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ABSTRACT 

Solid-state reactions of equimolar ratios of K,Cr,O, with (I) K,PO,.3 H,O, (II) Na,P,O,, 
and (III) Na,P,O, were carried out at 400-420°C. Green, water-insoluble products in the 
three systems were isolated and investigated by chemical analysis, X-ray diffraction, elec- 
tronic and IR vibrational spectra measurements. Moreover, a DTA curve of the 

K&r@-Na,P,O, system(II1) was recorded, and X-ray diffractograms of differently an- 
nealed green products were measured. Crystalline phases with formula K,Cr,P,O,, in the 
orthophosphate(I), Na,KCr,P,O,, in the tripolyphosphate(I1) and Na,K,Cr,P,O,, in the 
trimetaphosphate(II1) systems were identified. Assignments of IR spectra revealed the pres- 

ence of (Pz0,)4- and (P04)3- structural units in the polyphosphate (P,O,,)“- and (P30,2)9- 
groups, respectively. The measured electronic absorption spectra of the solid powders were 
characteristic of hexacoordinated Cr(II1). The results were discussed in comparison with 
previous work. 

INTRODUCTION 

Many reactions in different Cr(III)-phosphate systems (solids or solu- 
tions) are well known [l-4] in comparison with those of Cr(V1). A 
polymerisation process seemed to take place in such reactions leading to the 
formation of poly Cr(II1) phosphates, the constitution of which depends 
greatly on the experimental conditions. In previous work [4], (PO,):- and 

(P0,G2_ polyions were detected in solid mixtures of Cr,O,-MH,PO, 
(M = Na+, NH:) reacting at the two different high temperatures of 900 and 
1300°C. On the other hand, (P20,)4- structural units were found to be 
formed on melting an orthophosphate mixture (20% AlPO, + 80% KH,PO,) 
at a temperature of 1100°C [5]. 

Recently, similar units of (P20,):2- and (PO,);- were characterized in 
solid-state reaction products obtained at 400-420°C in the K ,Cr,O,-K ,P,O, 
and K,Cr,O,-NaPO, (glass) systems, respectively [6]. In general, it could be 
seen from the reported results that the type of phosphate ions used (as one 
of the experimental factors) contributes greatly to the structure of the 
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resulting polymerised phosphates. Moreover, the temperature of formation 
of such poly Cr(III) phosphates seemes to depend greatly on the nature of 
the second reactant, whether calcined Cr,O, or K,Cr,O,. Thus, this work 
aims to investigate, furthermore, the behaviour of some simple (K,PO, . 3 
H,O) and condensed (Na,P,O,,, Na,P,O,) phosphates towards K,Cr,O, at 
a temperature near its melting point. 

EXPERIMENTAL 

The preparation of the reacting mixtures at equimolar ratios, thermal 
treatment and isolation of the insoluble parts were the same as reported 
previously [6]. The isolated green phase in the K,Cr,O,-Na,P,O,, system 
was crystalline, whereas the crystallinity of those phases isolated in the other 
two systems, K&r@-K,PO, .3 H,O and K,Cr,O,-Na,P,O,, was achieved 
by further annealing at 400-420°C for 18 and 256 h, respectively. The three 
crystalline phases were then chemically analysed. A Philips X-ray dif- 
fractometer, and Perkin-Elmer 577 (KBr disc method) and automatic Carl 
Zeiss DMR21IR spectrophotometers were used in the measurements. DTA 
curves were obtained using a Shimadzu apparatus at a heating rate of 10°C 
mini, sensitivity 10 ~JV in. -’ and air flow 30 ml mini. K,Cr,O, (PA) and 
K,PO, . 3 H,O (Purest) were Merck products. Na,P,O,, and Na,P,O, were 
kindly provided by Prof. E. Thilo (Berlin). 

