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Abstract: The new quaternary niobium
thiophosphates ANb,P,S;, (A=K, Rb,
Cs) have been prepared and character-
ized. The title compounds were synthe-
sized by reacting Nb metal, A,S, P,Ss,
and S at 600-700°C in evacuated silica
tubes. They crystallize as “stuffed” var-
iants of the tetragonal TaPS, structure
type in the tetragonal space group 142d
with eight formula units per unit cell

tures are based on double helices
formed from interpenetrating, nonin-
teracting spiral chains of binuclear
[NDb,S;,] cluster units and [PS,] thio-
phosphate groups. The cavities and
tunnels, which are formed by the heli-
cal chains, are filled with A™ ions. Tem-
perature-dependent conductivity stud-
ies reveal thermally activated electrical
transport behavior. This result is con-

sistent with the observation of a tem-
perature-dependent contribution to the
'P MAS-NMR  shift, suggesting that
the delocalized s-electron spin density
increases with increasing temperature.
These findings are supported by the re-
sults of tight-binding band structure
calculations which reveal that the un-
usual electrical transport behavior of
ANDb,P,S;, is a consequence of the

and lattice constants a=15.923(2) and
c=13238(3) A for CsNb,P,S,,, a=
15.887(3) and c¢=13.1323) A for
RbND,P,S;,, and a=15.850(2) and c=
13.119(3) A for KNb,P,S,,. Their struc-
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Introduction

Early transition-metal bronzes with the general formulae
AM,0, (M=Ti, Nb, Mo, W)I'l and (PO,),(MO),,”! have
furnished a seemingly endless number of electronic sur-
prises. The continuing interest in the reduced metal oxides
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structure symmetry. Therefore,
CsNb,P,S,, may be considered a chal-
cogenide analogue of metal phosphate
bronzes.

niobium

has been nourished by the discovery of charge-density wave
(CDW) phenomena in the molybdenum bronzes.®! The dis-
covery of multiple CDWs in the 2D monophosphate tung-
sten bronzes (PO,),(WO;),,”! and superconductivity in sev-
eral tungsten bronzes'” provided further impetus to the
field. A group of low-dimensional compounds with compa-
rable properties are early transition-metal chalcogenides
such as MQ, (Q=S, Se),”) AyMQ, (M=Ti, Nb, Ta; Q=S,
Se),® NbSe; or MTe; (M =Zr, Hf, Th).®! It is well known
that many of these low-dimensional metals may exhibit two
competing types of electronic instabilities: i) the Peierls in-
stability leading to a charge density wave state as observed
in transition-metal bronzes or layered transition-metal chal-
cogenides!">® or ii) superconductivity as in the high-T¢ cup-
rates.”) The mechanisms that control the type of instability
that is actually observed are not well understood at present.
Therefore, one primary goal of preparative solid-state sci-
ence is the design of new families of low-dimensional con-
ductors with new and unusual structural properties to test—
and possibly improve—existing theories of electronic structure.
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From a chemical perspective, it would be attractive to
study chalcogenide bronzes, a family of hybrid materials,
which combine the properties of both metal bronzes and
layered chalcogenides. Surprisingly, however, no chalcogen
analogues of the phosphate bronzes are known. A wealth of
phases in the M-X-Q families (M =early transition metal,
X=Si, Ge, Sn, P, As, Bi; Q=S, Se, Te) have been synthe-
sized during the past decade;'” their large number origi-
nates from the numerous oxidation states that can be taken
not only by the transition metal, but also by the main group
components. All materials of this family are nonmetallic.

Cation intercalation into a given host structure provides a
convenient strategy for the designed synthesis of metallic
materials from nonmetallic hosts.''! Owing to their low-di-
mensional structures, thiophosphates such as MPQ;'" are
susceptible to topotactic reactions. Still, the magnetic and
semiconducting properties of the resulting materials indicate
that synthetic attempts must focus on compounds containing
4d and 5d metals, because the small overlap between the
contracted 3d orbitals of the first-row transition metals gen-
erally leads to narrow bands and consequently electron lo-
calization. A potential host for intercalation reactions
among chalcogenides of the heavy transition elements is
TaPS..['Y It crystallizes in a three-dimensional framework
structure, whose tunnels have diameters of approximately
5A and may trap polymeric sulfur or selenium chains in

Abstract in German: Die neuartigen Niobthiophosphate
AND,P,S,, (A=K, Rb, Cs) wurden durch Erhitzen von ele-
mentarem Niob, A,S, Schwefel und P,Ss auf 600-700°C in
evakuierten Quarzglasampullen dargestellt. Die Titelverbin-
dungen kristallisieren als aufgefiillte Varianten der tetragona-
len TaPS4Struktur in der Raumgruppe 1-42d mit acht Forme-
leinheiten in der Elementarzelle und den Gitterparametern
a=15923(2) und c=23238(3) A fiir CsNb,P,S,, a=
15.887(3) und c=13.132(3) A fiir RbNb,P,S,, sowie a=
15.850(2) und 0:13.119(3)14 fitr KNb,P,S,,. Die Geriist-
strukturen der Verbindungen enthalten Doppelhelices aus
einander durchdringenden spiralartigen Ketten aus [Nb,S),]
Clusterbausteinen und [PS,]-Thiophosphatgruppen. Die Ka-
tionen sind in die Kaniile des Strukturgeriists eingebaut. Die
A™-Kationen in den Zentren der weiten Kaniile sind in allen
Verbindungen AND,P,S,, (A=K, Rb, Cs) fehlgeordnet iiber
zwei Positionen. Der grofle Durchmesser der lonenkaniile
sowie die hohen thermischen Parameter der A*-Kationen
deuten an, daf3 ANb,P,S;, (A=K, Rb) potentielle Wirtsver-
bindungen fiir topotaktische lonenaustausch-Reaktionen sind.
Die Ergebnisse temperaturabhingiger Widerstandsunter-su-
chungen, magnetischer Suszeptibilititsmessungen, *'P-MAS-
NMR- sowie ESR-spektroskopischer Untersuchungen zeigen,
daf3 CsNb,P,S,, thermisch-aktivierte Leitfihigkeit aufweist.
Diese Befunde werden durch die Ergebnisse von Bandstruk-
turrechnungen im Rahmen des Tight-Binding-Modells ges-
tiitzt. Die ungewohnlichen elektrischen Transporteigenschaf-
ten sind durch die Symmetrie der Struktur bedingt.
CsNb,P,S,, lieffe sich daher als chalcogenanaloge Phosphat-
bronze auffassen.
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solid-state reactions or from the gas phase as in Ta,P,Syy=
(TaPS)4(S5)™ or TaPS4(Se)."! Whereas topotactic reactions
have not led to the desired products so far, metal-intercalat-
ed variants were obtained from high-temperature reactions
and topotactic ion exchange. Here we report a structural
study of ANDb,P,S;, (A=Cs, Rb, K) and discuss their physi-
cal properties with respect to their electronic structure.

