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Four new quaternary Ag-containing group 5 chalcogenides, KAgyNbSe,4 (1), KAg,TaSey (2), K3AgzNb,Sg (3), and
K3Ag3Ta,Sg (4), have been prepared through the use of molten alkali metal polychalcogenides as reactive fluxes and
structurally characterized by single-crystal X-ray diffraction techniques. The layer-type structures of 1 and 2 can be re-
garded as constructed from the basic building block of the incomplete cubane [Ag3MVSe3], which are corner-shared to
form an infinite chain along the a direction. These incomplete cubane chains are interconnected and further bridged by Se
atoms along the ¢ direction, leading to a two-dimensional structure. The crystal structure of 3 and 4 consists of one-
dimensional triple-metal [Agz;M",Sg]>~ anionic chains seperated by K* cations. The alternate packing of MY S, and AgSy4
tetrahedra via edge-sharing along the b direction leads to mixed-metal sub-chains, every two of which are further linked
by AgS, tetrahedra along the a direction through edge-sharing to the MV S, tetrahedra, thus yielding the so-called triple-
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metal chains.

Metal chalcogenides are of long standing interest because of
their useful properties. In particular, group 5 chalcogenides
have been investigated extensively in regards to their supercon-
ductivity and charge density wave transition properties.' Qua-
ternary group 5 chalcogenides A/M!/M" /Q (A = alkali metal,
M! = Cu, Ag; MY =V, Nb, Ta; Q = S, Se, Te) that have been
isolated and structurally characterized are mainly copper com-
pounds, e.g., A,CuMY Q4,2 ACu,MYQy,? KsCusMY,Qg MY =
Nb, Ta; Q = S, Se),* K3CuNb,Se;»,2® and NagCuyNb,S,,.0 In
contrast, the examples of silver analogues are limited, amount-
ing only to the A, MMV Qy structure type, such as Ay AgVQy,°
A>AgNbQ4, %7 and AyAgTaQ,.”

The quaternary group 5 chalcogenides are now generally
prepared by the reactive flux method first described by Ibers.®
This technique has been well established as a new route for
the preparation of new compounds containing (poly)chalcoge-
nide species.” Due to the propensity of copper atoms to assume
an oxidation state of I, copper was usually employed as a pseu-
doalkali metal to substitute for the K ions in KsMVQ, (MY =
V, Nb, Ta; Q = S, Se, Te).'%d Because of the different coordi-
nation preference between Cu and K cations, the dimensional-
ity of the resulting compounds increases with the decrease in
alkali metal content.!! This trend has also been found in a
new series of metal chalcogenides KoM'M!;Se¢.!2 The scarci-
ty of quaternary silver analogues stimulated our interests in the
metal chalcogenides.'3

In this paper we report the syntheses and structural character-
izations of new quaternary silver group 5 chalcogenides,
KAg,MVSes and K3AgzMY,Sg (M = Nb, Ta), prepared by
the reactive flux technique, which, to our knowledge, are the

first silver compounds to form AM',MYQ, and AsM'sMY,Qg
type structures.

Experimental
Materials. All materials were of analytical grade and used as
received.
Syntheses. KAg,MSes (M = Nb (1), Ta (2)) were prepared

from the reaction of K,Ses (0.394 g, 1 mmol), Nb (0.093 g, 1
mmol) or Ta (0.181 g, 1 mmol), Ag (0.108 g, 1 mmol), and Se
(0.395 g, 5 mmol). K,Ses was made from the stoichiometric reac-
tion of elemental K and Se in liquid ammonia under a nitrogen at-
mosphere. The starting materials were loaded into a Pyrex tube that
was subsequently evacuated to 10™* Torr and flame-sealed. The
tubes were placed in a programmable furnace, slowly heated from
room temperature to 450 °C at a rate of 2 °C/h, kept at 450 °C for a
week, slowly cooled to 150 °C at 4 °C/h, and finally cooled to
room temperature over 4 h. The excess K,Se, flux was removed
by washing with DMF to isolate orange prismatic crystals of
KAg,MSe4 in low yield (ca. 10% on Ag powder).