RESULTS AND DISCUSSION 

DTA curves are shown in Fig. 1, and Fig. 2 shows the effect of annealing 
some green products on their corresponding X-ray diffraction patterns. 
Figures 3 and 4 show the electronic and IR vibrational spectra, respectively. 
Table 1 gives the assignments of IR vibrational frequencies. According to 
chemical analyses, the formulae of the isolated green phases in the 
K,Cr,O,-K,PO,. 3 H,O and K&r@-Na,P,O,, systems can be given as 
K,Cr,P,O,, and Na,KCr,P,O,,, respectively. Their elemental analysis is 

1 b 

100 200 300 400 ‘C 

Fig. 1. DTA of (I) Na,P,O, and (II) K&r@-Na,P,O, (1 : 1 molar ratio) at a heating rate 
of 10°C min-‘. 
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Fig. 2. X-ray diffraction patterns of isolated green reaction products in systems 
K,Cr,O,-Na3P309 (I, II, III) and K&r@-K,PO,.3 Hz0 (IV, V) differently heated at 
400-420°C. (I) Unheated, (II) 66 h, (III) 256 h, (IV) unheated, (V) 18 h (curves II-V are 
shifted towards coordinate). 

practically the same as those identified previously in the K,Cr,O,-K,P,O, 
and K&r@-NaPO, systems [6]. On the other hand, chemical analysis of 
the isolated green phase in the K,Cr,O,-Na,P,O, system suggests the 
formula Na,K,Cr,P,O,, (found (%): Na, 12.84; K, 9.77; Cr, 13.8; P, 22.53; 
theor. (%): Na, 12.0; K, 10.00; Cr, 13.0; P, 23.0). 

12 14 16 16 20 22 24.103 cm-‘(+) 

Fig. 3. Electronic absorption spectra of (I) K6CrZP602,, (II) Na,KCr,P,O,, and (III) 
Na,K,Cr,P,O,,. 
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Fig. 4. IR vibrational spectra of (I) K,Cr,(P,O,),, (II) Na,KCr,(PO,), and (III) 

Na,K,Cr,(Pz07)3. 

DTA and effect of annealing on crystallinity 

The measured DTA curve of K&t-,0,-Na,P,O, (Fig. 1, curve II) shows 
two endothermic peaks of different intensities at 280 and 365°C together 
with two broad exothermic peaks of weak intensity at 300-345 and 390°C. 
The first strong endothermic peak at 280°C may be attributed to a dissocia- 
tion process of K,Cr,O, with evolution of oxygen, probably in the following 
manner 

K ,Cr,O, -+ K 2O .2 CrO, +K,O~Cr,O,+lSO,~ 

The actively formed Cr,O, reacts simultaneously with the Na,P,O, present 
leading to an intermediate Cr(III)-phosphate compound, the formation of 
which is accompanied by the first exothermic peak at 300-345°C. On raising 
the temperature, the assumed intermediate compound undergoes a second 
dissociation process which is illustrated by the second endothermic peak at 
365°C. 

The last exothermic peak at 390°C could be related to the formation of a 
Cr(III)-phosphate phase which seems to be stable under the present experi- 
mental conditions. This general thermal behaviour of K,Cr,O, towards 
alkali phosphates concerning its early dissociation at 280°C (K&r@-dis- 
sociation occurs at 2 450°C) and formation of intermediate unstable com- 
pounds is in fair agreement with that already found in the case of the 
K ?Cr,O,-Moo, system [7]. 
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Regarding the crystallinity of the isolated green products, it was found 
that the phase obtained in the Na,P,O,,(II) system was crystalline, whereas 
those in the K,PO,. 3 H,O(I) and Na,P,O,(III) systems were amorphous. 
On further annealing of the amorphous phases for different periods at 
400-420°C their crystallization was achieved (Fig. 2). It is, however, 
remarkable that in the case of the Na,P,O,(III) system, the crystallinity of 
the green product was reached after a relatively long time (256 h) in 
comparison to that in the case of the K,PO, . 3 H,O(I) system. 

The different structures of K,PO, * 3 H,O(isolated) and Na,P,O,(ring) 
could be the cause of such an obvious difference in heating periods since the 
ring structure might undergo an additional cleavage process. Moreover, a 
slight difference can be observed between the X-ray diffraction patterns of 
the Na,K,Cr,P,O,, and K,Cr,P,O,, crystalline phases (Fig. 2, curves III 
and V, respectively) which could be related to a probable difference in their 
crystal structure. 