Results and Discussion

Synthesis: Single-phase AND,P,S;, was obtained according
to Equation (1) by heating Nb metal with alkali sulfide
(A,S), phosphorus sulfide and sulfur in sealed quartz am-
poules for seven days at 600-700°C in the appropriate stoi-
chiometric ratio followed by cooling to room temperature at
a rate of 2°Ch™".

A,S + 2P,S; + 2Nb + 13S — 2ANb,P,S,, (1)

Crystal structure: All compounds of composition
ANDb,P,S,, are isostructural. Data for the structures of
AND,P,S,, are given in Tables 1-3 in the Experimental Sec-
tion.. A view of the structure along the ¢ direction is given
in Figure 1. The crystal structures may be considered a stuf-

Figure 1. View of the unit cell down ¢ (gray prisms containing the Nb
atoms in eightfold coordination, black dots: P, white dots: S; large dark
gray dots: alkali metal atoms (disordered)); black circles with arrows in-
dicate the helicity of the chains, adjacent helices have opposite sense of
rotation.

fed TaPS type.” The dominating motifs are [Nb,S;,] units
and [PS,] thiophosphate groups where the S atoms of the
[PS,] tetrahedra are the capping and edge sulfur atoms of
two adjacent [Nb,S;,] units. The [Nb,S;,] units of CsNb,P,S,,
are composed of distorted bicapped trigonal [NbSg] prisms
sharing a rectangular face to form a [Nb,S,,] biprism with an
average Nb—S bond length of 2.549 A (with individual dis-
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tances ranging between 2.499(5) and 2.617(5) A). The S-S
lengths of 2.022(10) A and 2.025(10) are compatible with
the presence of disulfide groups. The P-S lengths of
2.025(5)-2.061(6) A are unexceptional. The Nb—Nb length
through the shared rectangular face varies from 3.117(2) A
for CsNb,P,S,, and 3.107(2) A for RbNb,P,S,, to 3.087(1) A
for KNb,P,S,. It is thus slightly longer than the Nb—Nb
lengths for Nb' chalcogenides such as Rb,Nb,P,S,;"
AND,PS,,, (A=Na, Ag)! Nb,Y,X; (Y=S, Se; X=Br, I)
(2.832-2.932 A),l7 or Nb,Tegl (2.834 A),'¥! slightly shorter
than those in NbY chalcogenides such as NbTe,l
(3.362 A),"™ and comparable to the Nb—Nb lengths in the
mixed-valence compounds (NbQ,),I”” and Nb,OTe,l,.*!]
The increase in the Nb—Nb separations may be related to
the size requirement of the alkali metal ions in the frame-
work channels. These [Nb,S;,] and [PS,] units are linked in
an alternating fashion, as indicated in Figure 1, into helical
strands spiraling around the fourfold screw axes of the unit
cell. Each [PS,] group links two [Nb,S;,] units and acts as a
bischelating ligand.

Helix formation and framework channels: Figure 2a shows
a biprism unit coordinated by four PS,>” ions, where one S
atom of each [PS,] group is located at the edge atoms of the
biprism and a second S atom caps its rectangular face. Be-
cause of their tetrahedral symmetry the two capping [PS,]
groups may have different (up/down) orientation with re-
spect to the biprism (see Figure 2b); the chelating nature of
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%\ *étr

up

Figure 2. a) The basic building blocks of the CsNb,P,S;, structure:
[ND,S;,] units connected by means of [PS,] tetrahedra. The S atoms of
each [PS,] group occupy one edge and one capping position of adjacent
bipyramidal [Nb,S,,] units. The Nb—Nb length with the [Nb,S;,] units of
CsNb,P,S,, is 3.117(2) A, the S-S separations across the shared face are
2.022(10) A and 2.025(10) A. b) Repeat unit of a helix containing four
[ND,S;,] units interconnected by thiophosphate groups. The D, symmetry
of the individual units leads to the formation of a helix chain.
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the [PS,] ligand leads to an idealized D, or C,, symmetry of
the [Nby(S,),(PS,),] units with two adjacent or opposite
[PS,] groups pointing “up” and “down”. In the structure of
the title compound the [Nb,(S,),(PS,),;] units have idealized
D, symmetry, that is, the upper corner of each biprismatic
unit is connected to the lower corner of an adjacent unit.
This type of connectivity leads to the formation of a helical
chain with four biprismatic units per repeat distance about
the fourfold axes parallel ¢ and a pitch angle of approxi-
mately 90°, as illustrated in Figures 2b.

