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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Raman spectra and X-ray diffraction 
patterns of MgP2O6 were collected up to 
1073 K. 

• No temperature-induced phase transi
tion occurs for MgP2O6. 

• The effect of temperature on the Raman 
active vibrations of MgP2O6 was 
analyzed. 

• The thermal expansion coefficients and 
isobaric mode Grüneisen parameters of 
MgP2O6 were determined.  
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A B S T R A C T   

The Raman spectra and thermal expansion of MgP2O6 metaphosphate were investigated at various temperatures 
up to 1073 K at ambient pressure. No temperature-induced phase transition was observed in this study. The effect 
of temperature on the Raman active vibrations and unit cell parameters was determined. All the observed Raman 
active bands of MgP2O6 showed linear temperature dependences in the range of − 2.61 × 10− 2 ~ − 0.49 × 10− 2 

cm− 1 K− 1. The thermal expansion coefficient of MgP2O6 was estimated to be 3.21(2) × 10− 5 K− 1. An axial 
anisotropic thermal expansion exists and the c-axis shows the smallest thermal expansion. The isobaric mode 
Grüneisen parameters of MgP2O6 were calculated. The obtained results were compared with other compounds in 
the MgO-P2O5 system.   

1. Introduction 

The metaphosphates with the chemical formula of AP2O6 (A =
divalent cation) contain a number of compounds. Due to their potential 
technical and material applications, such as luminescence, dielectric, 

biomaterial, and catalysis, metaphosphates have been intensively 
investigated [1–10]. Mainly there are three kinds of crystal structures for 
AP2O6 metaphosphates with different divalent cations, including 
monoclinic CuP2O6-type (space group: C2/c, e.g., A =Mg, Cu, Ni, Co, Fe, 
Mn) and CaP2O6-type (space group: P21/c, e.g., A = Ca, Sr, Ba, Pb), and 
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orthorhombic CdP2O6-type (space group: Pbca, e.g., A = Cd, Hg) [11]. 
Additionally, a high- temperature form of CdP2O6 also belongs to the 
orthorhombic structure (space group: P212121) [11]. 

Magnesium metaphosphate, MgP2O6, is one of the four compounds 
in MgO-P2O5 binary system [12–13]. The crystal structure of monoclinic 
MgP2O6 was determined in previous studies [14–15], as shown in Fig. 1. 
In MgP2O6 two kinds of Mg with six-fold coordination exist and slightly 
disordered MgO6 octahedra in the interlayer space share edges, and two 
kinds of P with four-fold coordination form corner-sharing PO4 tetra
hedra, which are linked together in a ring to form P4O12

4− anions by P-O-P 
bridges [15]. The three-dimensional framework of MgP2O6 is con
structed by P4O12

4− anionic groups connected via MgO6 octahedra. 
In previous studies [2,16–21], the melting points of MgP2O6 were 

reported around 1438 K by differential thermal analysis and quenching 
experiments, and no temperature-induced phase transition was 
observed. However, there is little information about the vibrational and 
thermal expansion properties of MgP2O6 at various temperatures. 

In MgO-P2O5 binary system, there are four compounds including 
Mg3(PO4)2, Mg2P2O7, MgP2O6 and MgP4O11 [12–13]. In our previous 
studies, the thermal expansions and temperature-dependent Raman 
spectra of Mg3(PO4)2 and Mg2P2O7 have been investigated [22–23]. In 
this study, by using Raman spectroscopic and in-situ X-ray diffraction 
(XRD) measurements, the Raman spectra and thermal expansion of 
MgP2O6 were investigated up to 1073 K at ambient pressure. The effects 
of temperature on Raman active modes and the lattice parameters of 
MgP2O6 were quantitatively analyzed. Additionally, the thermal 
behavior of MgP2O6 was compared with other compounds in the MgO- 
P2O5 system. 

2. Experimental 

A pure MgP2O6 sample was synthesized by a conventional solid-state 
chemical reaction at 1273 K for 72 h using proportional high pure MgO 
and NH4H2PO4 reagents (99.99% in mass fraction) purchased from 
Shanghai Aladdin Biochemical Technology Co., Ltd, China. The syn
thetic MgP2O6 was characterized by powder X-ray diffraction and 
confirmed as a single phase. 

