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The exfoliation process of one-dimensional KNiPS4 showed that the breaking of 1=1[NiPS4]
� chains in polar

solvent was followed by the formation of cyclic [Ni3P3S12]
3� trianions. From DMF–KNiPS4 solutions,

metathesis experiments were successfully carried out, but, up to now, Kþ had only been exchanged by bigger
isotropic organic cations such as PPh4

þ, (CH3)4N
þ and (C2H5)4N

þ. After recrystallization, each metathesis

compound presents the cyclic [Ni3P3S12]
3� trianion. An exchange by anisotropic cations is possible by adding a

cryptand molecule that fits the size of Kþ. Following this procedure, three new nickel thiophosphate complexes
have been synthesized: [Ni3P3S12][K-(222-cryptand)]3 (I), [Ni3P3S12][K(222-cryptand)]2[C9N1H22] (II) and

[Ni3P3S12][CH3(CH2)11N(CH3)3]3 (III). The structures of I and II have been fully determined from single crystal
X-ray diffraction analysis. They show the occurrence of the [Ni3P3S12]

3� trimer within the solid. I and II

crystallize in the P212121 space group. 31P solid state NMR experiments hint at the presence of polyanions in

III, maybe trianionic in nature.

The low-dimensional materials AxMQy
1,2 (A¼ alkali metal,

M¼ transition metal, lanthanide and=or main group element,
Q¼ S, Se) exhibit structural arrangements that depend
strongly upon the A=M ratio and the nature of the counter-
cation.3–5 To some extent, such compounds can be viewed as
strongly covalently bonded, negatively charged domains elec-
trostatically shielded from each other by alkali metal coun-
terions. These alkali metals are only engaged in ionic bonds
with the peripheral Q2� chalcogenide anions of the covalent
edifices. Thus, the structure can physically be split up into
regions of covalent and ionic character. The higher the con-
centration and/or the larger the size of A,6,7 the lower the
dimensionality of the covalent sub-network. This phenomenon
originates from the tendency of the system to maximize the
attractiveCoulombic interactionsbetweenalkalimetal andchal-
cogen ions and to minimize the ionic repulsions between anions
and between cations for a given alkali metal concentration.

Owing to the existence of covalent and ionic chemical links,
AxMQy materials can be considered, to some extent, as ionic
Ax

þ[MQy]x
� constructions that are expected to behave as salts

in solutions. Hence, exfoliation and dissolution processes in
polar organic solvents can be envisioned. On contact with a
solvent, the inorganic solid may swell due to the diffusion of
solvent molecules into the tridimensional inorganic edifice. As
the Aþ cation is solvated, the A–Q distances increase and the
electrostatic repulsions between the anionic covalent domains
decline concomitantly. Then, a complete dispersion of the
Aþ

x(sol)z[MQy]
x� compound may happen, giving rise to col-

loı̈dal solutions containing layers, ribbons or discrete inorganic
entities, depending on the structure of the AxMQy solids. If the
inorganic blocks are highly anisotropic, rigid enough and with
colloı̈dal dimensions (10–1000 nm),8 inorganic core based

lyotropic nematic phases or liquid crystals may result.
Depending on the solvent nature, the temperature and the
concentration of the colloı̈dal particles, isotropic suspensions,
nematic sols or=and nematic gels are expected to form.
Up to now, theoretical understanding of the exfoliation

phenomenon is far from complete and the prediction of such
reactions remains difficult. Usually, the exfoliation process is
explained on the basis of a competition between the lattice
energy and the solvation energy of the alkali metal and, to a
lesser extent, of the anionic framework.9 The chemical reaction
is favored by the use of a solvent with a high e dielectric
constant and of small and highly polarizing countercations.10