The “prism helix” in the structure of CsNb,P,S;, may be
either left- or right-handed. The spiral chains around adja-
cent axes, which are cross-linked by common [PS,] groups,
have opposing senses of rotation as indicated by the arrows
in Figure 1. Adjacent helices with the same sense of rotation
are not interconnected by common units. The [NbPS;] por-
tion of the structure is quasi-one-dimensional: it is an inor-
ganic double helix that is built up from non-interacting in-
terpenetrating spiral [NbPS¢] chains. This structural arrange-
ment leaves large channels which are occupied by the Cs*
cations. The cations are surrounded by eight S neighbors at
distances between 3.1 and 4.0 A.

The helix formation as well as the cross-linking of the
helices are illustrated in Figure 1 and 2b. Four [Nb,S;,] and
[PS,] units centered about the fourfold inversion axes form
a set of large tunnels with a diameter of approximately 5 A
(coordinate to coordinate) that contain the metal cations.
The cation sizes (K*: 1.39 A, Rb*: 1.51 A, Cs*: 1.71 A)*
are small compared to the diameter of the large tunnel. The
cations can therefore “rattle” within the channels as indicat-
ed by their disorder and their large and anisotropic displace-
ment parameters. The large tunnel diameter, the high dis-
placement parameters for the A" cations inside the tunnel,
the synthesis of the isostructural series ANDb,P,S,,, as well as
the fractional distribution of the A* ions over several lattice
sites indicate that ANDb,P,S;, (A =alkali metal) may be suit-
able hosts for ion-exchange reactions.

Physical properties and electronic structure:

Vibrational and spectral properties: According to the re-
sults of the X-ray structure determination the spectroscopi-
cally relevant units are the [Nb,S;,] cage and the [PS,]
groups. The IR spectrum of CsNb,P,S;, that is presented in
Figure 3 shows strong absorptions at 674, 630, 583, 550, and
307 cm™! and weak bands/shoulders at 527, 457, 353, 275,
255, 245, 220, and 207 cm™". In analogy to TaPS,(Se)™ or
Nb,P,S,,! the absorbance at 583 cm™' may be assigned to a
S-S stretching vibration of the pyramidal [Nb,S;,] units, and
the intense bands at 550 cm™"' and 307 cm™' are attributed to
PS,? and Nb-(S,), P-S stretching modes, while the high fre-
quency bands at 674 and 630 cm™' may be either PS, stretch-
ing modes or combination bands (307 +353 cm™', 353 +
275 cm ™). Deformation modes of the [PS,] groups may con-
tribute to the set of bands observed in the region between
400 and 220 cm™'. Absorbances in a related spectral range
were observed for metal thiophosphates such as NbP,S,!
or CrP;S, 5.2

No meaningful diffuse reflectance spectrum of CsNb,P,S;,
could be obtained. Based on Drude’s model this could be
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Figure 3. IR spectrum of CsNb,P,S,.

Figure 5. Plot of logp verus 1/T for CsNb,P,S,,. The energy gap from the

linear part in the logp versus 1/7 plot is 0.07 eV.
compatible with metallic properties.?® The computed densi-
ty of states (DOS) based on the results of ab initio LMTO-
ASA band structure calculations?”?! (spin-polarized) that
shows that the Fermi level (Er) is located in a local DOS
minimum but with a significant DOS at Ey (Figure 4). Based

the high-temperature regime; on the other hand, a variation
of logp versus 1/T"? shows almost linear behavior in this
temperature range. This would be expected from variable

on a formal charge balancing according to (A¥)(Nb*’*),-
(S:2)x(PS),, AND,P,S;, is mixed-valent. The Nb atoms
are in bicapped trigonal-prismatic coordination; this results

60
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50 | |
o || I
states J

fev cell { ’
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Energy/eV

Figure 4. Total LMTO-ASA density of states for CsNb,P,S;,. The vertical
line marks the Fermi energy.

range hopping conduction in 1D systems.” The data there-
fore suggest that thermally-activated conduction across a
gap is insufficient for understanding the electrical properties
of KNb,P,S,.

Magnetic properties: 1If CsNb,P,S;, were a simple metal,
Pauli paramagnetism of the conduction electrons would be
expected. Alternatively, an insulating phase would show
simple Curie-Weiss-type behavior. The magnetic susceptibil-
ity data from measurements obtained with a vibrating
sample magnetometer on a ~65 mg powder sample, which
was prepared by manually grinding selected single crystals,
are shown in Figure 6. These values have been corrected for
the container as well as for ion core diamagnetism (—187 x
10~ emumol™).5" The data can be fitted by using an ex-
pression of the form y=C/(T—6)+y, with C=7.98(2)x
102 emumol !, #=1(1) K, and a temperature-independent
contribution ¥,=2.34(2)x10"*emumol!. The computed

