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요 약. 사성분계 thiophosphates, A2NiP2S6(A=Rb, Cs)를 halide fluxes 법으로 합성하였으며 단결정 

X-ray 회절 방법으로 결정 구조를 해석하였다. 이 화합물들은 C『P21/罔 공간군을 가지며, RbzNiPzSb의 경 

우 a=5.960(2), b=12.323(4), c=7.491(3)A, P=97.05(3)o, V=546.0(3)A3 이고, Cs2NiP?S6 의 경우 a=5.957(4), 
b=12.696(7), c=7.679(4)A, P=93.60(5)o, V=579.7(5)A3 인 격자 상수를 갖는다. 이 두 화합물은 동일한 결정 

구조를 갖는다. 이들의 구조는 결정학적인 a축을 따라 성장한 1차원적인 무한 사슬』NiP2S6勺로 구성되어 

있으며 이 사슬들은 알칼리 금속과의 정전기적 인력을 통하여 안정화 되어 있다. Ni 원자는 의 S 원자에 

의해 팔면체의 배위를 하고 있고, NiS6 팔면체는 [P2S64-] 음이온 3개의 卩-S 원자들에 의해 연결되어 무한 1 

차원적인 사슬을 형성한다. Cs2NiP2S6에 대한 자화율 측정 결과 Neel temperaturefL)에 상응하는 8K 이하 

에서 superexchange를 통한 반자기성 magnetic coupling을 발견하였다. Tn 이상의 온도에서는 Curie-Weiss 
법칙을 따른다. 자기 모멘트, C(Curie), 그리고 成Weiss Constant) 는 각각 2.77 B.M., 0.9593 K, 그리고 

-19.02 K이다. 측정 결과로부터 얻은 유효 자기 모멘트는 spin-only Ni2+ d8(2.83 B.M.) 계의 결과와 일치한다.

ABSTRACT. The quaternary thiophosphates, A2MP2S6 (A=Rb, Cs), have been synthesized with halide 
fluxes and structurally characterized by single-crystal X-ray diffraction technique. These compounds crystallize 
in the space group C2h5-P21/n of the monoclinic system with two formula units in a cell of dimensions a= 
5.960(2), b=12.323(4), c=7.491(3)A, P=97.05(3)°, and V=546.0(3)A3 for Rb2NiP2S6 and a=5.957(4), b= 
12.696(7), c=7.679(4)A,卩=93.60(5)°, and V=579.7(5)A3 for CszNiPzS^ These compounds are isostructural. 
The structure of Cs2NiP?S6 is made up of one-dimensional /[NiPzS：-] chains along the a axis and these chains 
are isolated by Cs+ ions. The Ni atom is octahedrally coordinated by six S atoms. These NiS6 octahedral units 
are linked by sharing three m-S atoms of the [PzS：-] anions to form the infinite one-dimensional 凄[NiPzS：-] 
chain. For CszNiPzS^ the magnetic susceptibility reveals an antiferromagnetic exchange interaction below 8K, 
which corresponds to the Neel temperature (TN). Above TN, this compound obeys Curie-Weiss law. The mag
netic moment, C, and 0 for Cs2NiP2S6 are 2.77 B.M., 0.9593 K, and -19.02 K, respectively. The effective mag
netic moment obtained from the magnetic data is agreed with the spin-only value of Ni2+ d8 (2.83 B.M.) system.
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INTRODUCTION

Ternary metal chalcogenophosphates (chalcogen=S, Se) 
form a wide and interesting class of compound that have 
attracted attention because of their unusual structural 
chemistry and their various physical properties.1 Our 
efforts to prepare new quaternary chalcogenophosphates 
are motivated by the desire to extend the chemistry of 
the known ternary chalcogenophosphates to the new 
multinary system with novel anisotropic structures and 
properties.

