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Reassessment of vibration spectra
in alkaline earth metaphosphate crystals
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The Raman and infrared (IR) spectra for the alkaline earth metaphosphate crystals with chains were assessed by
density functional theory (DFT) calculations. The assignments of peaks of the DFT calculated Raman and IR
spectra were consistent with reported assignments of phosphate crystals and glasses except for the assignment of
the peaks around 1100 cm¹1 of the calculated IR spectra. Peaks around 1100 cm¹1 of IR spectra for phosphate
crystals and glasses have been assigned to asymmetric stretching vibrations of bonds between phosphorus atoms
and non-bridging oxygens (NBO) of Q1 units. However, the calculated IR spectra showed that symmetric
stretching vibrations of PNBO bonds and asymmetric stretching vibrations of POP bonds of Q2 units also
result in peaks around 1100 cm¹1. In addition, the calculated Raman spectra showed a strong correlation
between cation field strength and the Raman shift of intense peaks assigned to symmetric stretching vibrations of
PNBO bonds of Q2 units.
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1. Introduction

Phosphate glasses have been studied for a wide range of
applications such as alkaline earth phosphate glasses for
bioactive materials and rare-earth ion host materials for
laser.1)4) Phosphate glasses are composed of PO4 tetra-
hedral units, which are called Qn units depending on the
number of bridging oxygen atoms n (n = 03). Q2 units
form POP chains and rings by linking each other with
two covalent bonds. Metaphosphate glasses are mainly
composed of Q2 units, but also contain Q1 units.5)9) Struc-
tures of phosphate glasses were investigated by analyzing
NMR, Raman, and infrared (IR) spectra.5)9) The relation-
ships between structure and peak wavenumbers of IR
spectra of phosphate crystals were used for peak assign-
ments of IR spectra for phosphate glasses.10),11) Peaks
around 1100 cm¹1 of IR spectra for phosphate crystals
and glasses have been assigned to asymmetric stretching
vibrations of bonds between phosphorus atoms and non-
bridging oxygens (NBO) of Q1 units [¯as(PO3

2¹)].6)10)

Recently, we have reported that calculated IR spectra
of alkali metaphosphate crystals with chains composed of
Q2 units (i.e., LiPO3, NaPO3, and KPO3) and pyrophos-
phate crystal composed of Q1 units (i.e., Na4P2O7) showed
that the peaks around 1100 cm¹1 result from not only

¯as(PO3
2¹) but also symmetric stretching vibrations of P

NBO bonds [¯s(PO2
¹)] and asymmetric stretching vibra-

tions of POP bonds [¯as(POP)] of Q2 units.12)

In this study, we have then investigated vibration modes
of alkaline earth metaphosphate crystals with chains [i.e.,
Ca(PO3)2, Sr(PO3)2, and Ba(PO3)2] by density functional
theory (DFT) calculations of Raman and IR spectra to
verify the interpretations of peak assignments reported in
previous studies. In addition, the structural key factors
which have a significant effect on compositional depend-
ence of Raman shift were investigated.

2. Experimental

Calculations of plane wave DFT of 50CaO50P2O5 [in
mol%, Ca(PO3)2], 50SrO50P2O5 [in mol%, Sr(PO3)2],
and 50BaO50P2O5 [in mol%, Ba(PO3)2] metaphosphate
crystals with chains were performed using the Quan-
tum ESPRESSO (Ver. 6.6) package.13),14) The exchange
correlation functional of the local density approximation
was used. Pseudopotentials were norm-conserving scalar
relativistic types. The pseudopotentials are listed in the
pseudopotential table at http://www.pseudo-dojo.org.15),16)

The plane-wave energy cutoffs for the wave functions
(ecutwfc) and the charge density (ecutrho) were set at 150
Rydberg and 600 Rydberg (4 © ecutwfc), respectively.
The k-point mesh was 2 © 2 © 2. A structure relaxation
including optimization of the lattice parameters and the
atomic positions in a cell with keeping the Bravais lattice
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of experimental crystals17)19) was carried out. Figure 1
shows a relaxed structure of Sr(PO3)2 crystal with chains.18)

Raman and IR spectra were calculated using the relaxed
structures. Deviations of lattice parameters between the
experimental and relaxed structures were equal to or less
than 2.2% as shown in Table 1. The calculated spectra
were analyzed using Winmostar Ver. 10.5.4 software (X-
Ability Co., Ltd., Japan).

3. Results and discussion

Figure 2 shows the calculated Raman and IR spectra
for the alkaline earth metaphosphate crystals with chains.
The assignment of peaks of the calculated spectra is listed
in Table 2.

Three or four peaks were observed in the Raman spectra
of the alkaline earth metaphosphate crystals. The peaks
around 680 cm¹1 were assigned to symmetric stretching
vibrations of POP bonds [¯s(POP)]. The peaks
around 1150 cm¹1 were assigned to symmetric stretching
vibrations of PNBO bonds of Q2 units [¯s(PO2

¹)]. The
peaks in the range 12201280 cm¹1 were assigned to
asymmetric stretching vibrations of PNBO bonds of Q2

units [¯as(PO2
¹)].