As a first approximation, the e value of the solvent and the
nature of the alkali metal in the AxMQy compounds may serve
as a guideline in judging whether or not a solid will dissolve.
These factors have been highlighted in the pioneer work of
Tarascon et al.11 on exfoliation-dissolution in organic solvents
of different members of the AMo3Se3 series (A¼Li, Na, K).
Considering the cation nature, it was observed that the Li
derivative was easily soluble in N-methylformamide (NMF),
the Na derivative partially soluble while KMo3Se3 was not
soluble at all. This behavior agrees well with a decrease of the
solvation energy of the alkali metal when its size increases.
Likewise, LiMo3Se3 dissolves better in N-methylformamide
(e¼ 182) than in dimethylsulfoxide (DMSO, e¼ 46.7) or in
tetrahydrofuran (THF, e¼ 7.32), in agreement with a decrease
of the dielectric constant.
In fact, these criteria are not sufficient to account in full for

the solvent–inorganic phase interaction, the solvating power of
a solvent being a complex phenomenon related to additional
factors such as the solvent basicity, its acidity and polarity and
its self-association. Practically, it appears very difficult to
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predict a priori the reactivity of a solid on contact with a sol-
vent, even for an isostructural series of materials.
Recently, some studies in solution have been carried out on

KNiPS4 and KPdPS4 . Both materials are isostructural and
exhibit a 1D crystal structure associated with the existence of
1/1[MPS4]

� infinite chains (M¼Ni, Pd). The chains are built
upon [MS4] squares and [PS4] tetraedra sharing edges
[Fig. 1(a)].12,13 Although both KNiPS4 and KPdPS4 exfoliate in
DMF and DMSO, they exhibit different behavior in solution.
While 1=1[PdPS4]

� chains are maintained in solution leading to
a complex fluid, 1/1[NiPS4]

� chains undergo a solvent-induced
auto-fragmentation with reorganization into discrete crown-
shaped [Ni3P3S12]

3� oligomers [Fig. 1(b)]. In contrast to the
1/1[NiPS4]

� chains, in the [Ni3P3S12] oligomer each [NiS4] entity
shares two edges with two [PS4] tetraedra and two corners with
two other [NiS4] squares. The breaking up of the chains into
[Ni3P3S12] entities, corresponding to a shift from anisotropic to
isotropic particles, was first evidenced by the loss of birefrin-
gence for the solution. The exfoliation and fragmentation of the
chains in solution have been studied by mass spectroscopy and
31P NMR of the sols.14,15 So far, the mechanism of the cycliza-
tion and fragmentation of the chain, as the attack of the solvent
at the atomic level on the inorganic solid, remains unknown.
Exchange reactions have been considered to take advantage

of the formation of the anionic molecular [Ni3P3S12]
3� species

in DMF solution. So far, potassium cations have been sub-
stituted by isotropic monovalent organic cations such as tetra-
phenyl phosphonium, tetramethyl ammonium and tetraethyl
ammonium, and slightly anisotropic methyl morpholinium,15

leading to A3[Ni3P3S12] compounds with the stabilization, in
the solid state, of crown-shaped [Ni3P3S12]

3� anions. Exchange
with mono-charged, long alkyl chain cations has remained
unsuccessful up to now.
In this paper we report a novel way of preparing new

compounds by metathesis between Kþ and long chain N-
alkylammonium cations with the help of a cryptand. The
macrocyclic molecule, well known to selectively encapsulate
cations of the appropriate size, should increase the solubility of
KNiPS4 in various polar solvents by complexing the cation
and promoting the ion exchange reactions. The macrotricyclic
molecule used in this work, 4,7,13,16,21,24-hexaoxa-1,10-di-
azobicyclo[8.8.8]hexacosane, symbolized by (222-cryptand),

is very well suited for the complexation of potassium ions
(rKþ¼ 1.33

+
A) because of the adapted size of its cavity

(r¼ 1.4
+
A) [Fig. 2(a)].

In this article is reported the metathesis of [Ni3P3S12]
[K-(222-cryptand)]3 (I), [Ni3P3S12][K(222-cryptand)]2[C9N1H22]
(II) and [Ni3P3S12][CH3(CH2)11N(CH3)3]3 (III), the structure
determination of I and II and the NMR analysis of I and III.

