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Reaction of [Nb(NMey)s] with 10 equiv of 2,6-Me,CsH3SH in toluene results in the formation of red crystals of
[Nb(SC¢H3sMe,-2,6)s]. Crystal structure analysis of [Nb(SCsHsMe,-2,6)s] showed that the niobium center adopts a
distorted trigonal bipyramidal geometry. Niobium disulfide, NbS,, has been successfully prepared via a thio “sol—
gel” process using [Nb(SCe¢H;Me,-2,6)s] as the metal source. In contrast, vapor phase thin-film studies revealed
that [Nb(SCsHsMe,-2,6)s] functions as a single-source precursor to NbS films.

CVD routes for niobium disulfide (Nb$films are limited®
although a number of physical deposition processes for the
preparation of Nbgfilms have been reported.The single-
source precursor [Nb@S,{ CH(CH;)2} 2)][NbClg] resulted

in the formation of mixed NfOs/NbS,; films via CVD. The
titanium thiolate complexes [Ti(S-Bu),]** and [Ti(S-t-Bu)s-
(NEt)]** function as molecular precursors to Ti8in films.
Therefore, the aim of this work was to develop a homoleptic
thiolate derivative of niobium, of the type [Nb(SRR)that

Introduction

Early transition metal disulfide films have attracted interest
because of their applications as cathode materials for lithium
batteries and as solid lubricartd3.Bulk metal disulfides
(MS;) have been prepared by direct reaction of the elenfents,
solid-state metathesis reactighand solution phase meta-
thetical reactions of MGI(x =4, M = Ti, Mo; x=5, M =
Nb) with Li,S5 Recently, bulk Tig was prepared from the

thio “sol—gel” reaction of either titanium alkoxides or

thiolate$ with H,S. Bulk NbS has also been prepared from

the thio “sol-gel” reaction of [Nb(OEt] with H,S in
toluene’

There have been a number of reports describing the

preparation of Tig thin films via dual®!® and single-

sourcél'* chemical vapor deposition (CVD). In contrast,
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might function as a precursor to Np®&in films in a manner
similar to the aforementioned titanium thiolate complexes.
Homoleptic thiolate derivatives of niobium have only been
studied to a limited exterf. We were also interested in
extending the thio “setgel” route to the formation of NbS
using niobium thiolates.
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Homoleptic Nb(V) Thiolate Complex and NS
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Herein, we describe the synthesis and structural charac-
terization of the first neutral homoleptic niobium thiolate
complex, namely [Nb(SgHs:Me,-2,6)%]. Vapor phase thin-
film and thio “sol-gel” experiments using the single-source Figure 1. Molecular structure of.
precursor [Nb(SgHsMe,-2,6)] to prepare niobium sulfides

(thin-film and bulk), are also described.
Table 1. Selected Bond Lengths (A) and Angles (deg) for

; ; Nb—S(1) 2.3961(8) Nb-S(2) 2.3708(9)
Results and Discussion Nb—S(3) 2.4289(8) Nb-S(4) 2.3609(9)
. . Nb—S(5 2.3707(8 s(HCE 1.780(3
Treatment of [Nb(NMg)s] with 10 equiv of 2,6-M@CeH3- 3(2)_&2;) 1_778(35) ) s((sl?,cﬁl% 1.773((4))
SH in toluene at room temperature resulted in the isolation  S(4)-C(25) 1.782(3) S(5¥C(33) 1.790(3)

of red crys_tallinel._ Analytical ar_1d spectroscopic data for . S(4)-Nb-S(5) 107.57(3) S(#)Nb-S(2) 93.91(3)

were consistent with the formation of the neutral homoleptic  g(5)-Nb—S(2) 101.87(3) S(4YNb—S(1) 101.16(3)

thiolate complex [Nb(S€HsMe,-2,6)], 1 (Scheme 1). A g(S%Ngfg(é) 32-%(2) g(ENgfg(é) 125-18(2)

single-crystal structure determination showed the complex sg)):mb:sgsg 17?:0853)) sgmb:sg 17;&;((3))

to have distorted trigonal bipyramidal geometry with the two  c(1)-s(1)-Nb 107.28(11)  C(9}S(2)-Nb 127.27(12)
axial Nb—S bonds folded essentially symmetrically over one  C(17-S(3)-Nb  11853(11)  C(25}S(4)-Nb  117.20(11)
of the equatorial Nb'S linkages (Figure 1). Despite the ~ C(33)-S(5)-Nb  106.85(10)

substantial axial distortion [S(£Nb—S(2) 155.18(3)], the

equatorial Nb$ is planar to within 0.007 A; there are, distances that range between 2.365 and 2.407 A, values

however, major departures from trigonal planar geometry comparable to those observedlinThe closest 5-coordinate

for the equatorial angles which range from 107.57(3) structural analogue is the trigonal bipyramidal tantalum(V)
[S(4)-Nb—S(5)] to 127.11(3) [S(3)-Nb—S(5)]. There is complex tetrakis(2,3,5,6-tetramethylbenzenethiolato)-tanta-
no differentiation between the axial and equatoria-b  'UM(V)* which exhibits directly comparable distortions in
bond lengths which range between 2.3609(9) and 2.4289(g)the coordination geometry with the axial ¥& bonds