Seven or Nine peaks were observed in the IR spectra of
the alkaline earth metaphosphate crystals. The peaks in the
range 668784 cm¹1 were assigned to symmetric stretch-
ing vibrations of POP bonds [¯s(POP)]. The peaks
in the range 860936 cm¹1 were assigned to asymmetric
stretching vibrations of POP bonds [¯as(POP)]. The
peaks in the range 10051107 cm¹1 were assigned to sym-
metric stretching vibrations of PNBO bonds [¯s(PO2

¹)]
and asymmetric stretching vibrations of POP bonds
[¯as(POP)]. The peaks in the range 11931299 cm¹1

were assigned to asymmetric stretching vibrations of P
NBO bonds of Q2 units [¯as(PO2

¹)].
Reported peak assignment of Raman and IR spectra for

phosphate crystals and glasses, and peak assignment of
calculated Raman and IR spectra for alkali metaphosphate
crystals with chains in our previous study are also listed in

Fig. 1. Structure of Sr(PO3)2 metaphosphate crystal with
chains.18)

Table 1. Lattice parameters of experimental17)19) and relaxed
structures of Ca(PO3)2, Sr(PO3)2, and Ba(PO3)2 metaphosphate
crystals with chains

Crystal
Lattice

parameters
Experimental
structure

Relaxed
structure

Deviation
(%)

Ca(PO3)2 a (¡) 16.960 16.703 ¹1.5
b (¡) 7.714 7.620 ¹1.2
c (¡) 6.996 6.847 ¹2.1
¡ (°) 90.000 90.000 0.0
¢ (°) 90.394 90.316 ¹0.1
£ (°) 90.000 90.000 0.0

Sr(PO3)2 a (¡) 4.498 4.432 ¹1.5
b (¡) 10.911 10.672 ¹2.2
c (¡) 10.375 10.233 ¹1.4
¡ (°) 90.000 90.000 0.0
¢ (°) 91.560 91.836 0.3
£ (°) 90.000 90.000 0.0

Ba(PO3)2 a (¡) 4.498 4.438 ¹1.3
b (¡) 8.338 8.170 ¹2.0
c (¡) 13.391 13.096 ¹2.2
¡ (°) 90.000 90.000 0.0
¢ (°) 90.000 90.000 0.0
£ (°) 90.000 90.000 0.0

Fig. 2. Calculated (a) Raman and (b) IR spectra of Ca(PO3)2, Sr(PO3)2, and Ba(PO3)2 metaphosphate crystals
with chains.
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Table 2.6)10),12) The peak assignments of the calculated
Raman and IR spectra for the alkaline earth metaphosphate
crystals were consistent with reported peak assignments
for phosphate crystals and glasses except for the assign-
ment of the peaks around 1100 cm¹1 of the calculated IR
spectra.

The peaks around 1100 cm¹1 of the calculated IR spec-
tra for the alkaline earth metaphosphate crystals were
assigned to ¯s(PO2

¹) and ¯as(POP) in this study. The
peak assignments for the alkaline earth metaphosphate
crystals with chains in this study were the same as those
for the alkali metaphosphate crystals with chains in our
previous study.

Table 3 shows the Raman shift of intense peaks of the
calculated Raman spectra, bond length, and bond angle for
the alkaline earth metaphosphate crystals. A clear corre-
lation between the Raman shift of intense peaks around
680 cm¹1 and crystal structure, i.e. average length of P

BO bond and the average angle of PBOP bond was not
observed (BO is bridging oxygen). On the other hand, the
Raman shift of intense peaks around 1150 cm¹1 decreased
with increasing average length of MNBO bond (M is
alkaline earth cation). Field strength (F ) of a cation is
defined by the following equation:

F ¼ Zcation

ðrcation þ roxygenÞ2

where Zcation is the valence of cation, and rcation and roxygen,
respectively, are ionic radii of cation and oxygen ions in ¡
unit.20) Figure 3 shows the relationship between Raman
shift of intense peak around 1150 cm¹1 and field strength
for the alkaline earth metaphosphate crystals. The field
strength was calculated by using Zcation = 2 and the aver-
age length of MNBO bond shown in Table 3, which is

Table 2. Peak assignment of calculated Raman and IR spectra for Ca(PO3)2, Sr(PO3)2, and Ba(PO3)2 metaphosphate crystals with chains,
and peak assignment of calculated Raman and IR spectra for 50Li2O50P2O5 (in mol%, LiPO3), 50Na2O50P2O5 (in mol%, NaPO3),
and 50K2O50P2O5 (in mol%, KPO3) metaphosphate crystals with chains,12) and reported peak assignment of Raman and IR spectra of
phosphate crystals and glasses.6)10) ¯s and ¯as in the assignment are symmetric and asymmetric stretching vibrations, respectively