Electronic absorption spectra 

The spectra (Fi,. 0 3) show two strong spin-allowed absorption bands with 
their maxima centred at 15500-15900 (I) and 21800-21900 cm-’ (II) 
which are characteristic of Cr(II1) in an octahedral coordination. The two 
bands are assignable to: 4A2g +47& (I) and 4A2g +4Tig (II) within the 
energy level diagram of Cr3+ (3d3). 

Moreover, a shoulder appears at 15 000 f 250 cm-’ on the descending 
branch of the low-frequency band towards the IR region. This result suggests 
that Cr(V1) as starting valency undergoes a reduction process under the loss 
of oxygen, in agreement with previous similar reactions [6,7]. The value of 
the ligand field energy, A (band I), is lower than that of the Cr(III)-aquo 
complex (A = 17200 cm-‘) [8] by about 7.65-10%. 

The remarkably low value of A can be attributed to a contracting 
polarisation effect of P(V) and, hence, a weakness of the Cr-0 bond 
strength, in agreement with results previously reported on many P(V)-con- 
taining compounds [6,9,10]. The calculated values of the nephelauxetic ratio, 
p (B/B,), for the three phases lie between 0.66 and 0.77 indicating that the 
Cr-0 bond is of covalent character. However, r-bonding contributions 
increase with increasing p. 

IR spectra 

The present IR vibrational frequencies (Table 1, Fig. 4) are assigned on 
the basis of previous results on alkali ortho-, pyro- and poly Cr(II1) phos- 
phates [6,11,13]. It can generally be seen that two types of structural units, 
(P207)4- and (P04)3-, are present. According to this characterization, the 
isolated phases in tripoly-, ortho- and trimetaphosphate systems can be 
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safely formulated as Na,KCr,(PO,),, K,Cr,(P,O,), and Na,K,Cr,(P,O,),, 
respectively. From the symmetry point of view, it is known that tetrahedrally 
free (P0,)3- ions with Td site-symmetry have only two IR-active bands 

VW3 and ~)l. 
On lowering the site-symmetry of the free ions in crystals, the spectra will 

show more bands due to splitting of degenerate vibrations and partial 
removal of v1 and v2 (A, and E modes) prohibition. In fact, there is an 
increase in the number of IR vibrational frequencies (Table l), which may be 
attributed to such a lowering of site-symmetry. 

This conclusion is in fair agreement with many results reported earlier 
[12,14]. Moreover, a splitting of some P-O vibrations and hence some more 
bands are observed on partial substitution of K+ by Na+ ions in the 
K,Cr,(P,O,), phase (Table 1 and Fig. 4). Apart from the correlated P-O 
frequencies of PO, and P-O-P groups, the spectra show additional bands in 
the regions of O--P-O, P-O-P and symmetrical PO, bending vibrations 
(Table 1). Such bands may be related to the bending of metal-oxygen bonds 
and Cr-0 stretching vibrations. Steger and Leukroth [15] assigned frequen- 
cies in the region of 402 and 425 cm-’ to metal-oxygen bending vibrations 
in cubic diphosphates, whereas the range 44-525 cm-’ was ascribed to 
Cr-0 stretching vibrations [16]. However, some relatively strong bands 
appear in the spectra at 392, 410 and 485 (Na,KCr,(PO,),), 335, 468 
(K,Cr,(P,O,),) and 370, 390, 408, 485 cm-’ (Na,K,Cr,(P,O,),). The 
increase in intensity may be due to the coupling of some Cr-0 vibrations 
with those of P-O-P bending and symmetrical PO, vibrations in (P207)4- 
groups, O-P-O bending in (P04)3- units (E mode) and metal-oxygen 
bending vibrations. 

The IR range assigned to Cr-0 stretching vibrations in the present work 
lies below v = 520 cm-‘, which is different from that of connected CrO, 
octahedra in known structures such as Cr,O, and MgCr,O,. The IR range 
440-680 cm-’ was found to be specific to Cr(III) in both the above-men- 
tioned structures [17,18], whereas McDevitt and Baun [19] reported another 
IR range (407-625 cm-‘) for Cr,O,. The absence of any higher frequencies 
which could be related to Cr-0 stretching vibrations may suggest that 
CrO,-octahedra are isolated in the phases under investigation, in analogy 
with Z-O,-octahedra in a similarly known NaZr,P,O,, compound [20]. 
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