Experimental

Synthesis

All experiments and manipulations were performed under dry
nitrogen using a Schlenk line. The organic chemicals were used
as obtained. KNiPS4 was prepared as previously described.12

[Ni3P3S12][K-(222-cryptand)]3 (I). KNiPS4 (190 mg, 0.74
mmol) was dissolved in 10 ml of DMF under magnetic stirring
at 50 �C for 1 day. After filtration, 289.7 mg (0.77 mmol) of
(222)-cryptand (C18O6N2H36 , Aldrich, 98%) was added to the
solution. After stirring for 1 h, the product was precipitated by
adding diethyl ether. The precipitate was washed with ethanol
and recrystallised by evaporation of dichloromethane under
ambiant conditions. The obtained brown crystals are air-stable
and soluble in DMF, acetonitrile, dichloromethane and
chloroform but insoluble in pentane and diethyl ether. An
EDXS (energy dispersive X-ray spectroscopy) analysis of the
heaviest elements by means of a Jeol microscope (PGT-IMIX-
PTS equipped Jeol-JSM5800LV) yielded the elemental ratio
Ni3.0 : P3.0 : S13.5 : K2.7 , in fair agreement with the X-ray deter-
mined composition [Ni3P3S12][K1-(222-cryptand)]3 .

[Ni3P3S12][K(222-cryptand)]2[C9N1H22] (II). The metathesis
was similar to that of I, except that 201.76 mg (0.9 mmol) of n-
hexyltrimethylammonium bromide (Interchim) was poured
into the KNiPS4–DMF solution in addition to the cryptand.
After stirring of the solution for 2 h, diethyl ether was added
and the product was washed with ethanol and acetone. Air-
stable crystals suitable for X-ray structure determination could
be obtained by slow evaporation of a dichloromethane solu-
tion. Several brown crystals were analyzed by EDXS. The
heavy element mean composition was Ni2.7 : P3.0 : S12.3 : K1.5 :
N3.9 in accord with the formula [Ni3P3S12]K2[C45N5O12H94].

[Ni3P3S12][CH3(CH2)11N(CH3)3]3 (III). The metathesis was
analogous to that of I, except that 277.5 mg (0.9 mmol) of
dodecyltrimethylammonium bromide (Aldrich, 99%) was

Fig. 1 (a) Linear fragment of the infinite 1/1[NiPS4]
� chain of

KNiPS4 showing the [NiS4] squares sharing two edges with two [PS4]
tetraedra. (b) Crown-shape of the discrete [Ni3P3S12]

3� oligomer pre-
sent in the structures of A3[Ni3P3S12] [A¼ (Ph4P)

þ, (CH3)4N
þ,

(C2H5)4N
þ, (C7H16ONþ)]. [NiS4] entities share two edges with two

[PS4] tetraedra and two corners with two other [NiS4] squares.

Fig. 2 (a) A cryptate entity with its cage and potassium inside. (b)
View of the cryptate along its threefold axis in I. The [C6H12O2]
fragments are symmetrically equivalent through a pseudo threefold
axis running through N1 and N2 . (c) Same view for II: one of the
[C6H12O2] fragments is bent away from its symmetry plane. The other
two [C6H12O2] fragments are symmetrically equivalent through a 120�

rotation.
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added in addition to the cryptand. The analysis of the
heavy elements of the crystals by EDXS yielded the formula
Ni3.0 : P3.0 : S11.1 : N4.2 , corresponding to the expected
[Ni3P3S12][C45H104N3] formula. Note that without cryptand,
the cationic exchange fails. Unfortunately, the crystal quality
was too poor for any X-ray structural investigation.

X-Ray crystallographic studies

For data collection, a crystal of I and II was glued with nail
polish at the tip of a Lindemann quartz glass capillary.
Reflection intensities were then collected at 120 K for I and 150
K for II on a Stoe imaging plate diffraction system, which was
configured in a medium resolution mode (IP at 100 mm lim-
iting sin(y)/l to 0.50

+
A�1 for I and 80 mm limiting sin(y)/l to

0.51
+
A�1 for II). The reflections were first corrected for the

Lorentz polarization with the STOE IPDS software package.16

The structures were then solved by means of SHELXS direct
methods17 in the P212121 space group. All supplementary
treatments and calculations were carried out with the
JANA2000 software package.18 Data collection parameters,
refinement conditions and results for I and II are summarized
in Table 1.

CCDC reference numbers 185895 and 185896. See http:==
www.rsc.org=suppdata=nj=b2=b200703g= for crystallographic
data in CIF or other electronic format.

