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bstract
The compound CsCu3TiSe4 has been synthesized by the reaction of the elements in a Cs2Se3 flux at 923 K. CsCu3TiSe4 crystallizes in a new
tructure type with two formula units in space group P21/m of the monoclinic system. The structure comprises two-dimensional 2

∞[Cu3TiSe4
−]

ayers separated by Cs atoms. Each 2
∞[Cu3TiSe4

−] layer is built from CuSe4 and TiSe4 tetrahedra.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Although a number of compounds of the type
1+/M1+/M′4+/Q2− (A = alkali metal; M = Ag or Cu; M′ = Ti or
r; Q = S, Se, or Te) are known there are only five compounds
f formula AmM4−mM′Q4 (m = 1, 2, 3) whose structures are
nown, and these are restricted to m = 2. These compounds
re Na2Cu2ZrS4 [1], Cs2Ag2ZrTe4 [2], Cs2Cu2TiSe4 [3],
s2Ag2TiS4 [3], and Rb2Cu2TiS4 [3]. Here we report the

ynthesis and crystal structure of CsCu3TiSe4, the first example
f an m = 1 compound in the AmM4−mM′Q4 series, and contrast
ts structure with those with m = 2.

. Experimental details

.1. Synthesis

The following reagents were used as obtained: Cs (Aldrich, 99.5%), Ti
Aldrich, 99.7%), Cu (Alfa Aesar, 99.5%), and Se (Alfa Aesar, 99.5%). Cs2Se3,
he reactive flux [4] employed in the synthesis, was prepared by the stoichiomet-
ic reaction of the elements in liquid NH3. CsCu3TiSe4 was synthesized from
he reaction of 3.0 mmol Cu, 1.0 mmol Ti, 4.0 mmol Se, and 1.2 mmol Cs2Se3. A
eaction mixture was loaded into a fused-silica tube under an Ar atmosphere in a

love box. The tube was sealed under a 10−4 Torr atmosphere and then placed in
computer-controlled furnace. The sample was heated to 923 K in 24 h, kept at
23 K for 72 h, cooled at 5.5 K/h to 373 K, and then the furnace was turned off.
he reaction mixture was washed with N,N-dimethylformamide and then dried
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ture

ith acetone. Red crystals of CsCu3TiSe4 were obtained in approximately 85%
ield (based on Ti). Examination of selected crystals with an EDX-equipped
itachi S-3500 SEM led to results consistent with the stated composition. The

ompound is stable in air for several weeks.

.2. Structure determination

Single-crystal X-ray diffraction data were collected with the use of graphite-
onochromatized Mo K� radiation (λ = 0.71073 Å) at 153 K on a Bruker
mart-1000 CCD diffractometer [5]. The crystal-to-detector distance was
.023 cm. Crystal decay was monitored by recollecting 50 initial frames at the
nd of the data collection. Data were collected by a scan of 0.3◦ in ω in four
roups of 606 frames at φ settings of 0◦, 90◦, 180◦, and 270◦. The exposure
ime was 15 s/frame. The collection of the intensity data was carried out with
he program SMART [5]. Cell refinement and data reduction were carried out
ith the use of the program SAINT [5] and a face-indexed absorption correc-

ion was performed numerically with the use of the program XPREP [6]. Then
he program SADABS [5] was employed to make incident beam and decay
orrections.

The structure was solved with the direct methods program SHELXS and
efined with the full-matrix least-squares program SHELXL of the SHELXTL
uite of programs [6]. The program STRUCTURE TIDY [7] was then employed
o standardize the atomic coordinates. Additional experimental details are shown
n Table 1 and in Supporting information.