Ca(PO3)2 crystal
with chain

Sr(PO3)2 crystal
with chain

Ba(PO3)2 crystal
with chain

LiPO3, NaPO3, KPO3 crystals
with chain12)

Phosphate glasses and crystals6)10)

Raman
(cm¹1)

IR
(cm¹1)

Raman
(cm¹1)

IR
(cm¹1)

Raman
(cm¹1)

IR
(cm¹1)

Raman
(cm¹1)

IR
(cm¹1)

Assignment Raman
(cm¹1)

IR
(cm¹1)

Assignment

673 734 692 689 678 668 674 676 ¯s(POP),
Q2 units

635 650 ¯s(POP),
Q2 units784 775 764 ¹686 ¹725 ¹835 ¹850

764
¹791

936 869 860 881 ¯as(POP),
Q2 units

850 ¯as(POP),
Q2 units¹929 ¹1055

1011
¹1032

1050 1011 1005 1099 ¯s(PO2
¹) and

¯as(POP),
Q2 units

Not
reported

Not
reported

Not
Reported1107 1052 1074 ¹1125

1107

1160 1154 1137 1145 1165 1148 ¯s(PO2
¹),

Q2 units
1134 1134 ¯s(PO2

¹),
Q2 units¹1184 ¹1174 ¹1245 ¹1245

1220 1193 1254 1236 1268 1227 1273 1284 ¯as(PO2
¹),

Q2 units
1167 1194 ¯as(PO2

¹),
Q2 units1238 1280 1299 1293 ¹1335 ¹1319 ¹1286 ¹1293

Table 3. Raman shift of intense peaks of calculated Raman
spectra, average bond length, and average bond angle for
Ca(PO3)2, Sr(PO3)2, and Ba(PO3)2 metaphosphate crystals

Crystal Ca(PO3)2 Sr(PO3)2 Ba(PO3)2

Raman shift of
intense peaks (cm¹1)

673 692 678
1160 1154 1145

Average length of
PBO bond (¡)

1.581 1.602 1.606

Average angle of
PBOP bond (°)

138.0 125.7 127.5

Average length of
PNBO bond (¡)

1.485 1.480 1.480

Average length of
MNBO bond (¡)

2.412 2.557 2.827

Average angle of
NBOPNBO bond (°)

117.5 120.3 119.5 Fig. 3. Relationship between Raman shift of intense peaks of
calculated Raman spectra around 1150 cm¹1 and field strength
(F ) for Ca(PO3)2, Sr(PO3)2, and Ba(PO3)2 metaphosphate crystals
with chains. Dash line is a regression line. R2 is the determination
coefficient.
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equal to rcation + roxygen. The Raman shift of intense peaks
around 1150 cm¹1 increased with increasing field strength.
Linear relationship and a strong correlation between the
field strength and the Raman shift of intense peaks around
1150 cm¹1 was observed because determination coefficient
(R2) was 1.00. Since chains in alkaline earth metaphos-
phate crystals are connected by cross-link of alkaline earth
cations, the larger Raman shift of intense peak of calcu-
lated Raman spectra around 1150 cm¹1 for Ca(PO3)2 crys-
tal compared to Sr(PO3)2 and Ba(PO3)2 crystals reflects
stronger cross-link between chains for Ca(PO3)2 crystal
compared to Sr(PO3)2 and Ba(PO3)2 crystals.

4. Conclusions

The Raman and IR spectra for Ca(PO3)2, Sr(PO3)2, and
Ba(PO3)2 metaphosphate crystals with chains were as-
sessed by DFT calculations. The assignments of peaks of
the calculated Raman and IR spectra were consistent with
reported assignments of phosphate crystals and glasses
except for the assignment of the peaks around 1100 cm¹1

of the calculated IR spectra. Peaks around 1100 cm¹1 of
IR spectra for phosphate crystals and glasses have been
assigned to asymmetric stretching vibrations of PNBO
bonds of Q1 units. However, the calculated IR spectra
showed that symmetric stretching vibrations of PNBO
bonds and asymmetric stretching vibrations of POP
bonds of Q2 units also result in peaks around 1100 cm¹1.

The peak assignments for the alkaline earth metaphos-
phate crystals with chains in this study were the same as
those for the alkali metaphosphate crystals with chains
in our previous study. In addition, the calculated Raman
spectra showed a linear relationship and strong correlation
between cation field strength and the Raman shift of intense
peaks assigned to symmetric stretching vibrations of P
NBO bonds of Q2 units. The larger Raman shift of cal-
culated Raman spectra around 1150 cm¹1 for Ca(PO3)2
crystal compared to Sr(PO3)2 and Ba(PO3)2 crystals reflects
stronger cross-link between chains for Ca(PO3)2 crystal
compared to Sr(PO3)2 and Ba(PO3)2 crystals.
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