25004z /10° mol/ cm® Xy / 10% e /Mol 7
- 4 4000
. . o 2000 0at®®’ eetce
in a one below four crystal field splitting of the Nb 4d orbi- .........0‘ ’x\ 1
tal set. The HOMO of the [Nb,S;,] unit, which is the in- ..o‘-. . - 3000
. . . . ) .
phase combination of the low lying Nb 4d(z*) orbitals (Nb— 1500 o** -
Nb vector = z axis of the local coordinate system) is singly > o®
occupied and strongly metal-metal bonding. The narrow 1000 e { 2000
peak of width 0.7 eV in the computed density of states at b Q..
the Fermi level corresponds to these Nb—Nb bonding states ~
within the [Nb,S,,] unit. s0l *o 4 1000
L4 UOQ')U(J OO0
. . o o PoeeR0tinant000aco000000ataso000
Electrical transport properties: We have measured the re- P
sistivity versus temperature of a KNb,P,S,, powder sample 04 J T T T T 0
. . 50 100 150 200 250 300
(which could be most easily contacted) by a standard four-

probe technique. The room-temperature value of the specif-
ic resistivity p, ~6.47 Qcm indicates that KNb,P,S;, may be
considered a narrow gap semiconductor. A plot of logp
versus 1/7T (Figure 5) shows slightly nonlinear behavior in
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Figure 6. Temperature dependence of the magnetic susceptibility (left)

and inverse magnetic susceptibility (right) of CsNb,P,S;,. The data have
been corrected for core diamagnetism.
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magnetic moment at room temperature is 0.79 pp. The large
%o value indicates a significant degree of Pauli paramagnet-
ism; comparable values have been reported for Zintl phases
such as KgIn,;.'Y The Curie tail at low temperature is a
common feature which is usually attributed to small
amounts of paramagnetic or ferromagnetic impurities. Meas-
urements at different fields, however, show the absence of
ferromagnetic impurities; furthermore, the sample was
single phase based on X-ray powder diffractometer data,
and niobium chalcogenides (which could be possible impuri-
ties) are known to be either diamagnetic or metallic.

ESR and 3P NMR spectroscopy: To obtain a more relia-
ble picture of the electronic properties, EPR measurements
were performed on a CsNb,P,S;, powder sample. The ESR
spectrum in Figure 7 shows one broad signal with Lorent-
zian shape. Its isotropic g value of 1.992 and the width of
40x 107 T (400 G) are typical for a metal with delocalized
conduction electrons. Narrow resonance peaks with a width
of approximately 10 G have been found in 1D organic con-

ESR signal

250 300 350 400 450

B/mT
Figure 7. ESR powder spectrum of CsNb,P,S,, (7=298 K).

ductors.®? Figure 8a shows the ¥P-MAS-NMR spectrum at
room temperature; the two signals at 6=123.7 and
145.9 ppm are assigned to the two crystallographically inde-
pendent phosphorus atoms of the [PS,] groups. The signals
are shifted by approximately 60-80 ppm with respect to
those in diamagnetic compounds such as LiTiy(PS,); (0=
64.1 ppm).”!

Figure 9 shows the temperature dependence of the *'P
shifts. Contrary to the situation in a metallic compound, the
3P resonance shift is seen to be temperature dependent;
however, this temperature dependence is opposite to the
typical Curie-type behavior expected for a compound with
localized unpaired electrons. Rather, the linear increase of 6
observed for both phosphorus sites (7-coefficients near
0.1 ppmK™) suggests that the density of states at the Fermi
level increases with increasing temperature. This result is
pleasingly consistent with the thermally activated electrical
transport behavior and further supported by the electronic
structure calculations below.

Likewise, the chemical shift observed for the '**Cs NMR
signal lies outside of the typical range usually observed for
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Figure 8. a) P MAS-NMR spectrum of CsNb,P,S,, at room temperature.
b) 26.3 MHz '*Cs MAS-NMR spectrum of CsNb,P,S,, at 298 K. Spinning
sidebands are indicated by asterisks.
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Figure 9. Temperature dependence of the *'P chemical shifts in

CsNb,P,S,,.

133Cs in diamagnetic compounds. Again, the J,, value of
621 ppm versus 1 M aqueous CsCl solution is attributed to
the effect of delocalized unpaired electron spin density at
the Cs sites. The spectrum shown in Figure 8b also reveals
numerous MAS spinning side bands, reflecting the effect of
MAS on the quadrupolar satellite transitions.
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Band electronic structure: The electronic structure of
ANDb,P,S,, can easily be understood in terms of its building
blocks, [Nby(S,),(S*)s] units and [PS,] connector groups.
According to the formal description (A*)(Nb*3*),-
(S,%),(PS;7),, each [Nb,S;,] unit carries one electron, so
that each niobium center is in the oxidation state Nb***
(d°). In bicapped trigonal-prismatic coordination there is a
one below four crystal field splitting of the Nb 4d orbital
set. The HOMO of the [Nb,S;,] unit, which is the in-phase
combination of the low-lying Nb 4dz* is singly occupied and
metal-metal bonding. The computed DOS based on tight-
binding calculations within the extended Hiickel framework
reproduce all features of the LMTO-ASA-DOS provided in
Figure 4. This indicates that the electronic state of affairs is
represented well by the EH method. Figure 10 shows the
bottom four d-block bands of the [Nb,P,S;,]” framework.
These bands are largely represented by the bottom d-block
orbitals of each [NDb,S;,] unit shown in Scheme 1. They are

-10.6
Energy / eV > <
I
-10.8
-11.04
r X M T z

Figure 10. Dispersion relations for the bottom portion of the 4d block
bands of the 3D-NbPS; lattice of CsNb,P,S,,. The horizontal bar refers to
the Fermi level corresponding to CsNb,P,S,,. I'=(0,0,0), X=(—a*/2, b*/
2,0), M=(—a*/2, b*/2,0), and Z=(—a*/2, b*/2, 0).

dodp
odo

Scheme 1. The bottom d-block orbitals of each [Nb,S;,] unit. See text for
details.

labeled o, (1a) and o_ (1b), where the subscripts + and —
indicate that the d orbitals are combined in phase and out
of phase, respectively. Only the metal d block orbitals are
shown for simplicity. The primitive cell contains eight Nb
atoms, that is, there are four Nb,S;, units per unit cell. The
four bands at I" represent the four possible combinations of
the o, bands of the four [Nb,S;,] units. The Fermi level,
marked by the dashed horizontal bar in Figure 10 separates