[Ni3P3S12][K-(222-cryptand)]3 (I). The 29734 reflections
were merged according to the 222 point group, yielding 9004
independent reflections, of which 3650 with I> 2s(I) were
retrieved. Taking into account all of the unconstrained atoms
of the cryptand molecule did not lead to satisfactory refine-
ment. Because of the great number of parameters and of the
symmetry of the cryptand molecule (quasi-threefold axis
through the two nitrogen atoms) [Fig. 2(b)], the ‘‘ rigid body ’’
option of JANA2000 was used. The three [C6H12O2] fragments
constituting the cryptant molecule (C18H36O6N2) were con-
sidered to be identical to each other. The atomic positions of a
fragment [from C1 to C6 , Fig. 2(a)] were refined, the others

being deduced through 120� rotations. Finally, the H atoms of
the [CH2] groups were added so that the C–H distances were
equal to 1.0

+
A, their coordinates were fixed and all the iso-

tropic displacement parameters (IDP’s) were set to 0.121(9)
+
A2. The reliability factor then converged to RF2(obs)=
RwF2(obs)¼ 0.0852=0.1467 (368 parameters and 3650 reflec-
tions) with a featureless difference Fourier maps.

[Ni3P3S12][K(222-cryptand)]2[C9N1H22] (II). The reflection
set was first merged according to the 222 point group, yielding
10801 independent reflections, of which 5030 with I> 2s(I)
were retrieved. A rigid body model set up for the refinement of
I was once again used to reduce the number of parameters.
However, in this case, the refinement was not satisfactory.
Actually, as was found later, the cryptand molecule had lost its
pseudo threefold symmetry axis. In fact, among the three
[C6H12O2] fragments, two were still related by a pseudo 120�

rotation whereas the third was not, due to its distortion [Fig.
2(c)]. Thus, the two first [C6H12O2] groups were refined using
the rigid body constraint whereas the atoms of the third group
were refined independently. In addition, the O–C and the K–O
distances in the non-symmetric fragment were soft restrained
to vary in the 1.42–1.48

+
A and 2.67–2.73

+
A ranges, respec-

tively. Finally, the H atoms of the [CH2] groups were added by
fixing their coordinates and their IDPs to 0.095(5)

+
A2. The

refinement was completed by applying a type 1 lorentzian
extinction coefficient.19 The reliability factor converged then to
RF2(obs)=RwF2(obs)¼ 0.0511=0.0836 (546 parameters and 5030
reflections) with featureless difference Fourier maps.

NMR spectroscopy

Solid state 31P NMR spectra were recorded on a Bruker
DSX400 spectrometer operating at 9.4 T, using CP-MAS
{1H}-31P excitation with a typical contact time of 1.5 ms and
1 s recycle time. Spectra were simulated using the ‘‘dmfit ’’
software package.20

Results and discussion

Structure description

[Ni3P3S12][K-(222-cryptand)]3 (I). The unit cell of I contains
four equivalent [Ni3P3S12]

3� motifs. Their structural arrange-
ment turns out to be the same as the one previously described
in the series of A3[Ni3P3S12] [A¼ (Ph4P)

þ, (CH3)4N
þ,

(C2H5)4N
þ, (C7H16ONþ)]14 compounds. The [Ni3P3S12]

3�

anions can be described as a bowl-like structure having a
pseudo threefold symmetry axis (even though the three metal
and phosphorus sites of each trimer are crystallographically
inequivalent, they are chemically identical). It can be noticed
that, in all these structures, the PV–S�II and NiII–S�II distances
are in good agreement with the sum of the ionic radii.21

The cryptand molecule has a pseudo/threefold axis, going
through the two nitrogen atoms, so that the [O2C6H12] frag-
ments can be considered as equivalent, as explained before
[Fig. 2(b)]. The potassium cations, found indeed encapsulated
in the cryptand cage, are bound to six oxygen atoms with K–O
distances ranging from 2.75 to 2.88

+
A and to two nitrogen

atoms with K–N distances ranging from 2.90 to 3.02
+
A.

The 3D arrangement of I (Fig. 3) can be described as an
alternate stacking of [Ni3P3S12]

3� anions and [K-(222-
cryptand)]þ layers along the [010] axis. The thiophosphate
layers are built upon head-to-foot crown-shaped [Ni3P3S12]

3�

trimers. The pseudo threefold axes of the [Ni3P3S12]
3� and

(222-cryptand) groups are almost perpendicular to these lay-
ers. Note that both KNiPS4 and [K-(222-cryptand)]NiPS4
structures containing 1/1[NiPS4]