. Results

.1. Synthesis
The new compound CsCu3TiSe4 has been synthesized in
reater than 85% yield from Cu, Ti, Se, and Cs2Se3 in the molar
atio 3:1:4:1.2 at 923 K. Earlier [3] the compound Cs2Cu2TiSe4
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Table 1
Crystal data and structure refinement for CsCu3TiSe4

fw 687.27
Space group P21/m
a (Å) 5.7864 (4)
b (Å) 7.7671 (6)
c (Å) 10.1851 (8)
β (deg) 106.517 (1)
V (Å3) 438.86 (6)
Z 2
T (K) 153 (2)
λ (Å) 0.71073
ρc (g/cm3) 5.201
μ (cm−1) 286.28
R (F)a 0.0304
Rw(F2

o )b 0.1084

a R(F ) = Σ ||Fo| − |Fc|| / |Fo| for F2 > 2σ(F2).
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more distorted than is the TiSe4 tetrahedron.

Table 3 presents some structural results for CsCu3TiSe4 and
for the m = 2 compounds in the AmM4−mM′Q4 series. These
are all layered structures with the A atoms between the layers.
o o

b Rw(F2
o ) = {Σ[w(F2

o − F2
c )

2
]/ΣwF4

o }1/2
; w−1 = σ2(F2

o ) +
0.04 × F2

o )
2

for F2
o ≥ 0 and w−1 = σ2(F2

o ) for F2
o < 0.

as synthesized in about 90% yield from the same components
n the molar ratio 2:1:3:1.5 at 823 K. Without further exploration
t is impossible to ascertain whether the larger Cu/Cs ratio or the
igher temperature or some other factor is responsible for the
ew composition.

.2. Crystal structure

There are no metal–metal or Se–Se bonds in the structure.
ccordingly, the formal oxidation states of Cs, Cu, Ti, and Se
ay be assigned as 1+, 1+, 4+, and 2−, respectively.
CsCu3TiSe4 crystallizes in a new structure type with two

ormula units in space group P21/m. Its structure is illus-
rated in Fig. 1. The structure is composed of 2∞[Cu3TiSe4

−]
ayers separated by nine-coordinate Cs atoms. The resultant
sSe9 polyhedra are tricapped trigonal prisms. In the struc-

ure there are two crystallographically unique Cu atoms. The
[Cu3TiSe4

−] layer, built from CuSe4 and TiSe4 tetrahedra,
onsists of the three fragments 1∞[Cu2TiSe4

3−], 2∞[Cu12Se3
4−]

nd 1∞[Cu2TiSe4
3−], as shown in Figs. 1,2, and 3. Fig. 2

isplays the middle fragment 2∞[Cu12Se3
4−] with solid lines

tanding for Cu1–Se bonds, the upper fragment 1∞[Cu2TiSe4
3−]

ith bold solid lines, and the lower fragment 1∞[Cu2TiSe4
3−]

ith dashed lines. The 1∞[Cu2TiSe4
3−] fragment, displayed

n Fig. 3, is a chain along [1 0 0] built by edge-sharing
u2Se4 and TiSe4 tetrahedra. The 2∞[Cu12Se3

4−] fragment
onsists of 1∞[Cu1Se2

3−] chains, and these chains are linked
ogether by Se2 atoms. The 1∞[Cu1Se2

3−] chain can be derived
rom the 1∞[Cu2TiSe4

3−] chain by the substitution of Ti with
u.

Selected metrical data for the CsCu3TiSe4 structure
re listed in Table 2. In CsCu3TiSe4 the Cs–Se distances
3.601(1)–3.8911(3) Å), the Cu–Se distances (2.421(1)–2.551
1) Å), and the Ti–Se distances (2.337(2)–2.462(2) Å) are rea-

onable when compared to those in Cs2Cu2TiSe4 (Cs–Se:
.666(1)–3.6667(1) Å, Cu–Se: 2.4732(9) Å, and Ti–Se: 2.3994
4) Å) [3]. The Se–M–Se angles range from 109.25(5)◦ to
10.07(7)◦ for Ti, 101.08(3)◦ to 116.65(4)◦ for Cu1, and

F
p
u
o

Fig. 1. The structure of CsCu3TiSe4 viewed down [1 0 0].

