdPS; materi-
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Figure 3. IR spectra (800—400 cm™! region) of MnPS; obtained
by: A) conventional heating of Mn + P + 3S (700 °C, 10 days); B)
MW-assisted reaction of Mn + P + 3S (25 min)
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Figure 4. SEM images of MnPS; obtained by: A) conventional
heating of Mn + P + 3S (700 °C, 10 days); B) MW-assisted reac-
tion of Mn + P + 3S (25 min)

als. This result indicates the ability to extend the procedure
to other members of the MPS; family.

Conclusions

We have shown that a simple device such as the Dewar
ampoule reported here, when used with an unmodified MW
domestic oven, offers a new procedure to reach suitable
temperatures( at least when small amounts of powdered me-
tals are used) to allow the efficient and rapid synthesis of
solids that are difficult to prepare by other routes, as it is
the case of the MPS; compounds.
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Table 1. MW synthesis of MPS; compounds (M = Mn, Cd) under different experimental conditions

Reactor Starting reagents Resulting products Irradiation time Emitted light
Conventional ampoule Mn + P+ 38 no reaction 1—60 min no emission
Conventional ampoule Cd+P+3S no reaction 1—60 min no emission
Conventional ampoule 2 Mn + P,Ss + S no reaction 1—60 min no emission
Dewar ampoule Mn + P+ 3S MnPS; 25 min purple-blue
Dewar ampoule 2 Mn + P,Ss + S MnPS; 30 min pink-orange
Dewar ampoule Cd+P+3S CdPS; 40 min white-yellow

In addition, the method developed here could be ex-
tended to the preparation of other materials with similar
synthetic problems, that is, in the cases where the dielectric
component prevails over the metallic or semiconducting ele-
ments involved in the starting mixture lowering the ef-
ficiency of microwave-assisted procedures. This could be the
case of different metal oxides, nitrides, carbides, etc.

Experimental Section

General: Conventional ceramic syntheses of MPS; materials were
carried out as follows: a mixture of S, P and the transition-metal
elements was ground in an glove box (Ar) and sealed in a classical
quartz ampoule under a vacuum of 10~2 Torr. The ampoule was
heated to 700 °C at 1 °C/min and maintained at this temperature
for 10 days.['?

Synthesis of MPS; Compounds: MPS; (M = Mn, Cd) crystals were
also prepared by the Dewar ampoule method as follows: 0.3 g of
the starting reagents, either as Mn (Aldrich, 99.9 %) or Cd (Ald-
rich, 99.5 %), P (Aldrich, 99.99 %) and S [(Aldrich) sublimed, 100
mesh, mixture, or as Mn, P,Ss (Aldrich, 99 %)] and S were thor-
oughly mixed in 1:1:3 or 2:1:1 molar ratios, respectively. The mix-
ture was then transferred to the Dewar zone inside a glove box (Ar
atmosphere). After vacuum degassing and hermetic flame sealing,
the reactor was surrounded by quartz wool to provide insulation
for high temperatures and protection against possible explosions
(CAUTION!). In this manner, the mixture was MW-treated in a
Moulinex Optiquick model (900 W, 2.45 GHz) during various per-
iods of time (from 5 to 40 minutes) by steps of 1—2 minutes to
avoid overheating effects that could produce damage. During the
reaction, flashes of very intense visible light are produced, their
color depending on the nature of the starting reagents (Table 1).
The end of the reaction, which occurs after about 25—40 minutes,
is clearly indicated by the extinction of the emitted light. At this
time, only traces of residual reagents remain coating the bottom of
the hot zone of the Dewar ampoule. The resulting MPS; com-
pounds were characterized by X-ray diffraction (Siemens D-500
instrument with a Cu anode and Ni filter), IR spectroscopy (Nico-
let 20SXC spectrophotometer), and electron microscopy (SEM)
(ZEISS DSM-960 microscope working at 20 kV).
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