� chains and [Ni3P3S12]
3�

anions, respectively, can be described as resulting from the

Table 1 Crystal, X-ray data collection, and refinement parameters for
I and II

I II

Chemical formula [Ni3P3S12]
[K-(222-cryptand)]3

[Ni3P3S12]
[K(222-cryptand)]2
[C9N1H22]

Molecular weight 1900.49 1629.18
Crystal system Orthorhombic Orthorhombic
Space group P212121 P212121
a=

+
A 16.4431(10) 18.296(2)

b=
+
A 22.1019(11) 29.174(2)

c=
+
A 24.1758(14) 13.5323(14)

U=
+
A3 8786.1(9) 7222.9(12)

Z 4 4
m=mm�1 1.178 1.356
T=K 120 150
Total reflections 29734 57092
Independent

reflections
9004 10801

Observed
reflections
[I> 2s(I)]

3650 5030

Rint (obs) 0.07 0.09
R (obs)a 0.0852 0.0511
Rw (obs)a 0.1467 0.0836
R (all)a 0.1837 0.1321
Rw (all)a 0.1658 0.1049
Weighting scheme

a R¼SjjFoj�jFcjj=SjFoj andwRF2¼ [SwF2 (jFoj2�jFcj2)2=SwF2jFoj4]1=2
where wF2¼ 1=[s2(I0)þ (0.001024� I0)

2].
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stacking of 2=1[Kþ] and 2=1[NiPS4]
� layers. Let us emphasize

that the lowering of the dimensionality of the covalent network
when going from KNiPS4 to [K-(222-cryptand)]NiPS4 agrees
well, as expected, with the increase of the size of the counter-
cation (rKþ¼ 1.33

+
A and rK(222�cryp tan t)þ¼ 3.7

+
A).

The main distances and angles in [Ni3P3S12]
3� are reported

in Table 2 whereas, for the 222-cryptand, they are given in
the ESI.

[Ni3P3S12][K(222-cryptand)]2[C9N1H22] (II). The unit cell is
composed of four equivalent discrete [Ni3P3S12]

3� anions, four
equivalent hexyltrimethylammonium [CH3(CH2)5N(CH3)3]

þ

cations and eight cryptand molecules with potassium cations
inside (Fig. 4). The [Ni3P3S12]

3� anions are the same as in I.
The main distances and angles in the trimer are reported in
Table 2. The hexyltrimethylammonium groups can be descri-
bed as zigzag chains (length �7.7

+
A) with the terminal methyl

Fig. 3 View along the a axis of [Ni3P3S12][K-(222-cryptand)]3 (I).
This compound can be described as 2=1[NiPS4]

� layers of discrete
[Ni3P3S12]

3� entities separated by layers of cryptate molecules, K-(222-
cryptand)þ, corresponding to a 2D arrangement. H atoms are not been
represented.

Table 2 Main distances (
+
A) and angles (�) and corresponding esd’s in the [Ni3P3S12]

3� anion for I and II

NiS4 sites PS4 sites

I

Ni(1)–S(1) 2.204(8) S(1)–Ni(1)–S(4) 87.7(3) P(1)–S(1) 2.188(9) S(1)–P(1)–S(5) 92.4(3)
Ni(1)–S(9) 2.198(7) S(1)–Ni(1)–S(3) 93.5(3) P(1)–S(5) 2.053(9) S(1)–P(1)–S(10) 125.4(5)
Ni(1)–S(4) 2.204(6) S(9)–Ni(1)–S(4) 91.0(2) P(1)–S(10) 1.887(8) S(1)–P(1)–S(4) 92.0(3)
Ni(1)–S(3) 2.208(7) S(9)–Ni(1)–S(3) 87.9(2) P(1)–S(4) 2.055(8) S(5)–P(1)–S(10) 114.5(3)
Ni(2)–S(1) 2.225(7) S(1)–Ni(2)–S(5) 87.3(3) P(2)–S(6) 2.054(9) S(5)–P(1)–S(4) 113.8(3)
Ni(2)–S(6) 2.220(6) S(1)–Ni(2)–S(2) 94.2(3) P(2)–S(2) 2.097(8) S(10)–P(1)–S(4) 115.6(4)
Ni(2)–S(5) 2.212(7) S(2)–Ni(2)–S(6) 86.5(2) P(2)–S(11) 1.944(8) S(6)–P(2)–S(2) 94.0(3)
Ni(2)–S(2) 2.210(7) S(5)–Ni(2)–S(6) 92.0(2) P(2)–S(7) 2.044(9) S(6)–P(2)–S(11) 114.6(4)
Ni(3)–S(2) 2.233(7) S(2)–Ni(3)–S(7) 87.4(2) P(3)–S(12) 1.931(8) S(6)–P(2)–S(7) 114.1(4)
Ni(3)–S(7) 2.227(7) S(2)–Ni(3)–S(3) 92.3(2) P(3)–S(9) 2.060(8) S(2)–P(2)–S(11) 120.0(5)
Ni(3)–S(8) 2.214(7) S(7)–Ni(3)–S(8) 93.2(3) P(3)–S(8) 2.044(9) S(2)–P(2)–S(7) 96.1(3)
Ni(3)–S(3) 2.210(7) S(8)–Ni(3)–S(3) 87.1(3) P(3)–S(3) 2.136(9) S(11)–P(2)–S(7) 115.2(4)
Ni–S 2.214 P–S 2.041 S(12)–P(3)–S(9) 115.2(3)