Chem. Eur. J. 2004, 10, 382—-391 www.chemeurj.org

the two lower, occupied bands from the two higher, unoccu-
pied ones. This picture indicates that the compounds
AND,P,S;, may be considered narrow gap (indirect) semi-
conductors, the computed band gap of approximately
0.05eV being in the range of kT at room temperature
(=~0.04 eV). These findings support a picture of thermally-
activated hopping conductivity, which could explain the
electrical transport behavior of CsNb,P,S;, and the *'P
chemical shift temperature dependence. Along I-X-M, per-
pendicular to the helix direction, the o bands are flat (the
tetragonal symmetry of the cell leads to the degeneracy
along X-M). This is expected because the interactions be-
tween the individual chains are supposed to be weak. Along
the helix chain, the o bands develop a slightly higher disper-
sion, although the interaction with [PS,] groups does not
provide the possibility of strong interactions between the
[NDb,S;,] units. The crucial features are two avoided crossings
along I-Z that lead to the formation of a small band gap.
The lower two bands are symmetric and antisymmetric with
respect to the fourfold inversion axis, the upper two bands
have the same symmetry. The small gap is not therefore
caused by factors such as electron—electron interactions, it is
a sole consequence of the structure symmetry.

Conclusion

We have prepared by “alkali metal intercalation” a new
group of niobium thiophosphates whose structure contains
helical double chains. They exhibit activated electrical trans-
port behavior and may be considered chalcogenide ana-
logues of the well-known phosphate bronzes. They are the
first quasi-metallic transition metal thiophosphates reported
and may open a synthetic entry to a new class of low-dimen-
sional materials with interesting properties. The synthesis of
the title compounds with cations located inside the frame-
work pores suggest several areas of additional research.
i) These compounds may be derivatized by “soft chemistry”
methods such as ion exchange. ii) The topotactic oxidation
or reduction of these compounds may lead to new low-di-
mensional niobium chalcogenides with metallic properties
along the helical niobium thiophosphate strands. iii) It is
worthwhile to pursue the matter of ionic mobility within the
channels.

Experimental Section

Materials: Starting materials were niobium metal powder (H.C. Starck,
99.999 % purity), potassium (Merck, 99.9 % purity), P,Ss (Fluka, 99.99 %
purity), K,S/Rb,S/Cs,S, and S powder (Riedel, 99.999%). All starting
compounds and products were examined by X-ray powder diffraction,
using a Siemens D5000 diffractometer with a Cuyg, source.

Alkali metal Sulfide, A,S: The alkali metal sulfides K,S, Rb,S, and Cs,S
were made following a modified procedure described in reference [32]:
Alkali metal (10 g) was placed under an argon atmosphere on the glass
frit of a Schlenk tube. The tube was cooled to —78°C using a dry ice/ace-
tone bath and NH; (approximately 30 mL) was condensed into the tube.
After the metal was dissolved, elemental sulfur (1.6 g) was placed on the
frit and dissolved by condensing a second portion of NH; onto the reac-
tants. The resulting dark blue solution was stirred and NH; was allowed
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to evaporate. A third portion of NH;
was condensed onto the product to
ensure that the reaction was complete.
After evaporating the NH; a light
yellow product was obtained. The
yellow color indicates contamination
with A,S, (pure A,S should be white).
Samples with a stronger yellow tone
must be subjected to an additional re-
duction with the corresponding alkali
metal. All substances were handled
under an argon atmosphere in a stain-
less steel glove box.

Preparation of CsNb,P,S;,: Nb
(0.186 g, 2mmol), P,S; (0.222¢g,
1 mmol), Cs,S (0.149 g, 0.5 mmol), and
S (0208 g, 6.5mmol) were sealed
under vacuum (< 107" bar) in a silica
tube and placed in a programmable
chamber furnace. The sample was
heated up to 600°C. After five days
the sample was cooled to room tem-
perature at a rate of 1°Cmin~'. The

Table 1. Crystal data and structure refinement for CsNb,P, S,.

empirical formula
formula weight
diffractometer

1 [A]
monochromator
data collection mode
crystal size [mm]
T [K]

crystal system
space group
a[A]

c[A]

VA%

V4

Peatca [gem ]

i (Mog,) [mm']
6 range

data collected
unique data
index ranges

refinement method

CsNb,P,S,, RbNb,P,S,, KNb,P,S,,
765.39 717.95 671.58
Siemens P4 Siemens P4 Siemens P4
0.71073 0.71073 0.71073
graphite graphite graphite
w-scan w-scan w-scan
0.1x0.1x0.1 0.1x0.1x0.1 0.1x0.1x0.1
293 201 201
tetragonal tetragonal tetragonal
I42d (No. 122) 142d (No. 122) I42d (No. 122)
15.923(2) 15.8881(15) 15.8525(9)
13.238(3) 13.1321(14) 13.1192(11)
3356.4(10) 3315.0(6) 3296.9(4)

8 8 8

3.029 2.877 2.706

7.738 5.976 3.328
2.00-26.99 2.56-26.98 2.01-27.00
1875 1877 2501

1032 (R;,,=0.0457)
0<h<16,0<k<20,
0<I<16

full-matrix, based on

1035 (R, =0.0466)