Raman spectra of MgP2O6 at temperatures up to 1073 K and ambient 
pressure were collected by a Horiba LabRam HR Evolution Raman 
spectrometer equipped with an 1800 gr/mm grating. The procedure was 
same as our previous studies [22–24]. A pulsed YAG: Nd3+ laser beam 

with 532-nm wavelength and 100-mW power was adopted as an exci
tation source. Through a 100× objective lens, the spot of Raman scat
tering light on the sample surface was about 1 µm2. A thin small piece of 
MgP2O6 was put on a sapphire window which was placed into an 
alumina chamber in a Linkam TS 1500 high temperature stage for 
heating. An S-type thermocouple was used to measure the temperatures 
which were completely automatically and programmatically controlled 
to change and maintain any desired temperature. For thermal equilib
rium in measurements, each Raman spectrum was recorded after 
keeping at the desired temperature for at least 5 min. The Raman shift 
was calibrated by plasma and neon emission lines with an accuracy of 
±1 cm− 1. The accumulation time for each spectrum was 30 s, and the 
obtained spectrum was the average of three measurements. The Raman 
spectra were analyzed using the PeakFit program (SPSS Inc., Chicago) to 
obtain a reasonable approximation. 

High-temperature in-situ powder X-ray diffraction experiments were 
carried out from room temperature to 1073 K at the BL14B1 beam line of 
Shanghai Synchrotron Radiation Facility (SSRF) [25]. The method was 
same as our previous studies [22–23]. The synthetic MgP2O6 powder 
was loaded into a fused quartz capillary (inner diameter of 0.5-mm) 
which was centered at a custom-made furnace for heating and the 
temperature was measured by a K-type thermocouple. The wavelength 
of the X-ray beam (beam size = 180 × 200 µm2) with an energy of 18 
keV was calibrated by the LaB6 standard from NIST (660b). In-situ XRD 
patterns were collected using a Mythen 1 K linear detector in Debye- 
Sherrer mode [26]. For thermal equilibration, each temperature was 
kept for about 5 min before measuring. The lattice parameters of 
MgP2O6 at different temperatures were obtained by using the full 
profile-fitting technique in EXPGUI/GSAS [27–28]. 

3. Results and discussion 

As mentioned above, the crystal structure of monoclinic MgP2O6 is in 
the space group of C2/c with Z = 4. According to the factor group 
analysis [29], the Raman active modes of MgP2O6 are as following: 

Γ = 25Ag + 26Bg. 
Therefore, totally 51 Raman active modes MgP2O6 are predicted. 

However, due of the overlapping and/or low intensity of some Raman 
active modes, the number of observed Raman peaks is less than the 
expected. 

As shown in Fig. 2, 29 bands can be distinguished in the Raman 
spectrum collected at ambient conditions, which is consistent with the 
previous study [30]. According to previous studies [10,30], the Raman 
active modes can be ascribed to the vibrations of the P4O12

4− anionic 
groups involving P-O-P and = PO2. As listed in Table 1, the observed 
Raman vibrations of MgP2O6 were assigned based on previous reports 
[10,30]. It is noted that the vibrations of MgP2O6 are more complicated 
than those of Mg2P2O7 involving P2O7

4− anions and Mg3(PO4)2 involving 
PO4

3− anions. It is known that the crystal structure is an important factor 
for the observed Raman bands of a material, even if the involving ele
ments are the same but in different arrangement. The compounds in 
MgO-P2O5 system contain basic Mg-O polyhedra and PO4 tetrahedra 
with different arrangements. MgP2O6 is monoclinic with space group of 
C2/c where corner-sharing PO4 tetrahedra form P4O12