04.55(5)◦ to 113.71(3)◦ for Cu2. The CuSe4 tetrahedra are
ig. 2. Two-dimensional 2∞[Cu3TiSe4
−] layer of CsCu3TiSe4 from the Cu/Ti/Se

ortion on the right side of Fig. 1. The bold solid/dashed lines build the
pper/lower 1∞[Cu2TiSe4

3−] chains. For the sake of clarity, the right half shows
nly the middle 2∞[Cu12TiSe3

4−] fragment.
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Fig. 3. The 1∞[Cu2TiSe4
3−] chain.

Table 2
Selected distances (Å) in CsCu3TiSe4

Cs-Se1 x2 3.7994 (8) Ti-Se3 2.337 (2)
Cs-Se1 x2 3.8185 (8) Cu1-Se1 2.458 (1)
Cs-Se2 3.656 (1) Cu1-Se1 2.473 (1)
Cs-Se3 3.601 (1) Cu1-Se2 2.4913 (9)
Cs-Se3 3.640 (1) Cu1-Se2 2.548 (1)
Cs-Se3 x 2 3.8911 (3) Cu2-Se1 x 2 2.4843 (9)
Ti-Se1 x 2 2.424 (1) Cu2-Se2 2.551 (1)
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Fig. 4. Two-dimensional 2∞[Cu2ZrS4
2−] layer of Na2Cu2ZrS4.

T
S

C

C
N
C
C

i-Se2 2.462 (2) Cu2-Se3 2.421 (1)

he layer in the Na2Cu2ZrS4 structure comprises edge-shared
uS4 tetrahedra and ZrS6 octahedra (Fig. 4). The layer in the
ther m = 2 compounds comprises edge-shared MQ4 and M′Q4
etrahedra (Fig. 5). Obviously, the layer in the present compound

s more complicated than are those in the m = 2 compounds.
hat this is true for CsCu3TiSe4 versus Cs2Cu2TiSe4 argues
gainst invoking arguments involving differing ionic radii as the
xplanation.

Fig. 5. Two-dimensional 2∞[M2M′Q4
2−] layer in Cs2Ag2ZrTe4, Cs2Cu2TiSe4,

Cs2Ag2TiS4, and Rb2Cu2TiS4.

able 3
ome structural results for the known AmM4−mM′Q4 compounds

ompound Space group Z Asymmetric unit Building blocks Layer figure

sCu3TiSe4 P21/m 2 1Cs, 1Ti, 2Cu, 3Se CsSe9 CuSe4 TiSe4 2
a2Cu2ZrS4 C2/m 2 1Na, 1Cu, 1Zr, 2S NaS7 CuS4 ZrS6 4
s2Ag2ZrTe4 C222 2 1Cs, 2Ag, 1Zr, 1Te CsTe8 AgTe4 ZrTe4 5
s2Cu2TiSe4

a P42/mcm 2 1Cs, 1Ti, 1Cu, 1Se CsSe8 CuSe4 TiSe4 5

a Cs2Ag2TiS4 and Rb2Cu2TiS4 are isostructural.
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email).

cknowledgment
This research was supported by Science and Technology
ommission of Shanghai Municipality (Grant No. 05JC14080).
se was made of the Central Facilities supported by the
RSEC program of the National Science Foundation (DMR05-

[

[

d Compounds 462 (2008) 38–41 41

0513) at the Materials Research Center of Northwestern
niversity.

eferences

1] M.F. Mansuetto, J.A. Ibers, J. Solid State Chem. 117 (1995) 30–33.
2] M.A. Pell, J.A. Ibers, J. Am. Chem. Soc. 117 (1995) 6284–6286.
3] F.Q. Huang, J.A. Ibers, Inorg. Chem. 40 (2001) 2602–2607.
4] S.A. Sunshine, D. Kang, J.A. Ibers, J. Am. Chem. Soc. 109 (1987)

6202–6204.
5] Bruker, SMART Version 5.054 Data Collection and SAINT-Plus Version
6.45a Data Processing Software for the SMART System, Bruker Analytical
X-Ray Instruments, Inc., Madison, WI, USA, 2003.

6] G.M. Sheldrick, SHELXTL Version 6.14, Bruker Analytical X-Ray Instru-
ments, Inc., Madison, WI, USA, 2003.
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