—1<h<16, -1<k<20,

—-1<i<16
full-matrix, based on F*

1202 (R =0.0235)
—1<h<20, —-1<k<20,
—-1<i<16

full-matrix, based on F*

yield of the metallic black crystalline P

material was quantitative based on the  parameters 83 83 83

initial metal content as shown by X-  final R indices [I>20(])]

ray powder diffraction. A semiquanti- Rl 0.0499 0.0472 0.0241

tative microprobe analysis (EDAX) wR2 0.1169 0.0755 0.0576
indicated the presence of Cs, Nb, P R indices (all data)*®

and S in an approximate atomic ratio R 0.0774 0.0925 0.0366

of 1:2:2:12. Differential scanning calo- WR 0.1260 0.0850 0.0647

rimetry (DSC) measurements indicate ~ goodness-of-fit on F* 0.895 1.050 1.055

that CsNb,P,S;, melts congruently at extinction coefficient 0.00000(7) 0.00020(3) 0.00056(5)
402°C and has a glass transition at largest diff. peak and 1.569 and —1.445 0.69 and —0.72 0.66 and —0.69

254°C. hole [e A=
Preparation of RbNb,P,S;;: Nb
(0.186 g, 2mmol), P,S; (0.222¢g,

1 mmol), Rb,S (0.101g, 0.5 mmol),

and S (0.208 g, 6.5 mmol) were sealed

under vacuum (<107 bar) in a silica

tube and placed in a programmable chamber furnace. The sample was
heated up to 700°C. After five days the sample was cooled down to
room temperature at a rate of 1°Cmin~'. A semiquantitative EDAX
analysis indicated to presence of Rb, Nb, P and S in an approximate
atomic ratio of 1:2:2:12.

Preparation of KNb,P,S;,: Nb (0.186 g, 2 mmol), P,Ss (0.222 g, 1 mmol),
K,S (0.055¢g, 0.5 mmol), and S (0.208 g, 6.5 mmol) were sealed under
vacuum (< 107 bar) in a silica tube and placed in a programmable cham-
ber furnace. The sample was heated up to 700°C. After five days the
sample was cooled down to room temperature at a rate of 1°Cmin~". A
semiquantitative EDAX analysis indicated the presence of K, Nb, P and
S in an approximate atomic ratio of 1:2:2:12.

Structure determination: The structures of CsNb,P,S;,, RbNb,P,S,,, and
KNb,P,S,, were determined from single crystal X-ray diffraction data.
The crystals were mounted on a glass fiber with epoxy, and intensity data
were collected on a Nicolet P2, (CsNb,P,S;,) or a Siemens P4
(RbNb,P,S,,, KNb,P,S,,) automated four-circle diffractometer equipped
with a monochromated Moy, source (1=0.71073 A), a graphite mono-
chromator, and a scintillation counter. 25 reflections found during the ini-
tial search in the range 26 =4-15° could be indexed with tetragonal unit
cells, the final unit cell dimensions and their standard deviations were de-
termined from least-squares fits of the setting angles of 25 reflections in
the range 10 <26 <25°. The final results are compiled in Table 1.

Data collections were performed with a 6-26 scan mode on four octants
4<260<54°. Three standard reflections from diverse regions of reciprocal
space, which were monitored every 97 scans, indicated stable experimen-
tal conditions during the data collection. The systematic absence condi-
tions (hkl, h + h + 1=2n; hOl, h + k=2n; Okl, k + [=2n) were character-
istic of the tetragonal space group 142d (no. 122), and the refinement re-
sults proved this choice to be correct.

388 — © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] RUF) = (|| F| = | F|VEZ|F, | [b] WRF)w={Ew(| F,} | = | F2|/ZwEY ", w=[0"(F)+0.0010 F] ",

Data reduction was done by applying Lorentz and polarization correc-
tions. The processed data were corrected for absorption effects using the
XEMP routines of the SHELXTL/PCP* program package. Further de-
tails relevant to the data collection and structure refinement are given in
Table 1and in ref. [36].

The structures were solved by using direct methods (SHELXS86")
which revealed the atomic positions for Cs (Rb, K), Nb, P, and S. The
structures were refined in a straightforward manner using the SHELX97
program package.®™ The final refinements were carried out on Fp>
Atomic scattering factors for spherical neutral free atoms were taken
from standard sources and anomalous dispersion corrections were ap-
plied.” From the final refinement cycle the compositions of the crystal
used are CsNb,P,S;,, RbNb,P,S,,, KNb,P,S,,. The suitability of the aniso-
tropic displacement parameters for the various atoms in the structures
and the results of the susceptibility measurements suggest a stoichiomet-
ric composition.

Residual difference electron densities of +1.57/—1.44e A~ (+0.69/
—0.72e~ A7, +0.66/—0.49 e~ A=) are around 2% of the height of the
heaviest element Nb. Analyses of F,” versus F¢’ as a function of Fy?, set-
ting angles or Miller indices revealed no unusual trends. Calculations per-
formed at an intermediate stage in which the relative positional occupan-
cies were refined, revealed a disorder of the cation positions, which was
treated by refining the cation split positions with tied U; values. There
are, however, no indications for nonstoichiometry. The correct enantio-
morphs were chosen based on the Flack parameter. The final atomic pa-
rameters and interatomic distances are listed in Tables 2 and 3. Tables
with anisotropic displacement parameters and the observed and calculat-
ed structure factors are available as Supporting Information. The molecu-
lar graphics were produced with the Diamond plot program.*) Further
details of the crystal structure investigation are available upon request
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Table 2. Atom coordinates [ x 10*] and isotropic displacement parameters
[A?x10°] of A Nb,P,S,, (A=Cs, Rb, K). U(eq) is defined as one third of
the trace of the orthogonalized matrix U(ij).

from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen (fax: (+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de),
on quoting the depository numbers CSD-412198 (CsNb,P,S,,), CSD-
412199 (RbNb,P,S,,), and CSD-412200 (KNb,P,S,,).