The NiPS3 and NiPSe3 belong to the layered MPQ3 

family (M=first row transition metals, Q=S, Se ).2, 3 They 
can be described as two-dimensional NiQ6 layers of the 
CdI2 type in which one third of the cations have been 
replaced by P-P pairs. Therefore nickel atoms and P2 

pairs occupy octahedral sites in every other slab of a hexa
gonal stacking of chalcogen atoms. Partial replacement 
of Ni atoms in NiPQ3 phases with alkali metals could be 
a starting point toward new multinary phases. The incor
poration of alkali metals generally induces the decrease 
in dimension.4 As a result, low-dimensional chains or 
layers can be generated as nickel chalcogenophosphate 
polyanions and a new low-dimensional compounds 
would be found if alkali metals were to successfully sta
bilize these polyanions through electrostatic interactions. 
The reactive halide fluxes have been proved to be of 
general utility in preparing new multinary alkali metal 
chalcogenides and chalcogenophosphates (e.g. KNbPS10, 
ATiPSs (A=K, Rb), RbsYb’Sem CsE^Ses, and AgTaSs).5-8

EXPERIMENTAL

Synthesis. The compounds A2NiP?S6 (A=Rb, Cs) 
were prepared by the reactions of the elemental Ni, P, 
and S with the use of the reactive halide flux technique. 
In Rb2NiP2S6, the soichiometric combinations of the pure 
elements, Ni powder (CERAC 99.9%), P powder (CERAC 
99.5%), and S powder (Aldrich 99.999%) were mixed in 
quartz tubes with the addition of the eutectic mixtures of 
RbCl. The synthesis of Cs2NiP2S6 was carried out in a 
similar manner. Ni powder (CERAC 99.9%), P powder 
(CERAC 99.5%), and S powder (Aldrich 99.999%) were 
mixed in quartz tube with the addition of CsCl/LiCl. The 
mass ratios of the elements and halide fluxes were 1:6 

for Rb2NiP2S6 and 1:3 for Cs2NiP2S6.
For Rb2NiPzS6, the tubes were evacuated (~10-3 Torr), 

sealed, and heated in a furnace from the room temper
ature to 750 oC over 8hr, where they were kept for 3 oC 
days. The tubes were cooled to 200 oC at 3 oC/hr and 
then was quenched to room temperature in the furnace. 
This compound is stable in air and does not decompose 
significantly in water. Analysis of this compound with 
the microprobe of an EDAX-equipped AMRAY 1200C 
scanning electron microscope revealed the presence of 
Rb, Ni, P, and S.

For Cs2NiPzS6, the tubes were evacuated (~10-3 Torr), 
sealed, and heated in a furnace from the room temper
ature to 850 oC over 14 hr, where they were kept for 4 
days. The tubes were cooled to 200 oC at 6 oC/hr and then 
was quenched to room temperature. The excess halide 
flux was removed with distilled water and needle-shaped 
red crystals up to 0.3 mm in length were found. This 
compound is air and water stable. Analysis of this com
pound with the scanning electron microscope revealed 
the presence of Cs, Ni, P, and S.

Crystallographic studies. The crystal structures of 
A2NiP2S6 (A=Rb, Cs) were determined by single crystal 
X-ray diffraction methods. Preliminary examination and 
data collection were performed with MoKa radiation 
(X=0.7107A) on an MXC3 diffractometer (MAC Sci
ence). The unit cell parameters and the orientation matrix 
for data collection were obtained from the least-squares 
refinement of the setting angles of 28 reflections in the 
range 20°<20 (Mo Ka)<28o fbr Rb2NiP?S6 and 25 reflec
tions in the range 20o<20 (Mo Ka)<28o for Cs2NiP2$6. 
Intensity data were collected with the w-20 scan tech
nique. Two standard reflections monitored every 100 
reflections showed no significant change during the data 
collections. Crystal data and crystallographic details of 
the two compounds are described in Table 1.

The initial positions for all atoms were obtained by 
using direct methods of the SHELXS-86 program.9 The 
structure was refined by full matrix least squares tech
niques with the use of the SHELXL-97 program.10 With 
the composition established the data for both compounds 
were corrected for absorption with the use of the ana
lytical method of Tompa and de Meulenaer.11

For CszNiPzSG, the observed Laue symmetry (2/m) 
and the systematic extinction (h0l: h+l = 2n+1; 0k0 : k =
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Table 1. Details of X-ray data collection and refinement

Cs2NiP2S6 Rb2NiP2S6

Formula mass, amu 578.81 483.93
Space group C2h5 - P21/n C2h5 - P21/n
a, A 5.957(4) 5.960(2)
b, A 12.696(7) 12.323(4)
c, A 7.679(4) 7.491(3)
配 deg. 93.60(5) 97.05(3)
V, A3 579.7(5) 546.0(3)
Z 2 2
T, K 293(2) 293(2)
Radiation graphite monochromated MoKa

