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Figure 3. UV-vis spectrum of [Os(TMP)(0O),] in CH,Cl,.

Table VII. Oxidation of Cyclohexene by [Os(P)(O),] at 52 °C
under Aerobic Conditions

10% X amt 10° X amt
of Os complex  of cyclohexenol  no. of
complex used, mL formed, mol equiv
[Os(TPP)(0),} 3.0 7.6 2.5
[Os(TMP)(0),] 1.7 5.5 3.2

complexes [Os(TPP)(PPh;),, 2.044 (2); Os(OEP)(OPPh;),, 2.029
(8); Os(Me,OEP)(CO)(py), 2.067 (3) A).1617 The porphyrin
skeleton is approximately planar. Deviations from the least-squares
plane of the core atoms vary from 0.007 to 0.070 A (rms dis-
placement 0.036 A). The phenyl rings are essentially planar, and
the mean C—C distance (1.375 % 0.005 A) is normal. The dihedral
angles between the two peripheral phenyl rings and the porphyrin
core are 92.3 (2) and 64.5 (2)°. The geometry of the p-Me-TPP
moiety (the average N-C,, C-C,,, C,-C,, and C—C,, distances
are 1.369 (9), 1.438 (5), 1.333 (7), and 1.399 (20) A respectively)!®
is very similar to that found in other (tetraphenylporphinato)metal
complexes.!619

(16) Che, C. M,; Lai, T. F.; Chung, W. C.; Schaefer, W. P,; Gray, H. B.
Inorg. Chem. 1987, 26, 3907.

(17) Buchler, J. W; LamKay, K.; Smith, P. D.; Scheidt, W. R.; Rupprecht,
G. A.; Kenny, J. E. J. Organomet. Chem. 1976, 110, 109.

(18) The notation C;, C,, and Cp, is that of: Hamor, T. A.; Caughey, W.
S.; Hoard, J. L. J. Am. Chem. Soc. 1965, 87, 2305.

The electronic spectra of [Os(TMP)(O),] and [Os(p-X-
TPP)(O),] are distinctly different from that of [Ru(TMP)(O),].
The osmium complexes show a three-band pattern at 580-590,
460-480, and 390-400 nm, as illustrated in Figure 3 for [Os-
(TMP)(O),]. The visible spectrum of [Ru(TMP)(O),] features
an intense band at 516 nm, and it resembles more closely the
spectrum of [Os(p-X-TPP)(OR),] (for example, Os(TPP)(OEt),
A/nm (log €): 507 (4.07), 408 (5.02))'? than that of [Os(p-X-
TPP)(0O),]. We offer no explanation for this difference, and future
studies will be necessary to elucidate this point.

The reactivities of the [Os(P)(O),] complexes toward organic
substrates have been investigated. At 20 °C, cyclohexene was
not oxidized by [Os(OEP)(0),], [Os(TPP)(O);], and [Os-
(TMP)(0),], as neither cyclohexene oxide, cyclohexenone, nor
cyclohexenol was formed after the reactions. With other organic
substrates such as norbornene and benzyl alcohol, no detectable
reaction was observed, even at 52 °C. When [Os(TMP){(0),]
or [Os(TPP)(O),] was stirred with cyclohexene at 52 °C, cy-
clohexenol was formed. No cyclohexene oxide was found. The
results are listed in Table VII. Since the reaction of [Ru-
(TMP)(0O),] with cyclohexene yields cyclohexene oxide as one
of the major products, the ruthenium and osmium complexes may
react by different pathways. No catalytic aerobic oxidation of
organic substrates has yet been observed with the [Os(P)(0),]
complexes.
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The reaction of hexamethyldisilthiane with transition-metal halides at room temperature results in the rapid synthesis of tran-
sition-metal sulfides. Sulfides that are normally difficult or even impossible to produce by using classical methods are readily
produced. This method allows great control of reaction conditions and can be used with a wide range of transition metals and
oxidation states. The sulfides that are synthesized are anhydrous, unlike those produced by many other low-temperature methods.
This is a concern in applications such as the use of the materials as cathodes in secondary lithium batteries. The reactions were
fast and usually exothermic, producing sulfides that were amorphous to X-ray diffraction. The only coproducts of the reaction
between hexamethyldisilthiane and the metal halides are trimethylsilyl halides. These compounds are all volatile liquids and are
easy to separate from the sulfides produced. Retention of the formal oxidation state of the metal from the halide was found in

the sulfide in all cases.