x y z Uleq)
CsNb,P,S,, Physical measurements:
Nb(1) 663(1) 720(1) 2499(2) 16(1) Semiquantitative microprobe analysis: Semiquantitative Microprobe anal-
P(1) 551(4) 1/4 1/8 17(1) ysis was performed in a Zeiss DSM 962 scanning electron microscope
P(2) 5830(4) 1/4 1/8 16(1) equipped with a KEVEX energy dispersive spectroscopy detector. Data
Cs(1) 3184(1) 1/4 1/8 47(1) acquisition was performed with an accelerating voltage of 20kV and a
Cs(2) 1/4 3203(15) 3/8 47(1) 1 min accumulation time.
S(1) 474(3) 5424(3) 1274(3) 21(1) FTIR spectra: FTIR spectra were recorded on solid samples in a Csl
S(2) 1302(3) 1481(3) 997(3) 24(1) matrix. The samples were ground with dry CsI into a fine powder and
S(3) 1449(3) 1541(3) 3869(4) 28(1) pressed into transparent pellets. The spectra were recorded in the far-IR
S(4) 2198(3) 134(3) 2489(4) 24() region (700-200 cm™', ~5cm™' resolution) with an FTIR spectrometer
S(5) 2850(3) 4877(3) 2523(4) 24(1) (2030 Galaxy-FT-IR, Mattson Instruments) equipped with a TGS/PE de-
??(lf])\/b Ps 4560(3) 45703) 1296(4) 21(1) tector and a silicon beam splitter.
Nb(l)z e 682(1) 701(1) 2502(3) 11(3) Optical spectroscopy: Optica.I diffuse' reflectance measurements were
P(1) 622(4) 1/4 18 1202) made at room temperature with a Varian CARYS5 double-beam, double-
PQ2) 5764(4) 1/4 1/8 17(2) monochromator spectrophotometer operating in the 200-2000 nm region.
Rb(1) 3179(3) 1/4 1/8 43(1) The instrument was equipped with an integrating sphere and controlled
Rb(2) 1/4 3188(9) 3/8 43(1) by a personal computer. The measurement of diffuse reflectivity may be
used to determine values for the optical band gap, which are in reasona-
S(1) 476(3) 5428(4) 1289(5) 17(2)
S(2) 1395(4) 1486(4) 1030(4) 21(2) ble agreement with those obtained from single crystal absorption meas-
S(3) 1462(3) 1471(4) 3920(5) 23(2) urement[i]BaSO4 was used as reference material (100% reflectivity as-
S(4) 2161(4) 54(2) 2498(5) 16(1) sumed).
S(5) 2818(5) 4932(3) 2515(5) 21(2) Magnetic susceptibility measurements: Variable-temperature magnetic
S(6) 4552(3) 458(4) 1296(4) 12(1) susceptibility data were collected for a 65 mg sample of CsNb,P,S,, with
KNb,P,S,; a vibrating sample magnetometer (Foner-magnetometer, Princeton Ap-
Nb(1) 689(1) 688(1) 2499(1) 13(1) plied Research), which was operated between 0.2 and 1 T. The instru-
P(1) 698(2) 174 178 16(1) ment was calibrated with Hg[Co(NCS),]. Measurements at different field
P(2) 5694(2) 1/4 18 16(1) strengths confirmed that ferromagnetic impurities were absent. The dia-
K(1) 3171(3) 1/4 1/8 63(1) magnetic correction was estimated from Pascal’s constants to be —180x
K@) 1/4 3179(7) 3/8 63(1) 10~ em®mol .
S(1) 434(1) >440(2) 1298(2) 18(1) Thermal analysis: Thermal analysis was performed on a Netzsch STA 429
S(2) 1446(1) 1480(2) 1056(3) 23(1) . . . .
S(3) 1463(2) 1437(2) 3951(3) 20(1) Differential Thermal Analyzer. 20 mg of crystalline material were select-
S(4) 2164(2) ~7(1) 2506(2) 20(1) ed from thev reaction product and grqund to a fine powder: The sample
S(5) 2820(2) 4989(1) 2514(2) 21(1) was loaded into a small quartz tube with a flattened and polished bottom
S(6) 4540(1) 455(2) 1301(2) 16(1) and sealed under vacuum. Heating and cooling rates were 2°Cmin .
Sample integrity was checked by powder diffraction after each run.
Table 3. Selected bond lengths [A] for ANb,P,S,, (A =Cs, Rb, K).
Bond A= A=
Bond K Rb Cs Bond K Rb Cs
Nb(1)-S(1)#2 2.499(5) 2.489(7) 2.496(3) Nb(1)-Nb(1)#10 3.117(2) 3.1073(19) 3.087(1)
Nb(1)-S(6)#6 2.515(5) 2.516(6) 2.517(3) S(1)-S(1)#1 2.025(10) 2.033(14) 2.003(6)
Nb(1)-S(6)#8 2.543(5) 2.538(6) 2.515(3) S(6)-S(6)#13 2.022(10) 2.034(12) 2.052(6)
Nb(1)-S(2) 2.541(5) 2.564(7) 2.569(3)
Nb(1)-S(1)#7 2.518(5) 2.520(6) 2.524(3) A(1)-S(2) 3.424(6) 3.273(7) 3.187(5)
Nb(1)-S(3) 2.562(5) 2.551(7) 2.558(3) A(1)-S(2)#2 3.424(6) 3.273(7) 3.187(5)
Nb(1)vS(5)#9 2.598(5) 2.638(7) 2.612(3) A(1)-S(3)#5 3.551(5) 3.515(6) 3.503(3)
Nb(1)-S(4) 2.617(5) 2.565(6) 2.585(3) A(1)-S(3)#18 3.551(5) 3.515(6) 3.503(3)
mean 2.549 2.548 2.547 A(1)-S(4)#15 3.558(5) 3.445(6) 3.360(5)
A(1)-S(4)#17 3.558(5) 3.445(6) 3.360(5)
A(1)-S(6)#2 3.922(5) 3.911(6) 3.902(5)
P(1)-S(5)#16 2.025(5) 2.021(7) 2.037(3) A(1)-S(6) 3.922(5) 3.911(6) 3.902(5)
P(1)-S(5)#9 2.025(5) 2.021(7) 2.037(3)
P(1)-S(2) 2.043(6) 2.046(6) 2.021(3) A(2)-S(3) 3.13(2) 3.195(14) 3.23(1)
P(1)-S(2)#2 2.043(6) 2.046(6) 2.021(3) A(2)-S(3)#18 3.13(2) 3.195(14) 3.23(1)
mean 2.034 2.034 2.029 K(2)-S(5)#18 A(2)-S(5)#18 3.17(2) 3.250(14)
A(2)-S(5) 3.17(2) 3.250(14) 3.34(1)
P(2)-S(3)#17 2.026(6) 2.008(6) 2.039(3) A(2)-S(2)#12 3.569(6) 3.509(6) 3.498(4)
P(2)-S(3)#15 2.026(6) 2.008(6) 2.039(3) A(2)-S(2)#2 3.569(6) 3.509(6) 3.498(4)
P(2)-S(4)#15 2.061(6) 2.066(7) 2.045(3) A(2)-S(1)#9 3.921(13) 3.918(10) 3.92(1)
P(2)-S(4)#17 2.061(6) 2.066(7) 2.045(3) A(2)-S(1)#19 3.921(13) 3.918(10) 3.92(1)
mean 2.044 2.037 2.042