S(12)–P(3)–S(8) 116.7(3)
S(12)–P(3)–S(3) 119.8(5)
S(9)–P(3)–S(8) 113.6(4)
S(9)–P(3)–S(3) 93.6(3)
S(8)–P(3)–S(3) 93.6(3)

II

Ni(1)–S(1) 2.217(2) S(1)–Ni(1)–S(3) 91.59(10) P(1)–S(1) 2.106(3) S(1)–P(1)– S(4) 94.69(16)
Ni(1)–S(3) 2.209(2) S(1)–Ni(1)–S(4) 87.21(11) P(1)–S(4) 2.061(4) S(1)–P(1)–S(5) 94.94(16)
Ni(1)–S(4) 2.226(3) S(3)–Ni(1)–S(9) 87.32(11) P(1)–S(5) 2.048(4) S(1)–P(1)–S(10) 118.97(16)
Ni(1)–S(9) 2.221(2) S(4)–Ni(1)–S(9) 93.88(11) P(1)–S(10) 1.937(3) S(4)–P(1)–S(5) 112.18(16)
Ni(2)–S(1) 2.206(3) S(1)–Ni(2)–S(2) 91.43(11) P(2)–S(2) 2.128(4) S(4)–P(1)–S(10) 116.23(19)
Ni(2)–S(2) 2.215(2) S(1)–Ni(2)–S(5) 87.79(11) P(2)–S(6) 2.066(4) S(5)–P(1)–S(10) 116.2(2)
Ni(2)–S(5) 2.209(3) S(2)–Ni(2)–S(6) 88.46(11) P(2)–S(7) 2.045(4) S(2)–P(2)–S(6) 94.88(16)
Ni(2)–S(6) 2.214(3) S(5)–Ni(2)–S(6) 92.24(12) P(2)–S(11) 1.944(4) S(2)–P(2)–S(7) 93.52(18)
Ni(3)–S(2) 2.207(2) S(2)–Ni(3)–S(3) 92.50(11) P(3)–S(3) 2.115(3) S(2)–P(2)–S(11) 119.04(17)
Ni(3)–S(3) 2.218(3) S(2)–Ni(3)–S(7) 87.21(12) P(3)–S(8) 2.052(4) S(6)–P(2)–S(7) 111.87(16)
Ni(3)–S(7) 2.203(3) S(3)–Ni(3)–S(8) 87.56(12) P(3)–S(9) 2.056(4) S(6)–P(2)–S(11) 116.0(2)
Ni(3)–S(8) 2.205(3) S(7)–Ni(3)–S(8) 92.78(12) P(3)–S(12) 1.951(4) S(7)–P(2)–S(11) 117.52(19)
Ni–S 2.212 P–S 2.042 S(3)–P(3)–S(8) 94.50(17)

S(3)–P(3)–S(9) 94.34(16)
S(3)–P(3)–S(12) 118.88(17)
S(8)–P(3)–S(9) 112.95(18)
S(8)–P(3)–S(12) 116.3(2)
S(9)–P(3)–S(12) 116.1(2)

Fig. 4 View along the c axis of [Ni3P3S12][K(222-cryp-
tand)]2[C9N1H22] (II). Because of the stacking along the c axis of the
discrete [Ni3P3S12]

3� entities and of the cryptates and N-alkyl ammo-
nium molecules, the arrangement is 1D.
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group of the alkyl chain strongly shifted from the plane formed
by the other carbon atoms (Fig. 5) because of a neighbouring
cryptand molecule. In this structure, the cryptates do not keep
their pseudo threefold axis as in I [Fig. 2(c)], so that one of the
[C6H12O2] fragments is dissymmetric in comparison with the
other two.