Introduction

Transition-metal sulfides are of interest for many applications.
Uses range from common ones such as dry lubrication to more
specialized ones such as ionic intercalation for secondary batteries
and catalysts.’? The sulfides are well suited for these applications

because of their physical structure as well as their chemical
properties. Many of them, especially the dichalcogenides, have
layered or sandwich-type structures.! These layers are bound to
each other only by van der Waals forces, and therefore the layers
can be easily pushed apart or slid alongside each other. The

(1) Rouxel, J.; Brec, R. Annu. Rev. Mater. Sci. 1986, 16, 137.

(2) Pohl, F. A.; Bohm, H. U.S. Patent 3907600, 1975.
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movement allowed by this phenomenon makes intercalation easy
and accounts for the excellent lubricating properties. However,
physical properties and morphology of the transition-metal sulfides
are strongly affected by the processes used to synthesize them.

There are many methods for making transition-metal sulfides,
and each has various advantages and disadvantages. Of course,
the simplest and most straightforward method is by direct com-
bination of the elements. This requires intimate mixing of the
metal and sulfur in the desired ratio and heating them at elevated
temperatures, usually sealing them in an evacuated tube.*® By
varying the temperature at which the reaction is taking place, one
can obtain some control of the resulting stoichiometry.5%-1!
Because of favorable enthalpies of formation as observed in
standard phase diagrams, higher sulfides can often be reduced
to less sulfur-rich sulfides by raising the temperature. Combining
the elements under elevated pressure at room temperature is also
effective in forming sulfides in some cases.!>!?> Mole and Hocart!2
report forming Cu,S at 1600 kg/cm? this way, and Zubova and
Korotaeva formed sulfides of nickel, cobalt, and iron.!?

Another common sulfurizing agent at elevated temperatures
is hydrogen sulfide. Some sulfides can be made simply by passing
H,S vapor over the metal at high temperature, such as Zr,S;,'4
FeS,!S and Co,S,.!5 More commonly, however, the H,S is reacted
with metal chlorides,>”!"!8 hydroxides,!*?° or even oxides.?!"%3
For example, Biltz et al.!” report

2H,S + TiCl, —=2¢

TiS, + 4HCI (1)

Biltz and co-workers did much work investigating synthetic pa-
rameters and products of these moderate- to high-temperature
reactions.®'’:2427  Only those sulfides that are stable at these
temperatures or pressures can be made by these methods. In
general, sulfides synthesized at these conditions generally have
moderate surface area and are crystalline.?®

(3) De Jong, W. F.; Willems, H. W. V. Physica (The Hague) 1927, 7, 74.
(4) De Jong, W. F.; Willems, H. W. V. Z. Anorg. Allg. Chem. 1928, 160,
185.

(5) Wohler, L.; Ewald, K.; Krell, H. Ber. Dtsch. Chem. Ges. B 1933, 66,
1938.

(6) Heimbrecht, M,; Biltz, W.; Meisel, K. Z. Anorg. Allg. Chem. 1939, 242,
229.