A (Table 1), the longest distance being associated with the SUPtending an angle of 156.and the equatf)rlal STa—S
equatorial Nb-S(3) linkage, though the reason for this is angles ranging between 105.-nd 129.4; the Ta-S

not immediately apparent. The angles at sulfur range betweerflistances are in the range 2.328401 A with again no
106.9(1} and 127.3(1). So far as we are aware, there are differentiation between axial and equatorial lengths. It is
no directly comparable 5-coordinate homoleptic niobium interesting to note that the all oxygen analogué,qfentakis-
thiolate species whose structures have been reported, the mo$g.6-dimethylphenoxide-O)-niobiufi,has a distinctly less
closely related exampl&s being the 6-coordinate salts distorted trigonal bipyramidal geometry with nearly collinear
[Nb(SPh}Z- and [Nb(Sp-C7H-)¢]~ where overall the NS axial substituents [177°Dthough with equatorial interaxial
bond lengths are ca. 0.1 A longer than those sednTinere ~ a@ngles in the range 113.10 126.6. We have previously
have, we believe, been only three structurally characterizedobserved an axial distortion similar to thatlim the trigonal
examples of 5-coordinate niobium complexes with all sulfur bipyramidal tantalum complex [Ta(SEsMe>-2,6,(NMey)]
donors!® and of these, only one has a trigonal bipyramidal Where one of the equatorial sites is occupied by a dimethyl-

geometry:®2In this latter complex, the tetrakteft-butylthio- amino ligand, though in this instance the axiaH&bonds

lato)-thio-niobium(V) anion has equatorial NiS(t-Bu) are both tilted symmetrically away from the equatorial-Ta
bondi* The packing of molecules of is dominated by
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Scheme 2

[Nb(SCsH;Me,-2,6)5] dissolved in toluene
and H,S gas bubbled through for 10 min

Thio 'sol-gel' step

Black precipitate formed. Washed
with toluene, dried in vacuo

Annealed | under
H,Sat | 750 °C

Crystalline NbS,

the five 2,6-dimethylphenyl ring systems (see Figure S1 in
the Supporting Information).

It is interesting to note that the corresponding reaction
between [Ta(NMgs] and 10 equiv of 2,6-MgCsHsSH
resulted in the formation of [Ta(SBs:Mez-2,6)%(NMey)]
rather than the anticipated product [Ta¢SeMe,-2,6)].14
Thus, even in the presence of excess thiol, full substitution
of all the dimethylamide ligands had not occurred. This is
in contrast to the formation df where complete substitution
of the amide ligands by thiolate groups has taken place.
However, it should be noted that elemental analysid of

Carmalt et al.
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Figure 2. Raman spectrum of NbhSrepared from the thio “selgel”
reaction ofl with H,S.

precipitate under k6 gas at 750C. The conditions were
chosen on the basis of related conversions of amorphous
precipitates (formed by the thio “sebel” reaction of [Nb-
(OEt)] and H:S) to crystalline Nbgas reported previousfy.

A black solid formed after annealing at 75C, and the
powder XRD of this material showed that a single phase of
crystalline Nb$ had formed with a typical crystallite size
from X-ray line broadening of 970 A. The X-ray powder
pattern of the Nbgobtained was indexed, and the lattice
parameters were found to e = 3.334(8) A andc =
17.88(1) A which are in good agreement with literature

showed the presence of a small amount of nitrogen (0.47%)values & = 3.335 A andc = 17.86 A)?® EDAX data also
suggesting that not all of the dimethylamide ligands had beenconfirmed that the Nb/S ratio was 1/2 over a number of spots.

eliminated. This was confirmed B NMR, which showed

A Raman spectrum was taken and is shown in Figure 2.

the presence of a small peak at 2.69 ppm, corresponding toPeaks were observed at 150, 192, 252, 381, 398, and 450

NMe,. These results indicate that eitlewas contaminated
with unreacted [Nb(NMgs] or a species analogous to the
tantalum complex, for example, [Nb(8&Me,-2,6u(NMey)],

was also present. Attempts to improve the yield of compound
1 either by the addition of excess thiol foor by carrying

out the reaction between [Nb(NMeg and excess 2,6-
Me,CsH3sSH under reflux were unsuccessful. In addition,
efforts to sublime compound in order to grow crystals
resulted in decomposition. THel NMR of 1 also showed
the presence of toluene of solvation. This was confirmed by
the fact that the C and H analysesloivere slightly higher
than expected.