K3Ag3M,Sg (M = Nb (3), Ta (4)) compounds were synthesized
from a similar reaction of K,S, (0.207 g, 1 mmol), powders of el-
emental Nb (0.093 g, 1 mmol) or Ta (0.181 g, 1 mmol), Ag (0.108
g, 1 mmol), and S (0.160 g, 5 mmol). K,S4 was made from the sto-
ichiometric reaction of elemental K with S in liquid ammonia un-
der a nitrogen atmosphere. The tubes were placed in a furnace that
was slowly heated from room temperature to 500 °C over 24 h and
held there for a week, afterwards cooled to 475 °C at 1 °C/h, then
to 150 °C at 4 °C/h, and finally to room temperature over 4 h. The
excess K. S, flux was removed by washing with DMF to isolate
dark-brown prismatic crystals of K3AgzM,Sg in low yield (ca.
10% on Ag powder).
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X-ray Crystallographic Study. Crystals mounted inside 0.5
mm Lindemann glass capillaries were used for data collection on
a Rigaku RAXISCS3 diffractometer for 1 and 2, and on a Rigaku
AFC5R diffractometer for 3 and 4 using graphite-monochromated
Mo-Ka radiation (4 = 0.71073 A) from a rotating anode genera-
tor. For 3 and 4, the data sets were collected using the w-26 scan
technique and corrected for Lorentz and polarization effects and
absorption based on the Y/-scan. All structures were solved by di-
rect methods and refined by full-matrix least squares on F? using
the SHELXTL™ software package for crystallography.'* All
atoms were refined anisotropically. A summary of crystallographic
data and structure analyses are listed in Table 1, and selected bond
distances and angles are given in Table 2.

Syntheses of Quaternary Metal Chalcogenides

Results and Discussion

The layer-type structure of KAgo,MVSe; (MY = Nb (1), Ta
(2)) can be viewed as constructed from the basic building block
of incomplete cubane [AgzNbSes]. The incomplete cubanes are
condensed into an infinite chain along the a direction through
corner-sharing of Ag2 atoms. These incomplete cubane chains
are interconnected and further bridged by Sel and Se2 atoms
along the ¢ direction, leading to a two-dimensional structure,
as shown in Fig. 1. Both the Ag and MV atoms are tetrahedrally
coordinated by Se atoms with the Nb—Se distances ranging
from 2.382(2) to 2.454(1) A [average Nb—Se: 2.426(2) 1&] for
1 and the Ta—Se distances from 2.395(1) to 2.458(1) A [average

Table 1. Summary of Crystallographic Data and Structure Analysis for 1-4

Compound 1 2 3 4
Formula KAgszSe4 KAngaSe4 K3Ag3Nb2$g K3Ag3TaQSg
Fw 663.59 751.63 883.21 1059.29
Crystal size/mm?> 0.20 0.20 0.15 0.30 0.15 0.15 0.250.10 0.10 0.350.15 0.15
Crystal system orthorhombic orthorhombic monoclinic monoclinic
Space group Ama2 (No. 40) Ama2 (No. 40) C2/c (No. 15) C2/c (No. 15)
a/f\ 7.741(2) 7.810(2) 23.638(7) 23.598(3)
b/A 19.024(4) 19.004(4) 5.544(2) 5.589(2)
c/A 5.694(1) 5.730(1) 14.290(6) 14.307(5)
B/° 90 90 121.14(7) 120.63(2)
v/A3 838.5(3) 850.5(3) 1603(1) 1623.7(8)
Z 4 4 4 4
20max/° 50 50 50 50
Reflections collected 1152 1361 2527 1444
Independent, observed 687, 636 777, 738 1324, 1182 1409, 1097
Reflections/Riy (0.0039) (0.0385) (0.0378) (0.0281)
deqiea/gcm™3 5.257 5.870 3.660 4.333
/mm™! 23.729 34.900 6.774 18.744
T/K 293(2) 293(2) 293(2) 293(2)
F(000) 1160 1288 1632 1888
R1, wR2Y 0.0363, 0.0962 0.0459, 0.1314 0.0544, 0.1629 0.0557, 0.1482
S 0.988 1.011 1.031 1.086
Largest and mean A /o 0.001, 0 0,0 0,0 0.001, 0
Ap(max/min)/e A3 0.724/-0.794 2.274/-2.405 1.331/—1.617 3.057/-2.727
a) Rl = X||Fo| — |Fe|l/Z|Fo|, wR2 = {Z[w(Fo® — F*)*1/2Iw(Fo?)*]}' 2.
Table 2. Selected Bond Distances (A) and Bond Angles (°) for 1-4
Compound 1
Nb(1)-Ag(1) 2.712(1) Ag(1)-Se(1) 2.552(1)
2.982(1) Ag(1)-Se(2) 2.546(2)
Nb(1)-Ag(2) 2.8587(6) x2 Ag(1)-Se(3) 2.366(1) x2
Nb(1)-Se(1) 2.454(1) Ag(2)-Se(1) 2.4656(9) x2
Nb(1)-Se(2) 2.382(2) Ag(2)-Se(3) 2.435(1) x2
Nb(1)-Se(3) 2.434(1) x2
Se(2)-Nb(1)-Se(1) 110.28(6) Se(3)-Ag(1)-Se(2) 110.12(3) x2
Se(3)-Nb(1)-Se(1) 108.64(3) x2 Se(3)-Ag(1)-Se(3) 113.59(6)
Se(2)-Nb(1)-Se(3) 110.18(4) x2 Se(3)-Ag(2)-Se(3) 116.73(6)
Se(3)-Nb(1)-Se(3) 108.87(6) Se(3)-Ag(2)-Se(1) 108.24(3) x4
Se(2)-Ag(1)-Se(1) 102.22(6) Se(1)-Ag(2)-Se(1) 103.54(5)