(7) Zumbusch, M.; Heimbrecht, M.; Biltz, W. Z. Anorg. Allg. Chem. 1939,
242, 237.
(8) McTaggart, F. K.; Wadsley, A. D. Aust. J. Chem. 1958, 11, 445.
(9) Morette, A. Ann. Chim. (Paris) 1944, 19, 130.
(10) Rodt, V. J. Soc. Chem. Ind., London 1918, 37, 732a.
(11) Guicard, M. Bull. Soc. Chim. Fr. 1932, 51, 563.
(12) Mole, R.; Hocart, R. C. R. Hebdo. Seances Acad. Sci. 1949, 229, 424.
(13) Zubova, E. V.; Korotaeva, L. A. Zh Fiz. Khim. 1958, 32, 1576.
(14) Picon, M. C. R. Hebdo. Seances Acad. Sci. 1933, 196, 2003.
(15) Peel, J.; Robinson, P.; Mavin, C. Proc. Univ. Durham Philos. Soc. 1929,
8, 153.
(16) Schenck, R.; von der Forst, P. Z. Anorg. Allg. Chem. 1942, 249, 76.
(17) Biltz, W.; Ehrlich, P.; Meisel, K. Z. Anorg. Allg. Chem. 1937, 234, 97.
See also: Thorp, A. J.; Clamp, F.; Feld, R.; Page-Gibson, J.; Archer,
K. U.S. Patent 4137297, 1979.
(18) Schultye, H. W. Met. Prog. 1959, 76(3), 74.
(19) Rodt, V. Angew. Chem. 1916, 29(1), 422.
(20) Noddack, W. Z. Elektrochem. Angew. Phys. Chem. 1928, 34, 627.
(21) Sayce, L. J. Chem. Soc. 1929, 2002.

(22) Gerasimov, Y.; Chunikhina, I. K. J. Gen. Chem. USSR (Engl. Transl.)
1939, 9, 481.

(23) Delafosse, D.; Barret, P. C. R. Hebdo. Seances Acad. Sci. 1961, 252,
280.

(24) Biltz, W. Z. Anorg. Allg. Chem. 1937, 233, 282.

(25) Biltz, W.; Laar, J; Ehrlich, P.; Meisel, K. Z. Anorg. Allg. Chem. 1937,
233, 257.

(26) Biltz, W.; Kocher, A. Z. Anorg. Allg. Chem. 1939, 241, 324.
(27) Biltz, W.; Kocher, A. Z. Anorg. Allg. Chem. 1941, 248, 172.
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Sulfides can also be produced by degradation of an intermediate
metal-sulfur compound. Examples would be the thermal or acidic
degradation of sulfur-containing ammonium salts of met-
als,2227.29-31 quch as the decomposition of ammonium thio-
molybdate to molybdenum trisulfide?” or the basic degradation
of metal thiosulfates (NiS,0; is reduced to NiS, by a 10% solution
of KOH?3?),

Aside from the conditions discussed above, transition-metal
sulfides may also be produced near room temperature. These
reactions are usually done in solution. Hydrogen disulfide is as
common a sulfurizing agent in these conditions as it is at high
temperatures. When H,S is bubbled through an acidified tran-
sition-metal salt solution, a sulfide will precipitate.’*3¢  For
example3®

coned HCI

KReO,(aq) + H,S(aq) Re,S, 2)
It has been reported that there is some control of the stoichiometry
obtained by varying the pH of the solution.’™*® When Fe,0; is
reacted with aqueous H,S in acid, FeS is produced, while in base,
Fe,S, is made.’” Using aqueous solutions presents the problem
of forming hydrated compounds. This is especially a concern in
applications that require an anhydrous system, such as the in-
tercalation of lithium ions in secondary batteries.®®* In addition,
this technique cannot be used when the oxide can not readily be
transformed to the sulfide.

Chianelli and Dines?® desired to produce sulfides at low tem-
peratures in a nonhydroxylic environment to prevent contamination
by hydroxides or oxides. Using polar organic solvents and tran-
sition-metal chlorides as the metal source, they found H,S to be
a poor reactant. By the use of other alkali-metal and alkali-
metal-like sulfides in place of H,S, a metathetical reaction was
achieved. The reaction proceeds according to the scheme

TX,(soln) + 2A,Y(s0ln) — TY,(s) + 4AX(s)  (3)

T = transition metal; X = Cl; A =
Na¥, Lit, NH,*; Y = S, Se

This reaction allows the synthesis at low temperatures of di-
chalcogenides free of hydroxyl contamination. There is also control
of physical properties such as particle size and crystallinity.
Unfortunately, alkali-metal chloride, which is produced as a co-
product, must be removed. Also, in higher oxidation state metal
chlorides, a reduction takes place during the reaction, for example

NbCls + $/,Li;S — NbS, + SLICl + !/,8 (4)

This reduction prevents the use of this technique to prepare certain
sulfur-rich compounds such as MoS,.