(人(Ka)=0.7107 A)
Linear absorption coefficient, mm-1 9.158
Density, calc. g/cm3 3.316
Transmission factorsb 0.700-0.835
Crystal size, mm 0.30x0.08x0.06
Scan type ①-20
Scan speed, deg. min-1 5.0 in ①
Scan range, deg. 0.85 + 0.35 tan0
2q limits, deg. 3o < 20(Mo Ka) < 50o
No. of unique data with Fo2>0 946
No. of unique data with Fo2>2o(F。2) 786
wR2 (Fo2>0) 0.1901
R (on Fo for 県>2。(県)) 0.0614
Goodness-of-fit on F2 1.385
Minimum and Maximum min.= -1.725
Residual electron density (e/A3) max.=1.830

aa and Y were constrained to be 90o in the refinement of cell constants.
bThe analytical method as employed in the Northwestern absorption program, AGNOST, was used for the absorption correction10.

2n+1) are indicative of the monoclinic space group P2J 
n. The final cycle of refinement performed on Fo2 with 
946 unique reflections afforded residuals wR2=0.1901 
and the conventional R index based on the reflections 
having Fo2>2c(Fo2) is 0.0614. No unusual trends were 
found in the goodness of fit as a function of Fo, sin0/X, 
and Miller indices. None of the structures shows addi
tional potential symmetry, as tested by the MISSYM12 
algorithm in the PLATON13 suite of program. Final val
ues of atomic parameters and equivalent isotropic dis
placement parameters for these compounds appear Table
2. Final anisotropic displacement parameters are given in 
Table S1 and structure amplitudes are given in Table S2 
respectively as supplementary materials.

The unit cell parameters of Rb2NiP2S6 is comparable

Table 2. Atomic coordinates (x104) and equivalent isotropic 
displacement parameters (A2^103) for CsiNiPzSG

atom x y z Ueqa

Cs 2351(3) 1718(1) 5297(2) 29(1)
Ni 0 0 0 19(1)
P 4546(10) 386(5) 1216(8) 15(1)
S(1) 2495(11) -769(5) -2393(9) 23(1)
S(2) 2606(10) -686(5) 2350(8) 20(1)
S(3) 2464(10) 1569(5) 375(8) 21(1)

aUeq is defined as one third of the trace of the orthogonal
ized Uij tensor.

with those of Cs2NiP?S6 when account is taken of the dif
fering ionic radii of the alkali metal ions. We thus con
clude that Rb2NiP2S6 is isostuctural with Cs2NiP2S6.
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Magnetic Susceptibility. For Cs2NiPzS6, the mag
netic measurements were performed with the use of a 
SQUID magnetometer (Quantum Design, Model 
MPMS) with scan lengths of 3 cm. The data were col
lected with an applied field of 5000 Oe in the 5 〜300 K 
temperature range. Powder samples ground from single 
crystals were used to reduce the possible anisotropic 
effects. To obtain the effective magnetic moment and 
the Curie (C) and the Weiss constants (0), the corrected 
molar susceptibility data in the range from 10 to 300 K 
were fitted by a least squares method to the Curie- 
Weiss equation.

RESULT AND DISCUSSION

Selected bond distances and angles for Cs2NiP2S6 are 
listed in Table 3. The structure of Cs2NiP?S6 is made up 
of one-dimensional b'NPzSg2-] chains along the a axis. 
These chains are isolated by Cs+ ions (Fig. 1). The Ni 
atom is octahedrally coordinated by six S atoms.

The NiS6 group has crystallographically imposed 1

Fig. 1. Perspective view of the AzNiPzSG (A=Rb, Cs) down 
the a axis. Large open circles are alkali metal atoms, double 
hatched circles are Ni atoms, small open circles are P atoms, 
and medium open circles are S atoms.