At this stage, we may also notice that the arrangement of the
[Ni3P3S12]

3� anions in tridimensional space depends upon the
size and the shape of the organic countercations: going from
[K-(222-cryptand)]3Ni3P3S12 to [K(222-cryptand)]2[C9N1H22]-
Ni3P3S12 and to [PPh4]3Ni3P3S12 , the relative arrangement of
the discrete [Ni3P3S12]

3� trimers shifts from 2D to 1D to 0D.

NMR spectroscopy

Owing to the poor quality of the [Ni3P3S12][CH3(CH2)11-
N(CH3)3]3 (III) crystals, 31P experiments were carried out on
the powder to determine the presence of [Ni3P3S12]

3� oligo-
mers. 31P NMR spectra of KNiPS4 , (PPh4)3[Ni3P3S12] and I

were used as references (Fig. 6). From previous work,14,15 it is
known that the 31P solid state NMR spectrum of KNiPS4
exhibits only one resonance at d¼ 122 ppm characteristic of
the phosphorus in the chain, whereas that of (PPh4)3[Ni3P3S12]
exhibits three resonances (in addition to those of the tetra-
phenylphosphonium group at d¼ 23.8 and 21.3 ppm) at 112.6,

109.6 and 106.4 ppm. These three resonances were assigned to
the three crystallographically inequivalent P sites in the
[Ni3P3S12]

3� anions and turned out to be very similar in
intensity.
For I, the spectrum agrees well with the presence of the

cyclic [Ni3P3S12]
3�anion, as expected from the structural

determination (see above). Three peaks are observed at 114.6,
112.2 and 109.9 ppm, that is at slightly higher d values com-
pared to (PPh4)3[Ni3P3S12]. In addition, let us notice that a
fourth peak shows up as a shoulder around 109 ppm.
The 31P solid state NMR spectrum of III exhibits four peaks

at 111.5, 110.5, 108.0 and 105.3 ppm. The first three, con-
stituting a massif, may suggest the existence of trimeric entities
in this material even if the relative intensities of the peaks are
difference from those of (PPh4)3[Ni3P3S12]. The fourth peak,
which recalls the shoulder observed in I, is of unknown origin.
Supplementary experiments are in progress to try to recrys-
tallised the phase and to isolate the NMR trimer contribution
for proper assignment of the resonances.

Concluding remarks

Our goal to synthesise a new [Ni3P3S12]
3� trimer in compounds

containing anisotropic countercations has been successfully
achieved. The exchange of an isotropic Kþ cation by an ani-
sotropic cation has only been possible thanks to the adding of
a cryptand molecule in the KNiPS4=ABr (A¼ anisotropic
cation) DMF solution. X-ray diffraction analyses have showed
for the well crystallised phase that they all contained the same
[Ni3P3S12]

3� crown-shaped trimer. In the case of the amor-
phous material III, 31P solid state NMR experiments hint at
the presence of polyanions, perhaps trianionic in nature.
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Fig. 5 View along the alkyl chain of the hexyltrimethylammonium
groups. The carbon of the terminal methyl is strongly shifted from the
plane defined by the nitrogen and the carbons of the chain. The methyl
groups linked to the N atom have been removed for clarity.

Fig. 6 Superposition of the KNiPS4 , (PPh4)3Ni3P3S12 , [Ni3P3S12]-
[K-(222-cryptand)]3 (I) and [Ni3P3S12][CH3(CH2)11N(CH3)3]3 (III)

31P
solid state NMR spectra. The KNiPS4 spectrum presents one peak at
122 ppm corresponding to the phosphorus inside the chain.
(PPh4)3Ni3P3S12 presents three peaks corresponding to the three
phosphorus of [Ni3P3S12]

3�. The two other spectra present also three
peaks indicative of the presence of [Ni3P3S12]

3� trianion in I (as proven
by the crystal structure) and also in III.
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