Molybdenum trisulfide had shown promise as a cathode ma-
terial in secondary batteries with a very high potential energy
density of 767 W h/kg.¥ We were interested in finding a route
to direct synthesis of MoS;,, which has previously been available
only through thermal (200-250 °C) or aqueous degradation of
ammonium thiomolybdate.*?

(28) Chianelli, R. R.; Dines, M. B. Inorg. Chem. 1978, 17, 2758.

(29) Wendehorst, E. Z. Anorg. Allg. Chem. 1928, 173, 268.

(30) Glemser, Q.; Sauer, H.; Konig, P. Z. Anorg. Chem. 1948, 257, 241.

(31) Chienelli, R. R.; Jacobsen, A. J.; Whittingham, S. U.S. Patent
4166160, 1979.

(32) Ghiron, D. Gazz. Chim. Ital. 1938, 68, 559.

(33) Von Hahn, F.-V. Kolloid-Z. 1921, 29, 139.

(34) Veller, S. M. Ukr. Khem. Zh. 1936, 11, 23.

(35) Dwyer, F. P.; Nyholm, R. S. J. Proc. R. Soc. N.S.W. 1942, 75, 122.

(36) Traore, K.; Brenet, J. C.R. Hebdo. Seances Acad. Sci. 1959, 249, 280.

(37) Gedel, L. Am. Gas. Assoc. Mon. 1922, 4, 565.

(38) Geilman, W.; Wrigge, Fr. W. Z. Anorg. Allg. Chem. 1931, 197, 375.

(39) Donges, E. Z. Naturforsch. 1946, I, 221.

(40) Taimni, I. K.; Rakshpal, R. Anal. Chim. Acta 1961, 25, 438.

(41) Auborn, J. J.; Barbeno, Y. L.; Hanson, K. J.; Schleich, D. M.; Martin,
M. J. J. Electrochem. Soc. 1987, 134(3), 580.

(42) Jacobson, A. J.; Chienelli, R. R.; Rich, S. M.; Whittingham, M. S.
Mater. Res. Bull. 1979, 14, 1437.
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We needed a covalent sulfur source that would allow a nonionic,
metathetic reaction to take place so as to avoid the possibility of
reduction. Our attention was drawn to work reported by Abel
and co-workers.**™* They investigated the reactions of a series
of organosilyl sulfides. It was found that when these compounds
were reacted with various halides, invariably the silicon—sulfur
bond broke and a silicon-halogen bond formed. The sulfur in turn
bonded to the metal atom to which the halogen had previously
been bound. They investigated primarily main-group-metal
halides. While their principal interest was in forming organo-
metallic and coordination complexes,*® they reported that hexa-
methyldisilthiane (HMDST, Me,SiSSiMe,) produced sulfides
rather than complexes:

3Me;SiSSiMe, + 2PCl; — 6Me,SiCl + P,S,®  (5)

3Me;SiSSiMe, + 2BCl; — 6Me,SiCl + B,S;#  (6)

Me;SiSSiMe; + MCl, — 2Me;SiCl + MS*#  (7)
M = Hg, Cd

Jenkins and Willey* further investigated the reactions of HMDST
with metal halides, including TiCly. They were attempting to
produce cyclic compounds and so reacted equimolar quantities
of HMDST and TiCls. Their main product was TiSCl,; however,
trace amounts of a black precipitate, which they thought was
probably amorphous TiS,, was formed. The reports on HMDST
indicated that this reagent deserved further study as a low-tem-
perature, nonaqueous, covalent sulfur source for the formation
of transition-metal sulfides.

Experimental Section
The general reaction can be expressed as

(r/2)(Me;Si);S + MX, — yMe;SiX + MS, , 8)
M = transition metal; X = halide

Reaction parameters could easily be controlled to provide a variety of
conditions. We explored reactions in the vapor phase, in the liquid phase
with various solvents (from -78 t +100 °C), and in the neat liquid phase.
The reactions were fast, usually exothermic, and in the case of the
fluorides, exothermic, requiring cooling. Because of the reactivity of both
the halides and HMDST toward moisture, all manipulations and reac-
tions had to take place in an inert atmosphere with anhydrous solvents.

