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CsNiP and 2(LiZnHP2O7) crystals were synthesized by hydrothermal technique at moderate P-T
conditions. Solubility results of both the compound shown positive thermal coefficient and
single crystal X-ray studies revealed, CsNiP crystallized in hexagonal system with cell
parameters; a = 7.173(2), c = 5.944(9) Å, V = 264.87(7) Å3 and space group P63/mmc and
2(LiZnHP2O7) crystallized in orthorhombic system with cell parameters; a = 12.3636 Å, b =
27.5330 Å, c = 6.8647 Åand space group, Pca21 exhibiting ring type of cavities with open
aperture in the structure. CsNiP is a frequency dependent paramagnetic and 2(LiZnHP2O7) is a
diamagnetic. C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Phosphates and phosphides have been extensively stud-
ied owing to their wide application as prospective ma-
terials in technology, viz phosphates in electronic de-
vices, as solid electrolytes, sensors, laser materials, piezo-
electric, luminescence, opto-electronics, ceramics and as
magnetic materials [1–5]. Synthetic alkaline metal phos-
phide derivatives were reported for the first time in the
later part of 1950s [6,7]. However, the study of phos-
phides gained momentum since last three decades [14].
These phosphides have exhibited remarkable mechanical,
electrical and magnetic properties [8]. The alkaline metal
phosphides have shown superconductivity at low temper-
ature [12, 13] and also good diamagnetic semiconductors
[9–11]. Here, we report a new type of phosphide and
Phosphate derivatives in the form of single crystals.

2. Experimental procedure
2.1. Crystal growth
CsNiP and 2(LiZnHP2O7) crystals were synthesized by
a hydrothermal technique at moderate temperature and
pressure conditions by following earlier reported proce-
dure [15]. The reagents used are of analar grade of M+OH
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(M+ = Cs and Li) (99.99%), H3PO4 (98%), M+2Cl2
(M+2 = Ni and Zn) (99%) and HNO3 (69–72%), from
S.D.Fine chemicals without further purification. Initially,
known quantity of M+OH and H3PO4 were taken in a
Teflon lined Morey type autoclave with capacity of 50 ml.
Later a known quantity of M+2Cl2 was added to it and
thoroughly stirred well till homogeneity attained with pH
in the range of 4.12–4.28. The experiments were carried
out at temperature of 250–265◦ C and pressure range of
60–80 bars. The crystallization was carried out by sponta-
neous nucleation and the rate of nucleation was controlled
through slow rate of heating. These crystals were obtained
under the following molar ratios:

Molar ratio = M+
2O:: M+2

2O :: P2O5 ( M+ = Li and
Cs M+2 = Ni and Zn) 3–4 :: 1–1.5 :: 10–12

The synthesis experiments were carried out continu-
ously for 8–10 days and followed by sudden arrest of the
crystallization process by quenching the experiments to
the ambient conditions. The measured pH of the resul-
tant product was in the range of 3.51- 3.59 The resultant
product was washed with the distilled water using ultra
sonic cleaner. In the present experiments H3PO4 solution
has been used as the solvent and alkali and transitional
elements were as solutes. Based on the acid-bases used,
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Figure 1 SEM photograph of CsNiP.

arbitrary reactions have been predicted as follows:
CsNiP:/>

CsCl + H3PO4 → H2CsP + HCl+ ↑ 2O2 (1)

NiCl2 + H3PO4 → HNiPO4 + 2HCl (2)

H2CsP + HNiPO4 → CsNiP + H3PO4 (3)

2(Li ZnHP2O7):

2LiOH + 2H3PO4 → H4Li2(PO4)2 + 2H2O (1)

2ZnCl2 + 2H3PO4 → Zn2H2(PO4)2 + 2HCl (2)

H4Li2(PO4)2 + Zn2H2(PO4)2 → 2(LiZnHP2O7)

+2H2O (3)

The crystals obtained were of good quality. CsNiP crys-
tals exhibited translucent luster having a well-developed
morphology with growth striations prominently along ‘c’
axis. The size of crystal is of 0.5 to 2.5 mm with honey yel-
low colour Fig. 1. 2(LiZnHP2O7) crystals exhibited sub-
vitreous luster and having a size of 0.5–2.5 mm Twinning
is almost absent Fig. 2.

3. Results and discussions
Solubility study is an important parameter for the suc-
cessful growth of phosphates and phosphides in the form
of single crystals. The lack of adequate solubility data
could be responsible for the earlier failures in the growth
of single crystals of phosphates and phosphides by hy-
drothermal methods. The solubility measurements were
carried out by weight loss method. Here, a crystal is kept
in equilibrium at the desired conditions for a known pe-
riod in solvent media (HCl, H3PO4 and H2O) in order to
understand the growth process and to optimize the growth
conditions. By linear fitment, the temperature coefficient
of solubility (dS/dT) of CsNiP and 2(LiZnHP2O7) have

Figure 2 SEM photograph of 2(LiZnHP2O7).

T AB L E I Solubility data of CsNiP

T(K) HCl (5N) H3PO4 (5N) H2O

Solubility (moles /L
323 0.71 0.60 0.65
348 0.74 0.64 0.68
373 0.76 0.68 0.71
398 0.79 0.72 0.74
423 0.82 0.76 0.77
448 0.85 0.80 0.80
473 0.88 0.84 0.83
498 0.91 0.88 0.86
523 0.93 0.92 0.89
dS/dT m/L−1T−1 1.1 ×10 −3 1.6 ×10 −3 1.2 ×10 −3

�H kJ/mol 21.74 22.99 22.04

been calculated (Table I and II) and they have shown posi-
tive dS/dT (Fig. 3 and 4). In the present experiments, max-
imum percent of solubility is observed at the temperature
of 250◦C.