With a view to preparing bulk NbSfrom compoundi,

a thio “sol-gel” reaction was carried out, according to
Scheme 2.

Thus, the reaction betwednand HS in toluene at room
temperature resulted in the formation of a black precipitate.
An example of the overall reaction proposed for the thio
“sol—gel” process between [Nb(S&)and HS is shown in
egs 1 and 2.

[Nb(SR)] + nH,S— [Nb(SR),_J(SH), + nRRSH (1)

2[Nb(SR),_,](SH), —
[(RS);_(SH),;Nb—S—Nb(SH), 4(SR), l,, + MH,S (2)

Powder XRD of the precipitaté showed it to be amor-

cm~%. Unfortunately, we have been unable to find a Raman
spectrum of Nbgin the literature for comparison. However,
the spectrum obtained is similar to that obtained for another
sample of Nbgprepared by a different routé By scanning
electron microscopy (SEM), the annealed material shows the
presence of agglomerates of hexagonal plateldigim in
diameter.

The thermogravimetric analysis (TGA) resultsloét 10
°C/min from 20 to 500°C, under N, are shown in Figure 3.
The decomposition of has an onset temperature of 30
and is completed at 367C. The TGA of 1 shows a total
weight loss of 72%, which is less than the calculated value
of 79.8% for the formation of NbSThis behavior indicates
an incomplete decomposition to Nb8p to 500°C has
occurred. Preliminary vapor phase thin-film studie4 efere
investigated, the details of which are given in the Experi-
mental Section. Compourntproduced a black film on the
inside of the hot wall glass tube, which was analyzed by
EDAX/SEM and Raman spectroscopy. The EDAX data for
the film deposited fronl showed a 1/1 ratio of Nb/S over
a number of spots. These data suggest that NbS has been
formed rather than NBSIt is possible that a mixture of NS
and NbOs has formed; however, the Raman spectrum of

(22) PDF-2 database, 1990International Center for Diffraction Data:
Swarthmore, PA, 1990; 19081.

(23) Jeannin, Y.; Bernard, J.; Seances, CABad. Sci. (Paris)L959 248,
2875.

phous. It was therefore decided to anneal the amorphous(24) Carmalt, C. J.; Dinnage, C. W.; Parkin, I. P. Unpublished results.
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TGA Table 2. Crystallographic Data for Compourid
% data 1
chemical formula GoH45SsNb
fw 779.0
100.0 space group P1 (no. 2)
T(°C) —-70
a(A) 10.609(1)
b (A) 10.797(1)
c(A) 19.087(1)
80.0 o (deg) 81.73(1)
B (deg) 82.98(1)
v (deg) 61.96(1)
V (A3 1905.8(2)
Zz 2
60.0 Pealed (9 C”r3) 1.357
2 A 1.54178
w (mm1) 5.33
R1a 0.037
wR2 0.091
40.0 2R1=53||Fol = |Fel/3IFol. ®WR2={ S[W(Fe — F)F/ T [W(Fe)F} 2
g wl=0%Fe?) + (aP)2 + bP.
were performed in a Carbolite tube furnace. EDXA/SEM results
20.0 were obtained on a Hitachi S570 instrument using the KEVEX
: : — system. Raman spectra were acquired on a Renishaw Raman System
100.0 200.0 3000 4000 5000 1000 using a heliumneon laser of wavelength 632.8 nm. The

Raman system was calibrated against the emission lines of neon.

Temp °C TGA of the compounds were obtained from the Thermal Methods
Figure 3. TGA of 1 under N. Laboratory at Birkbeck College (ULIRS). Melting points were
obtained in sealed glass capillaries under nitrogen and are uncor-
the thin-film does not show the presence of,8k By SEM, rected.