General Method A: Formation of Sulfides from Soluble Halides (Ti,S,,
TiS,, VS,, Nb,S;, CrS, MoS,, Mo,S;, WS,, W,S;, WS;, FeS, Fe,S;). In
all of these cases, 2—4 g of the corresponding metal chloride (or bromide
in the case of WS,) (as shown in Table IV) was dissolved in 150 mL of
dry methylene chloride and sealed in a round-bottom flask with a rubber
septum. An argon-filled balloon was attached to maintain atmospheric
pressure. A 10% excess of HMDST (based on one sulfur atom per two
halogen atoms) was slowly injected into the solution while stirring. In
most cases an exothermic reaction occurred immediately, producing a
fine precipitate. In all cases, reaction was complete after stirring for
16-24 h. The precipitate was filtered out in a drybag with methylene
chioride. The filtered precipitate was washed with dried acetonitrile in
a Soxhlet extractor to ensure complete removal of any unreacted halides
that may have adhered to the sulfide particles. After vacuum-drying, the
materials were sealed in evacuated Pyrex tubes. Metal content was
determined by atomic absorption on a Perkin-Elmer 305 spectrometer
and sulfur content was determined gravimetrically.

General Method B: Formation of Sulfides from Volatile Halides
(MoS;, WS;). The fluorides of molybdenum and tungsten are highly
volatile and extremely reactive, even toward glass. MoF¢ and WF both
have extremely narrow liquid ranges, 17-35 and 2.5-17.5 °C, respec-
tively. Because of this, special methods were necessary to introduce each
into solution in methylene chloride. The fluoride vapor was vacuum-

(43) Abel, E. W.; Armitage, D. A,; Bush, R. P. J. Chem. Soc. 1964, 5584.
(44) Abel, E. W; Armitage, D. A.; Bush, R. P. J. Chem. Soc. 1965, 3045.
(45) Abel, E. W,; Brady, D. B,; Crosse, B. C. J. Organomet. Chem. 1966,
5, 260.
(46) Abel, E. W.; Armitage, D. A. J. Organomet. Chem. 1966, 5, 326.
(47) Abel, E. W.; Armitage, D. A. Adv. Oranomet. Chem. 1967, 5, 1.
(48) Abel, E. W,; Jenkins, C. R. J. Organomet. Chem. 1968, 14, 285.
(49) Jenkins, L. S.; Willey, G. R. J. Chem. Soc., Dalton Trans. 1979, 1697.
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Table I. Chemical Analysis To Show M/S Ratio (by Weight)

compd theor obsd compd theor obsd
MoS; 1.00 1.00 W.S; 2.30 2.30
Mo,Ss 120 117 WS, 288 2.86
MoS, 1.50 1.52 Nb,S; 1.16 1.16
WS, 1.92 1.83 VS, 0.79 0.80
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Figure 1. NMR spectrum of hexamethyldisilthiane and chloroform in
methylene chloride.
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distilled into a calibrated dry ice trap. When a sufficient quantity had
condensed (3-4 mL), an argon atmosphere was introduced, and the
fluoride was warmed and allowed to vapor-transport to a round-bottom
flask containing cooled methylene chloride. This was then sealed and
stirred while HMDST was introduced through a syringe as in method
A above. Reaction was very rapid, even at ~78 °C, and much heat
evolved. After stirring for 16-24 h, the precipitate was filtered out,
cleaned, and analyzed as above.

General Method C: Formation of Sulfide from CrCl; (Cr,S;). Chro-
mium trichloride is very inert and is difficult to dissolve. We had to use
zinc as a catalyst to extract 2-3 g of CrCl, into acetonitrile in a Soxhlet
extractor. Once the chromium trichloride was in solution, the procedure
was as in method A. The reaction proceeded quickly, and the purple
solution changed to a black slurry. Filtration and washing were as above.