Se(3)-Ag(1)-Se(1)

110.10(3) x2

Continued on next page



W.-T. Chen et al.

Continued from the previous page

Bull. Chem. Soc. Jpn., 77, No. 3 (2004)

Ta(l)-Ag(1)

Ta(1)-Ag(2)
Ta(1)-Se(1)
Ta(1)-Se(2)
Ta(1)-Se(3)

Se(2)-Ta(1)-Se(1)
Se(3)-Ta(1)-Se(1)
Se(2)-Ta(1)-Se(3)
Se(3)-Ta(1)-Se(3)
Se(2)-Ag(1)-Se(1)
Se(3)-Ag(1)-Se(1)

Ag(1)-Nb(1)
Ag(2)-Nb(1)

Ag(1)-S(1)
Ag(1)-S(2)
Ag(2)-S(1)
Ag(2)-5(2)

Nb(1)-Ag(1)-Nb(1)
Nb(1)-Ag(2)-Nb(1)
Ag(2)-Nb(1)-Ag(2)
Ag(2)-Nb(1)-Ag(1)

S(2)-Ag(1)-S(2)
S(2)-Ag(D)-S(1)

S(1-Ag(1)-S(1)
S(H-Ag(2)-5(3)
S(H-Ag(2)-S(2)

Ag(1)-Ta(l)
Ag(2)-Ta(l)

Ag(1)-S(1)
Ag(1)-S(2)
Ag(2D)-S(1)
Ag(2)-5(2)

Ta(1)-Ag(1)-Ta(1)
Ta(1)-Ag(2)-Ta(1)
Ag(2)-Ta(1)-Ag(2)
Ag(2)-Ta(1)-Ag(1)

S(2)-Ag(1)-S(2)
S(2)-Ag(H)-S(1)

S(1-Ag(D)-S(1)
S(H-Ag(2)-53)
S(4)-Ag(D)-S(2)

Compound 2

2.818(2)
2.913(2)
2.8644(5) x2
2.450(1)
2.395(1)
2.458(1) x2

109.88(4)
108.91(2) x2
110.20(3) x2
108.72(5)
104.98(9)
111.18(4) x2

Compound 3

2.796(1) x2
2.768(1)
2.780(1)
2.354(2) x2
2.352(2) x2
2.359(2)
2.359(2)

179.22(4)
175.96(3)
175.96(3)
88.43(2)
87.66(2)
111.66(7)
104.62(5) x2
110.70(5) x2
114.71(8)
106.61(6)
104.17(7)

Compound 4

2.7851(5) x2
2.792(2)
2.801(2)
2.358(2) x2
2.372(3) x2
2.366(3)
2.372(2)