Synthesis of 1.The dropwise addition of 2,6-M€&sH;SH (0.66
mL, 4.98 mmol) to a pale yellow solution of Nb(NMe (0.16 g,

. 0.511 mmol) in toluene (20 mL) at room temperature resulted in a
In summary, we have synthesized and structurally char- . ; .
color change to dark red. The reaction mixture was allowed to stir

acterlz_ed the first ne_utral homoleptl_c n‘l‘oblum fhlolate. The ;2 h, after which the solvent was removed in vacuo. The resulting
formation of Nb$ via the novel thio “sot-gel” process  gark red oil was redissolved in GBI, (15 mL) and filtered through
suggests that this route could be extended to the formationceiite. Concentrating this solution to 2 mL and cooling-t20 °C
of a range of metal sulfides. Further studies are in progress;for 24 h resulted in the formation df in a 50% yield. Calcd for
for example, we are currently looking at the influence of CsHssSNb: C, 61.6; H, 5.77; N, 0.00. Found: C, 63.8; H, 6.84;
temperature, b8, and the thio “setgel” step on the product N, 0.47.'H NMR (CD,Cl,): ¢ 2.19 (s, toluene), 2.37 (s, 24H, S
obtained. In addition, more detailed CVD studies will be 2,6-(CH3)2CeHs), 2.69 (s, NG13), 6.80-7.01 (m, 12H, 2,6-(Ch)-
carried out. SGH3 and tOerne).
Thio “Sol —Gel” Reaction. CompoundL (0.300 g) was dissolved
in toluene (30 mL) to give a red solution.,8 gas was bubbled
through the solution at room temperature, and a black precipitate
General Procedures All manipulations were performed under ~ formed immediately. The $$ gas was allowed to bubble through
a dry' oxygen_free dinitrogen atmosphere using standard Sch|enkthe mixture for 10 min, after which the black solid was allowed to
techniques or in a MBraun Unilab glovebox. All solvents were Settle. The solvent was removed by syringe, and the residue was
distilled from appropriate drying agents prior to use (sodium, toluene Washed twice with 20 mL of fresh toluene. The solid was dried in
and hexanes; potassium, THF; GalgH,Cl,). All other reagents ~ vacuo (10° mmHg) far 2 h resulting in a black precipitate. The
were procured commercially from Aldrich and used without further Plack precipitates were annealed undgtat 750°C for 6 h using
purification. [Nb(NMQ)s] was prepared according to literature a furnace. A black solid resulted which was reanalyzed by pOWder
procedured® Microanalytical data were obtained at University XRD, EDXA/SEM, and Raman spectroscopy.

College London. Vapor Phase Thin-Film Experiments. A sample of com-
Physical MeasurementsNMR spectra were recorded on Ber pound1 (0.300 g) was loaded into a glass ampule (40 cm length
AMX300 or DRX500 spectrometers at UCL. The NMR spectra 9 mm diameter) in the glovebox. The ampule was then placed
are referenced to CGl,, which was degassed and dried over in a furnace such that 30 cm was inside the furnace and the end
molecular sieves prior to uséH and 3C chemical shifts are ~ containing the sample protruded by 4 cm. The ampule was heated

reported relative to SiMg0.00 ppm). Mass spectra (Cl) were run  to a temperature of 450C under dynamic vacuum, except for the
on a micromass ZABSE instrument, and IR spectra, on a Nicolet section of the tube containing the sample. The ampule was slowly
205 instrument. Melting points were obtained in sealed glass drawn into the furnace over a period of a few minutes unsilarted

capillaries under argon and are uncorrected. Thermolysis studiesto melt. Once all of the compound had decomposed, the furnace
was allowed to cool to room temperature. A black film resulted

(25) Bradley, D. C.; Hammersley, P. A. Chem. Soc. A967, 1894. on the inside wall of ampule where the tube was in the furnace.

the niobium sulfide film shows an island-growth mechanism
with an island size of 0.2m.

Experimental Section

Inorganic Chemistry, Vol. 41, No. 14, 2002 3671



Carmalt et al.

The film was analyzed by EDAX/SEM, UWvis, and Raman Raman Spectra, and the EPSRC, for Grant GR/M82592 for

spectroscopy. . o g purchase of the Raman spectrometer. Dr. Marianne Odlyha
X-ray Structure Determination of 1. Table 2 provides a LIRS) is thanked for the TGA dat
summary of the crystallographic data for compouhdCCDC (ULIRS) is thanked for the TGA data.

186823).
Supporting Information Available: Figure S1, showing the
Acknowledgment. We thank the EPSRC (GR/M11981)  ,_; stacking interactions between adjacent molecules in the

for financial support and a studentship (C.W.D.). C.J.C. IS ¢ystals of1, and an X-ray crystallographic file in CIF format for

grateful to the Royal Society for a Dorothy Hodgkin fellow- e structure ofl. The material is available free of charge via the
ship and additional financial support. C.J.C. also thanks the |htemet at http://pubs.acs.org.

London University Central Research Fund for financial
support. Professor R. J. H. Clark is thanked for help with the 1C020097L

3672 Inorganic Chemistry, Vol. 41, No. 14, 2002