Analytical Methods. To determine sulfur content, the precipitated
compounds were oxidized in a hot mixture of bromine, carbon tetra-
chloride, and nitric acid. Hydrochloric acid was then added to dissolve
the resulting oxidized precipitate. After cooling, Ba(NO;), was added,
which caused the formation and precipitation of BaSO,. This was filtered
out, dried, and weighed to gravimetrically determine sulfur content.

Transition-metal content of the precipitates was determined by using
a Perkin-Elmer Model 305 atomic absorption spectrometer. The pre-
cipitates were dissolved in aqua regia or, if necessary, by the procedure
used above for suifur analysis. Standard solutions of the transition ele-
ments of interest were made as suggested by the Perkin-Elmer hand-
book.®  The sample solutions were diluted and their concentrations
compared with the standards to determine the metal content.

A Varian EM390 NMR spectrometer was used to measure the proton
NMR shifts of the organic components of the reaction system. X-ray
diffraction patterns were observed on a Phillips XRG 3100 spectrometer,
using CuKa radiation and a graphite monochromator. Scans were taken
with 26 between 5 and 70° at a rate in 26 of 1.2°/min. FTIR mea-
surements were taken on a BIO-RAD Digilab Division FTS-60 system.

Results

After initial success using this chemistry to produce molyb-
denum sulfides,” we extended our research to investigate its
application to a wider range of transition-metal halides.

We were able to use proton NMR spectroscopy to monitor the
organic components of the reaction system. Chloroform, with a
singlet peak at 7.3 ppm, was used as a standard to compare the
positions of the organic reactants and products. The singlet from
the solvent CH,Cl, was not located in the area of interest and

(50) Analytical Methods for Atomic Absorption Spectrophotometry; Per-
kin-Elmer: Norwalk, CT, 1971.
(51) Schleich, D. M.; Martin, M. J. J. Solid State Chem. 1896, 64, 359,
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Figure 2. NMR spectrum after the stoichiometric reaction of hexa-

methyldisilthiane with molybdenum pentachloride in methylene chloride
with chloroform used as a marker.
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Table II. Silicon~Halide and Silicon-Sulfur Bond Energies
bond energy,

bond energy,

bond kcal/mol*? bond kcal/mol*?
Si-Br 403 Si-F 807
Si-Cl 471 Si-S 293

so did not interfere with the observations. Before reaction with
the metal halide, only chloroform, methylene chloride, and
HMDST singlets were visible (see Figure 1). After the addition
of half the necessary amount of transition-metal chloride for a
complete reaction to sulfide, the size of the HMDST peak was
reduced by half and a peak corresponding to trimethylsilyl chloride
appeared at 0.4 ppm with a height equal to that of the consumed
HMDST. Figure 2 shows the NMR spectrum of the product of
the reaction of stoichiometric amounts of HMDST and transi-
tion-metal chloride. The HMDST peak has been completely
replaced by the trimethylsilyl chloride peak. Trace amounts of
hexamethyldisiloxane are visible. This resulted from the tri-
methylsilyl chloride reacting with the trace amounts of water,
forming (CH,);SiOH, which then dimerizes. This confirmed that
the organic components of the reaction reacted as expected.
Comparison of silicon-halogen and silicon—sulfur bond energies
may explain the driving force for this reaction. Table II shows
these bond strengths.? The obvious strength of the silicon—halide
bonds relative to the weaker silicon—sulfur bond probably accounts
for the easy exchange.

A principal feature of this general reaction is that the organic
coproducts of the reaction between HMDST and halides are
trimethylsilyl halides. These compounds are all volatile liquids
and therefore easy to separate from the sulfides produced. The
boiling points are 79 °C for Me,SiBr, 57 °C for Me,SiCl, and
18 °C for Me,SiF.

The results of elemental analysis showed sulfur to metal ratios
that were consistent with those of the sulfides that we had expected
to produce in the reactions. Some of these ratios are shown in
Table I.