Table 3. Bond Lengths [A] and Angles [deg] for Cs?NiP2S6 

Distances
Ni-Ni* 5.957(4)
Ni-S(1*2 2.623(7)
Ni-S(2*2 2.465(6)
Ni-S(3*2 2.480(6)
P-S(1)* 1.990(9)
P-S(2) 2.019(8)
P-S(3) 2.027(9)
P-P* 2.21(1)

Angles
S(1)-Ni-S(2) 91.3(2)
S(2)-Ni-S(3) 81.8(2)
S(1)-Ni-S(3) 91.3(2)
P*-S(1)-Ni 96.6(3)
P-S(2)-Ni 78.3(3)
P-S(3)-Ni 77.8(3)
S(1)*-P-S(2) 1 18.9(4)
S(2)-P-S(3) 106.4(4)
S(1)*-P-S(3) 1 18.1(4)
S(1)*-P-P* 103.6(4)
S(2)-P-P* 104.0(4)
S(3)-P-P* 103.7(4)

Note. Symmetry transformations used to generate equiv
alent atoms: *; -x+1, -y, -z

Fig. 2. View of the co1[NiP2S62-] chain along the a axis. 
Double hatched circles are Ni atoms, small open circles are 
P atoms, and large open circles are S atoms.

symmetry. The Ni-S distances are in good greement with 
those calculated from crystal radii (2.53A; Ni2+=0.69, S2- 

=1.84A).14 These NiS& octahedral units are linked by 
sharing three 卩-S atoms of the [P2S64-] anions to form the 
infinite one-dimensional 凄[NiP2S62-] chain (Fig. 2).

The [P2S64-] anion also has crystallographically imposed 
1 symmetry . The [P2S64-] geometry is typical of P2Q64- 

units (Q=S, Se) such as those found in UP2S615 except 
the unusually small S(2)-P-S(3) angle (106.4(4)o). This 
is probably due to the strain of the four-membered ring 
composed of the Ni, S(2), S(3), and P atoms. This also 
causes similar distortion from the ideal octahedral 
geometry in the NiS6 unit. The S(2)-Ni-S(3) angle 
(81.8(2)°) is significantly smaller than the other cis
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angles (91.3(2)°). The Ni-Ni distance is 5.957A, which 
is same as the length of repetition unit along the [100] 
direction.

After the completion of their determination we dis
covered the report on syntheses and the structure of 
A2MP2Se6 (A=K, Rb, Cs; M=Mn, Fe, Pd, Zn, Cd, Hg)16, 17 
prepared with the molten alkali polyselenophosphate 
fluxes and K2MP2S6 (M=Mn, Fe)18, 19 synthesized from 
the direct combination of the elements. Our results clearly 
show that A2NiP2S6 (A=Rb, Cs) is isostructural with 
them where M=Mn, Zn, Fe, Cd although synthesis of the 
nickel compound has not been reported. The structural 
relationship between A2MP2Q6 phases and MPQ3 phases 
also have been discussed previously.17, 20

The classical charge balance for these phases can be 
described as [A+]2[M2+][P2S64-] (A=Rb, Cs). Conse
quently all of the transition metal atoms in the A2MP2Q6 

have the oxidation number +2 but the number of unpaired 
electrons are varied (Mn2+(d5), Fe2+(d6), Ni2+(d8)). The 
temperature dependence of the susceptibility for Cs2NiP2S6 

is shown in Fig. 3. The magnetization data reveal an 
antiferromagnetic exchange interaction below 8 K, which 
corresponds to the Neel temperature (TN). It is assumed 
that the weak antiferromagnetic interactions proceed via 
a superexchange pathway through the bridging P2S64- 

anion. Above TN, this compound obeys the Curie-Weiss 
law. Although it has been known that the magnetic 
exchange interactions are generally very sensitive to 
small differences in the bond lengths and angles of 
bridging ligands,21 the TN value of Cs2NiP2S6 is slightly 
lower than those of the analogous compounds (Table 4). 
This indicates that the nature of metal ions influences 
more effectively on the magnetic interaction than the dis
tances. In fact only eg orbitals in the Ni2+ compounds can 
participate in the superexchange interaction because t2g 

orbitals are filled. The calculation yields that the mag
netic moment, C, and q for CszNIPzSg are 2.77 B.M., 
0.9593 K, and -19.02 K, respectively. The effective mag
netic moment obtained from the magnetic data is in 
agreement with the spin-only value (2.83 B.M. for Ni2+).
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