The logarithm of solubility of CsNiP and
2(LiZnHP2O7) are found to be basically linear function
of the reciprocal of the absolute temperature (103/TK).
The enthalpy (�H) of dissolution has been determined
from an Arrhenius equation:

Log S = A- �H / 2.303∗RT
where �H = enthalpy (dissolving heat in kJ/mol) T =
absolute temperature (K) R= constant of perfect gas (J/k
mol) and A= constant for special reaction, which is inter-
cept of Log S-1/T straight line.

The �H have been given in Tables I and II and rep-
resented in Fig. 5 and 6. The �H is relatively high and
showing positive dS/dT of solubility. Based on this result,
it was able to optimize the growth conditions (T= 250 –
265◦C and P = 60–80 bars) and obtained relatively bigger
size single crystals (2.5 mm).

Single crystal X-ray studies of CsNiP and
2(LiZnHP2O7) were made on a DIPLabo Imaging
Plate system with graphite monochromatered radiation
(MoKα) [16]. Thirty-six frames of data were collected by
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T AB L E I I Solubility data of 2(LiZnHP2O7) in H3PO4

T(K) 2N 4N 6N 8N 10N

323 0.26 0.33 0.36 0.43 0.48
373 0.36 0.43 0.48 0.52 0.58
423 0.46 0.53 0.6 0.63 0.7
473 0.6 0.65 0.7 0.76 0.82
523 0.75 0.8 0.86 0.89 0.95
ds/dt (gL−1T−1) 2.4 ×10 −3 2.3 ×10 −3 2.5 ×10 −3 2.2 ×10 −3 2.3 ×10 −3

�H (kJ/mol) 23.24 22.15 22.19 22.36 22.59

Figure 3 Solubility of curve of CsNiP.

Figure 4 Solubility diagram of 2(LiZnHP2O7).

oscillation method. Successive frames were scanned in
steps of 5◦/min with an oscillation range of 5◦. Image
processing and data reduction were done using Denzo
[17]. All frames have indexed with hexagonal primi-
tive lattice for CsNiP and orthorhombic primitive lat-
tice for 2(LiZnHP2O7). The phase set with the highest
combined figure of merit gave the positions of all the
non-hydrogen atoms. Least-squares refinement was made
using SHELXL-97 [18].

Fig. 7 represented the ORTEP diagram of CsNiP [19],
the molecules with thermal ellipsoids at 50% probability.
All the three atoms were at special positions. Ni atom
lies on six-fold axis with six phosphorous atoms at their
symmetry equivalent positions.

Fig. 8 represented the ORTEP diagram of
2(LiZnHP2O7), the molecule with 50% probability.

Figure 5 Lag S Vs 1000/T of CsNiP.

Figure 6 Lag S Vs 1000/T of 2(LiZnHP2O7 ).

Figure 7 ORTEP Perspective diagram of the molecule with thermal ellip-
soids at 50% probability.
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Figure 8 Perspective diagram of the molecule with thermal ellipsoids at
50% probability.

Figure 9 Magnetic susceptibility of (a) CsNiP and (b) 2(LiZnHP2O7).

The 3-dimensional representation of the molecules
exhibited open-framework structure with four-member,
six-member and fourteen-member apertures. Detailed
structural data will be published elsewhere.
[

Symmetry Codes: a. (x,− 1 + y, z), b. (1 – x, – 1 – y,
1/2 + z), c. (1 – x, – y,1/2 + z),d. (1/2 – x, y, 1/2 + z), e.
(−1/2 + x, – 1− y, z), f. (1/2 + x, 1− y, z), g. (x, 1 + y, z),
h. (1− x, – y, + z)]

Magnetic susceptibility measurements were done us-
ing Gouy’s balance method in the field strength ranging
of 0.5–2.5 K gauss at 300◦K (Fig. 9). Magnetic moments
(µeff) of Nickel (II) derivatives have two unpaired elec-
trons, either high spin octahedral with µeff of 2.81-3.93
BM or low spin octahedral with lesser µeff of (< 2.83 BM)
[20]. Here, Nickel derivative of cesium bearing phosphide
has µeff range of 2.17–2.60 BM, lower than the low spin
octahedra. It could be attributed due the Ni2+ ion has oc-
tahedral coordination directly with the P3− ions. It has
positive correlation with field strength and hence it is a
frequency dependent paramagnetic.

2(LiZnHP2O7) has exhibited negative correlation
(−1.3812 to −2.405BM) with the field strength and it is
a diamagnetic in nature (Fig. 9). Detailed magnetic prop-
erties will be discussed elsewhere.

4. Conclusions
CsNiP and 2(LiZnHP2O7) crystals were synthesized
by hydrothermal method in the form of single crys-
tals. X-ray studies revealed, CsNiP has crystallized in
hexagonal system with space group P63/mmc and ex-
hibited channel type structures and it is a prospec-
tive paramagnetic material. 2(LiZnHP2O7) crystallized
in orthorhombic system with space group Pca21 and
having ring type of cavities with open aperture in
the structure and it is a diamagnetic with negative
correlation.
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