X-ray powder diffraction patterns of all samples prepared at
low temperature indicated that they were amorphous. Since some
of the materials are unstable at higher temperatures, no X-ray
data could be obtained (MoS,, Mo,S;, WS,, W,S;). Others, such
as TiS; and Cr,S,, are stable phases at elevated temperatures and
so could be heated and crystallized such that diffraction patterns
could be observed. We see excellent agreement between the
diffraction patterns observed and those in the JCPDS files. Figure
3 shows the correspondence of peaks between the file pattern of
Cr,S; and the thermally crystallized powder resulting from the

(52) Ebworth, E. A. V. Organometallic Compounds of the Group IV Ele-
ments; MacDiarmid, A. G., Ed.; Dekker: New York, 1968; Vol. L.
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Figure 3. XRD pattern of the heated product from the reaction of
hexamethyldisilthiane with chromium trichloride compared with JCPDS
file No. 11-0007 (Cr,S3;).
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Figure 4. XRD pattern of the produdct prepared as in Figure 3 except
that insufficiently dried solvent was used.

90

504

% of Transmittance

14
4000 3000 2000 1000 400
Wavenumbers

Figure 5. FTIR spectrum of MoS; as made from the reaction of MoFg
with hexamethyldisilthiane.

reaction of CrCly with HMDST. XRD also helps to point out
the need for keeping moisture out of the system. In Figure 4 the
result of using insufficiently dried acetonitrile as the solvent in
the aforementioned reaction is seen. The sulfide prepared is
contaminated with a large percentage of oxide. Table III presents
comparisons of the d spacings of those sulfides that were crys-
tallized with the JCPDS files to which they are expected to
correspond. The vanadium sulfide, when heated for crystallization,
visibly gave off some sulfur. This is expected and, as shown in
the table, corresponds to decomposition of VS, to the more
thermally stable VSs.

XRD and elemental analysis are good techniques for deter-
mining the gross composition and major phases of the compounds,
but they are relatively insensitive to impurities and tell nothing
of amorphous structure. Although the X-ray patterns may indicate
that our samples correspond to the expected sulfides after heating,
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Table III. & Spacings (A) and Intensities (//],, in Parentheses) of
Thermally Crystallized Products Compared with Those of the
Corresponding Sulfides and Oxides from the JCPDS Files

FeS CryS, Cr,0,
MM 166A 24-80 MM148A 10-340 6-504
473 (5)  5.53(23.94) 5.5 (16)
2.99 (22.73)  2.98 (56) 491 (10)
289 (3.29)  2.93 (9) 437 (8)
2.66 (31.02)  2.66 (36) 3.63 (74)
253 (823)  2.52(4) 296 (21.38)  2.96 (16)
216 (4) 266 (8.43) 2.67 (100)
2.08 (100.00) 2.09 (100) 2.61 (100.00) 2.61 (80)
193 (5) 247 (6.12) 2.48 (94)
1.75 (4) 2.18 (40)
173 (29.63)  1.72(28)  2.03 (97.86)  2.02 (100)
162 (9.23)  1.64 (4) 1.82 (40)
148 (427) 149 (3)  1.71(65.04) 1.71 (50)
144 (12.86) 147 (5)  1.67 (6.39) 1.67 (90)
1.64 (8.74)  1.64 (8)
1.57 (17.14)  1.57 (25)
1.46 (4.62) 148 (4) 146 (25)
1.43 (15.83) 143 (10) 143 (40)
1.39 (4.40)  1.39(12)

MoS, Tlsz TiOz
MoS,A 6-97 MM163B 15-853  12-1272
6.08 (100.00) 6.15 (100) 5.74 (57.31)  5.69 (54)