[a] Symmetry transformations: #1: —x, —y+1, z; #2: x,—y+1/2, —z+1/4; #3: —x, y+1/2, —z+1/4; #4: —y+1/2, x+1/2, —z+1/2; #5: —x+1/2, —y+1/2,
z—1/2; #6: —y+0, —x+1/2, z+1/4; #7: y, x—1/2, z+1/4; #8: —x, y—1/2, —z+1/4; #9: y—1/2, —x+1/2, —z+1/2; #10: —x,—y, z; #11: —y+1/2, x—-1/2, —z+
125 #12: —x+1/2, —y+1/2, z+1/2; #13: —x+1, —y, z; #14: —y+1/2, —x, z—1/4; #15: y+1/2, x, z—1/4; #16: y—1/2, x, z—1/4; #17: y+1/2, —x+1/2, —z+
1/2; #18: —x+1/2, y, —z+3/4; #19: —y+1, —x+1/2, z+1/4.
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NMR Studies: Nuclear magnetic resonance studies were carried out at
121.49 MHz using a Bruker CXP-300 spectrometer equipped with a
magic-angle spanning probe from DOTY Scientific. Samples were spun
within sapphire or zirconia spinners of 4 mm o.d. at speeds varying from
3.5 to 13.5kHz. To avoid possible hydrolysis by atmospheric moisture,
the spinners were sealed with a thin layer of high-vacuum grease and
spun with evaporated liquid nitrogen. Typical 90° pulse length and relaxa-
tion delay were 5 us and 4 min, respectively. *'P chemical shifts are exter-
nally referenced to 85% H;PO, (downfield shifts positive). Temperature-
dependent measurements were calibrated with a solid sample of lead ni-
trate. '*Cs NMR spectra were obtained at 26.3 MHz, using a modified
Bruker CXP-200 spectrometer equipped with a 7 mm multinuclear
probe. Signals were acquired with 90° pulses, 5 min recycle delays at an
MAS rotor frequency of 7.0 kHz.

ESR studies: X-band ESR measurements were made with a Bruker X-
band EPR spectrometer with 100 kHz field modulation and the magnetic
field was calibrated with DPPH (2,2-diphenyl-1-picrylhydrazyl; g=
2.0036) as an external standard.

Band structure calculations: Band structure calculations based on the
structural parameters given in Table 1 were performed at the extended
Hiickel®? and the LMTO-ASAP"? Jevel in the tight-binding approxima-
tion. The EH calculations were carried out with the EHMACC soft-
ware®! and the following parameters: Nb, 5s: H;=—-10.10eV, {=1.89;
Sp: Hy=-6.86¢eV, {=1.85; 4d: H;=—12.1 ¢V, {;=4.060, c;,=0.6401, {,=
1.64, ¢,=0.55516. P, 3s: H;=—-18.6eV, {=1.75; 3p: H;=-14.0eV, (=
1.30. S, 3s: Hy=-20.0eV, {=2.12; 3p: H;=-133¢V, {=1.83. A de-
tailed description of the LMTO-ASA method, including its application to
the electronic structure of compounds, has been given elsewhere.*! We
give only a few details of the calculations here. The scalar relativistic
Kohn-Sham-Schroedinger equation was solved, taking all relativistic ef-
fects into account, except for spin-orbit coupling. All k space integrations
were performed using the tetrahedron method using 250 irreducible k
points in the monoclinic Brillouin zone (BZ). The basis set consists of s,
p and d orbitals for Cs and Nb, and s and p orbitals for P and S. The d or-
bitals of P and S were included in the tails of the LMTOs according to
the Lowdin down-folding technique.”” Since the present structures are
rather open, special care was taken in filling the interatomic space. If
only atom-centered spheres were used, the atomic sphere approximation
(ASA) would lead to unsatisfactory results because of too large an over-
lap. It is therefore necessary to introduce interstitial spheres. The posi-
tions of the empty spheres were calculated by an automatic procedure
developed by Krier et al.®®!
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