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Synopsis. The P Ka emission spectra of several phos-
horus compounds and phosphate glasses were examined.
The P Ka energies decrease with an increase in the basicities of
the matrices. The results also suggest that in order to inter-
prete the chemical shift one must take into account the effects
due to changes in the short range structure around the phos-
phorus atom in the POy tetrahedron.

The present note reports an extension of our earlier
studies concerning the X-ray fluorescence spectroscopy
of inorganic glasses. Phosphorus is one of the most
important constituents of oxide glasses and slags. How-
ever, in contrast with silicates, there have been few
spectroscopic studies of the chemical state of phospho-
rus in phosphates. As to the X-ray spectroscopy, Fichter
reported the Ka energies of phosphorus in various com-
pound.? Although he found a relation between the
effective charges on phosphorus and the P Ka energies,
no chemical shifts of the PKa energy among phos-
phates were observed. In this work, the P Ka energy
shifts are obtained for several phosphate glasses and
crystals. The results are discussed in connection with
the effective positive charges on phosphorus and the
basicity of the glasses.

Experimental

Apparatus. The PKe from crystals and glasses were
measured by means of a high resolution 2-crystal spectrom-
eter (Toshiba AFV 701). The analyzing crystals were ADP. A
Cr X-ray tube was used for the primary excitation. Pulses
from a gas-flow proportional counter were stored in a multi-
channel analyzer. The other details including the procedure
for determining the chemical shifts were described in previous
papers.2—49

Samples. The glassy samples were prepared by melt-
ing desired quantities of commercial NaHzPO4-2H20, P20s,
H3BO3, and NazCOs in a platinum crucible and then pouring
them onto a stainless steel plate. The sodium ion concentra-
tion in glasses with a high P20s content was determined by
the ion-selective electrode method. SiP207 and BPO4 were
synthesized by direct reactions of phosphoric acid with silica
or boric acid. The other anhydrous phosphates were obtained
by the dehydration of commercial reagents in an electric
furnace. All the crystalline samples were examined by means
of an X-ray diffraction method.

Results and Discussion

In Table 1 are compiled the results of the P Ka energy
shifts of phosphates (crystals and glasses) referred to
that of NaPOs glass. In contrast to the results of the
previous author,? it could be detected that the PKa
energy depends on the kind and the content of the metal
ion, even among phosphates. This behavior may
become clearer when looking at the relation between
the energy shifts of the glassy samples and their compo-

sition. In Fig. 1 the composition dependence of the
PKa energy of Na20-P20s5 and Na20-P205-B20s
glasses is shown. In the binary glasses, the P Ka energy
decreases with an increase in the Na20 contents, which
is consistent with the previous results for Si Ka.? The
addition of B203 to NaPOs glass results in smaller shifts
than in binary glasses.

It has been shown that the Ka energies of the third
period elements increase with an increase in the partial
positive charges on the corresponding elements.y
Therefore, the P Ka energy reflects the degree of polarity
of the phosphorus-oxygen bond in the POj tetrahed-
ron. Around an one-to-one mole ratio of NazO to P20s,
i.e., NaPQOs, phosphate changes its form with an
increase in the Naz0O contant as follows:

PO, ; — PO; — POZ;.

Because of the rather strong acidic character of P2Os,

TaBLE 1. PHOSPHORUS Koo CHEMICAL SHIFTS OF PHOSPHATES
AE=E(Sample) — E(NaPO,)
Sample AE/eV
Crystals
1 SiP,0O, 0.079+0.007> [10]®
2 AIPO, 0.079+0.005 [10]
3 Mg,P,0, 0.054+0.007 [10]
4 BPO, 0.048+0.007 [10]
5 FePO, 0.040+0.007 [10]
6 Zn,(PO,), 0.016+0.004 [ 7]
7 Mg,y(POy), 0.010+0.005 [ 9]
8 Li,PO, 0.007+0.005 [10]
9 KH,PO, —0.007+0.009 [11]
10 Ca,y(PO,), —0.008+0.009 [10]
11 Na;PO, —0.009+0.005 [ 9]
12 K,PO, —0.010+0.004 [13]
13 K,HPO, —0.022+0.004 [ 7]
14 Na,P,O, —0.027+0.005 [ 7]
Glasses
Na,O(mol9%,) P,0; B,O,
20.0 80.0 — 0.027+0.004 [ 7]
40.0 60.0 — 0.016+0.007 [10]
50.0 50.0 — 0.0 (reference)
55.0 45.0 — —0.0054+0.004 [ 9]
60.0 40.0 — —0.002+0.004 [ 9]
8.3 8.3 83.3 0.03440.006 [11]
20.0 20.0 60.0 0.022+0.005 [ 8]
25.0 25.0 50.0 0.01140.004 [12]
33.3 33.3 33.3 0.009+0.004 [10]
45.5 45.5 9.1 0.004+0.006 [10]

a) Error limit; t-distribution 959, certainty. b) Number

of measurements.
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Fig. 1. Composition dependence of P Ka energy shifts
of Na,O-P,0; (O) and Na,O-P,0;-B,O; ([]) glasses.
The reference material is NaPO; (+).

this sequential transformation is sensitive to the com-
position, especially at the equivalent points. This
transformation naturally leads to the changes in the
effective charge on the phosphorus atom. The effect of
the B2Os addition, therefore, is understandable, though
B20s is a weak acid compared with P305.® Figure 2
shows the dependence of the P Ka energy shifts on the
theoretical optical basicity, as defined by Duffy and
Ingram.” The P Ka energy increases with a decrease in
the optical basicities. However, the P Ka energy shifts
are larger in the Si and Al phosphates than in alkali
phosphates, even with the same optical basicity.

The addition of alkali or alkaline earth metal oxides
to a pure P20s causes the breakage of a P-O-P bond,
giving rise to a non-bridging oxygen ion, accompanied
by adjacent metal ions as charge compensators. In this
case, the isostructural picture with the corresponding
silicate can be expected. If more electronegative ele-
ments, such as silicon or aluminium, are located, they
will form a linkage such as -P-O-Si-O- at the expence
of the P=O double bond. The electrons which have
been localized on a POy tetrahedron as a double bond
with oxygen then diffuse to adjacent polyhedra (SiO¢in
the above case). In other words, the effective positive
charge on phosphorus should increase much more than
would be expected from the average electronegativity or
theoretical optical basicity. The K« energy increases in

Fig. 2. The relation between P Ko energy shifts and
theoretical optical basicities of Na,O-P,O; (O), Na,O-
P,0,-B,0O,; () and phosphates (@). The reference
material is NaPQO; (+). Numbers indicated in the
figure correspond to the compounds in Table 1.

proportion to the increased positive charges on the
phosphorus atom. A further quantitative discussion
will be made after measuring the P Ka spectra, which
give direct information about the chemical bond in
phosphates.
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