3.06 (1.93)  3.08 (4)  3.53 (8.94) 3.52 (100)
272 (21.47) 274 (16)  2.63 (100.00) 2.62 (100)
2.65 (16.44)  2.67 (10) 2.43 (10)
250 (8) 237 (9.51) 2.38 (20)
228 (14.61)  2.28 (44) 2.33 (10)
2.04 (6.89)  2.05(14)  2.06 (58.73)  2.05 (44)
1.83 (435)  1.83 (25) 1.89 (34)
1.64 (4) 171 (66.11) 170 25)  1.70 (20)
1.58 (29.22)  1.58 (12)  1.67 (11.96) 1.67 (20)
161 (16.15)  1.60 (16)
1.48 (14)
1.43 (23.62)  1.43 (10)
VS, V0, VS
MM156D 36-1139 26-278 29-1381
5.69 (100.00)  5.73 (100) 5.64 (76)
5.09 (24)
3.67 (17.24) 3.65 (60)
2.87 (14)
2.72 (44.82) 2.70 (80)
2.56 (22.52) 2.54 (100)
248 (51.89) 251 (70)  2.47 (60)
2.20 (31.28) 2.18 (20)
2.01 (9.83) 2.00 (40) 2.03 (2) 2.00 (40)
1.98 (23)
1.92 (10)
1.83 (15.2) 1.83 (25)
170 (56.89) 1.69 (100)
1.66 (17)
1.60 (30) 1.64 (34)
1.58 (14)
1.47 (13.90) 1.47 (25)
1.43 (21.72) 1.43 (30)

they give no guarantee that this was also the case before they were
heated. We found that FTIR spectroscopy is very sensitive to
slight impurities and can reveal bonding structure even in
amorphous compounds. For example, Figure 5 shows the FTIR
spectrum of the precipitate resulting from the reaction of MoF,
and HMDST. No evidence of organic impurities in the compound
is seen. Also easily visible is the sulfur—sulfur stretch at 530 cm™,
in agreement with amorphous MoS; made by other methods. This
peak is not visible in MoS,. Also, previous electrochemical studies
indicated that MoS; prepared from HMDST cycled identically
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Table IV. Results of Reactions®

halide solvent product
MoF, CH,Cl, MoS,
MoCl; CH,(Cl, Mo,S;
MoCl, CH,Cl, MoS,
MoCl, CH,Cl,, THF, neat
WFg, WCg CH,C1, WS,
WCls CH,Cl, W,S;s
WBr, THF, CH,CN WS,
CrCl, THF, CH;CN Cr,S;
CrCl, THF, CH,CN CrS
TiCl, CH,Cl, TiS,
VCl, CH,Cl, VS,
NbCls CH,Cl, Nb,S;
FeCl, CH,(Cl, Fe,S,
FeCl, CH,Cl, FeS

90nly MoCl, failed to produce any product.

with MoS; prepared from ammonium thiomolybdate when used
as a cathode in a lithium battery.?!

Conclusion

We have been able to react a wide range of transition-metal
halides in various oxidation states with hexamethyldisilthiane.
Only MoCl, failed to produce a reaction. This compound was
insoluble in the solvents that we tried, including HMDST. All
of the other halides reacted to completion when sufficient HMDST
was present and produced amorphous materials, as shown in Table
IV. Retention of the formal oxidation state of the metal from
the halide was found in the sulfide in all cases. Aside from
facilitating the direct synthesis of a variety of sulfides, the reaction
conditions of the process can be easily varied to affect the physical
properties of the resulting sulfide. We have used temperatures
as low as =78 °C and up to 230 °C to produce MoS; from a
vapor-phase reaction. The upper limit of this temperature range
was determined by the thermal stability of the sulfide to be formed.
Various solvent environments and, as just noted, the vapor phase
will permit the reaction.

Another aspect worth noting is that the reaction proceeds very
swiftly, usually instantaneously. This may account for the fact
that all sulfides prepared so far have had very small particle sizes.
Since the materials formed are amorphous, it is difficult to de-
termine their actual compositions. In the case of MoS,, elec-
trochemical measurements*! justify our arguments that single-
phase amorphous materials are prepared. In addition, thermal
analysis plots on all samples never indicate the existence of pure
sulfur. The analysis of the resulting byproducts have indicated
that only formation of trimethylsilyl halides occurs in all reactions.
This is helpful since they are volatile and can readily be removed
from the precipitates with the solvent. As we cannot imagine any
type of radical or silicon “carbanion” type mechanism, it seems
reasonable that a multicoordinated intermediate species is formed,
which allows for rapid metathesis reactions between the solvated
metal halides and HMDST. It is our feeling that if the metal
halide is soluble, the reaction will proceed.

We recognize a need for additional physical characterization
of many of the amorphous materials that have been formed to
further understand their physical properties and local bonding
arrangements.
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