179.09(6)
176.03(5)
176.03(5)
88.66(4)
87.76(4)
111.2(1)
110.57(7) x2
104.91(7) x2
114.9(1)
107.51(9)
103.45(8)

Ag(1)-Se(1)
Ag(1)-Se(2)
Ag(1)-Se(3)
Ag(2)-Se(1)
Ag(2)-Se(3)

Se(3)-Ag(1)-Se(2)
Se(3)-Ag(1)-Se(3)
Se(3)-Ag(2)-Se(3)
Se(3)-Ag(2)-Se(1)
Se(1)-Ag(2)-Se(1)

Ag(2)-S(3)
Ag(2)-5(4)
Nb(1)-S(1)
Nb(1)-S(2)
Nb(1)-S(3)
Nb(1)-S(4)

S3)-Ag(2)-S(2)
S(4)-Ag(2)-S(1)
S(3)-Ag(2)-S(1)
S(2)-Ag(2)-S(1)
S(4)-Nb(1)-S(3)
S(4)-Nb(1)-S(2)
S(3)-Nb(1)-S(2)
S(4)-Nb(1)-S(1)
S(3)-Nb(1)-S(1)
S(2)-Nb(1)-S(1)

Ag(2)-S(3)
Ag(2)-S(4)
Ta(1)-S(1)
Ta(1)-S(2)
Ta(1)-S(3)
Ta(1)-S(4)

S(3)-Ag(2)-S(2)
S(#)-Ag(2)-S(1)
S(B3)-Ag(2)-S(1)
S(2)-Ag(2)-S(1)
S(4)-Ta(1)-S(3)
S(4)-Ta(1)-S(2)
S(3)-Ta(1)-S(2)
S(4)-Ta(1)-S(1)
S(3)-Ta(1)-S(1)
S(2)-Ta(1)-S(1)

2.499(2)
2.500(2)
2.431(2) x2
2.453(1) x2
2.469(1) x2

109.41(4) x2
110.5(1)
114.85(8)
108.43(3) x4
105.58(8)

2.355(2)
2.331(2)
2.308(2)
2.302(2)
2.290(2)
2.259(2)

110.13(6)
115.65(6)
104.77(6)
115.25(5)
110.01(5)
108.45(7)
109.48(6)
112.41(6)
108.63(5)
107.80(5)

2.371(3)
2.338(2)
2.308(2)
2.306(2)
2.280(2)
2.261(2)

109.42(9)
116.56(8)
103.75(9)
115.88(9)
110.00(8)
108.10(8)
109.13(8)
112.22(8)
108.62(9)
108.72(8)

Ta-Se: 2.440(1) A] for 2, which are comparable with those
found in their respective copper analogues.>®33¢ The Se-
MV-Se angles in the present compounds show normal tetrahe-
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dral values. Interestingly, unlike the copper analogues in which
the Cu-Se distances span over a narrow range, the Ag—Se dis-
tances are broadly distributed (2.366(1)-2.552(1) A for 1 and
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Fig. 1. Layered structure composed of incomplete cubanes
in 1 viewed approximately along the b direction with
25% probability ellipsoids. For clarity, the bond shapes
of incomplete cubanes are different.

2.431(2)-2.500(2) A for 2), which are obviously shorter than
those found in the literature.®®’* In addition, the crystallograph-
ically independent Ag atoms are both in a more distorted tetra-
hedral environment (Se-Ag—Se: 102.22(6)-116.73(6)° for 1,
104.98(9)-114.85(8)° for 2) with respect to the copper ana-
logues. The mean Ag—Nb separation of 2.852(1) A in 1 is about
0.2 A shorter than those reported in the literature,®®’2 while the
average Ag-Ta distance of 2.864(2) A in 2 is about 0.1 A short-
er than those reported.”® The K* cations are located between
the layers in 1 and 2 (Fig. 2).

The crystal structure of K3AgsMVSg (M = Nb (3), Ta (4))
consists of well-separated K™ cations and one-dimensional
chain [Ag3MV288]3‘ anions. The structure of the anionic chain
can be viewed as follows: MVSy and Ag(2)S, tetrahedra are
edge-shared alternately along the b direction to form a
mixed-metal sub-chain. Every two of such mixed-metal sub-
chains are further linked by crystallographically independent
Ag(1)Sy tetrahedra along the a direction through edge-sharing
of the MV S, tetrahedra, thus yielding the so-called triple-metal
chains, as shown in Fig. 3. The Nb-S distances in 3 range from
2.259(2) to 2.308(2) A, comparing well with those in
K3Cu3Nb,Sg (2.264(2) to 2.307(2) A) and K3NbS, (2.241(8)
to 2.257(8) A).!% The Ta-S distances in 4 range from
2.261(2) to 2.308(2) A, comparable with those in the AgS,
and TaS, tetrahedra of the edge-sharing compounds A, AgTaS,
(A =K, Rb, Cs)” and K3TaS,.'® The Ag-S distances in 3 and
4 are comparable with each other, but are about 0.2 A shorter
than those in A;AgTaS,;.”® Accordingly, the Ag-Ta distances
are shortened by about 0.2 A in comparison with those in
AzAgTaS4.7b The K* cations in 3 and 4 are located between
the triple-metal chains.

The dimensionality of the structure of isolated AsMYQy (ex-
pressed as AgMY,Qg, A = alkali metals, MV = group 5 ele-
ments, Q = chalcogen) changes to single metal chain com-
pounds A,M'MYQ, (M! = group 11 elements) when two of
the six alkali metals are replaced by group 11 metals, to tri-
ple-metal chain compounds AsM'5MY,Qg when three of the
six alkali metals are replaced, to 2-D compounds AM',MVQ,

Syntheses of Quaternary Metal Chalcogenides

@ Ag
& Nb
@ se
® K

Fig. 2. Crystal structure of 1 shows the stacking of anionic
layers and cations along the b direction. The atoms are dif-
ferent with shapes. Dashed lines represent the coordination
environment of K cations.

Fig. 3. Triple-metal chains in 3 extended along the b direc-
tion, dashed lines representing the Nb—Ag contacts.

when four of the six alkali metals are replaced, and to 3-D com-
pounds M';sMVYQ, when all alkali metals are replaced. In the
series of Ag_,M!',MY,Qg (n = 0-6), two types of compounds,
AsM'MY,Qg and AM'sMV,Qg, await future synthesis and
structural characterization.

Table 3 summarizes the relationship between the Cu—Q bond
distances and the substitution number of coinage metals for the
copper analogs, which obviously shows that the M'-Q bond
distances in this substituted coinage metals AsMYQy decrease
with an increase in the substitution number of coinage metals.
This trend should be due to the increasing dimensionality of the
structure, as mentioned above, and result in the closer packing
of compounds.

This work is supported by the National Natural Sciences
Foundation of China (20001007, 20131020), Natural Sciences
Foundation of the Chinese Academy of Sciences (KICX2-H3)
and Fujian Province (2000F006).



W.-T. Chen et al.

Bull. Chem. Soc. Jpn., 77, No. 3 (2004) 509

Table 3. The Relationship between the Cu—Q (Q = S, Se) Bond Distances and the Substitution Number of

Coinage Metals for the Copper Analogs

Substitution Compounds Cu-Q bond Substitution Compounds Cu—-Q bond
number lengths/ A number lengths/ A

2 K,CuVSy 2.313 2 K,;CuVSey 2418
4 KCu,VSy 2.292-2.300 4 KCu,VSes 2.390-2.402
6 Cuz VS, 2.298 2 K,CuNbSey 2.457
2 K,CuNbS, 2.359 4 KCu,NbSey 2.426-2.439
3 K3Cu3Nb,Sg 2.333-2.360 2 K,CuTaSe,4 2.456
4 NaCu,;NbSy 2.319-2.342 4 KCu,TaSe,4 2.430-2.441

Supplementary Materials. Figures S1-S5: the figures for
compounds 2—4. Further details of the crystal-structure investiga-
tions may be obtained from the Fachinformationszentrum Karls-
ruhe, D-76344 Eggenstein-Leopoldshafen, Germany, on quoting
the depository numbers CSD-412479 (1), CSD-412477 (2), CSD-
412478 (3), and CSD-412476 (4).
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