4− anions by P-O-P 
bridges and connect via MgO6 octahedra [15]. α- and β-Mg2P2O7 are 
monoclinic with different space groups of P21/c and C2/m [31–32]. In 
α-Mg2P2O7 the [P2O7]4− groups lie between edge-sharing MgO5 and 
MgO6 polyhedral sheets parallel to the ab plane [31]. In β-Mg2P2O7 the 
[P2O7]4− groups linearly lie between the MgO6 octahedral sheets [32]. 
There is a difference for the [P2O7]4− anion in α- and β-Mg2P2O7 since 
the P-O-P bond angle is 144◦ in α-Mg2P2O7 [31] but 180◦ in β-Mg2P2O7 
[32]. Mg3(PO4)2-I and Mg3(PO4)2-II are monoclinic with space group of 
P21/n, where PO4

3− anions in Mg3(PO4)2-I are linked by an identical 
layer consisting MgO5 polyhedra and MgO6 polyhedra, while PO4

3− an
ions in Mg3(PO4)2-II are linked by two inequivalent layers consisting two 
consistent MgO6 polyhedra and stacking along the b-axis [33–34]. 

Fig. 1. The crystal structure of MgP2O6. The red balls represent oxygen. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Mg3(PO4)2-III is triclinic with space group of P-1 consisting of four 
inequivalent PO4

3− anions linked by sharing corners and edges to dis
torted MgO4, MgO5 and MgO6 polyhedra [35]. 

3.1. Temperature-dependent Raman spectra of MgP2O6 

The Raman spectra of MgP2O6 at various temperatures were shown 
in Fig. 2. Most Raman peaks can be distinguished even at high tem
peratures. It is clear that the Raman active vibrations shift to lower 
frequency regions during heating. It is logical since the bond length 
becomes larger with heating, indicating weaker bond, i.e., small force 
constant, and consequent lower vibrational frequency according to 

Hooke’s law. No new Raman peak appears during heating to 1073 K 
though one or two peaks become undistinguished at high temperatures 
due to the overlapping or low intensity, indicating no phase transition. 
As mentioned above, the melting temperature is about 1438 K, which is 
higher than 1073 K. Therefore, no melting behavior can be observed in 
this study. 

The variations of Raman shift of vibrations at different temperatures 
for MgP2O6 were plotted in Fig. 3. The constants derived by linear re
gressions were listed in Table 1. The temperature coefficients (bi) of 
vibrations in MgP2O6 are negative and vary from − 2.66 to − 0.38 × 10− 2 

cm− 1 K− 1. Generally, the stretching vibrations of MgP2O6 (including 
vas(PO2), vs(PO2), vas(POP) and vs(POP)) show larger absolute 

Table 1 
Constants determined in vi = v0 + bi T of MgP2O6 at ambient pressure.  

vi0 and v297 is in cm− 1, T in K, the constants bi and bi/vi0 have the corresponding units. R2 is the correlation coefficient. 
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temperature-dependence, whereas the PO2 and P-O-P bending modes 
show smaller absolute temperature-dependence. On the other hand, as 
described in a previous study of Mishra et al. [36], a reduced slope (1/ωi 
∂ωi/∂T, as bi/νi0 in Table 1) representing the normalized value of the 
temperature dependence of mode frequencies can be used to decide the 
sensitivity of Raman modes with temperature. As listed in Table 1, the 
calculated reduced slopes are negative and in the range of − 1.22 ~ 
− 8.53 × 10− 5 K− 1. The PO2 and POP bending modes show larger 
reduced slopes, especially the modes less than 300 cm− 1, than those of 
stretching vibrations. It means that these bending modes are sensitive to 
temperature. 

3.2. Thermal expansion of MgP2O6 

Fig. 4 shows the typical XRD patterns of MgP2O6 from room tem
perature to 1073 K. With heating, the XRD peaks shift to low 2θ region. It 
is reasonable since the d-spacing expands during heating, resulting in 
decreasing θ according to Bragg’s law. Similar to the high-temperature 
Raman spectroscopic study, there is no new appearing X-ray diffrac
tion peak during heating to 1073 K, implying no phase change. As ex
amples, the refinements of XRD patterns collected at room temperature, 
673 K and 1073 K are illustrated in Fig. 5. And the obtained lattice 
parameters of MgP2O6 at various temperatures are listed in Table 2. The 
variations of the unit-cell parameters (a, b, c, V) for MgP2O6 are plotted 
in Fig. 6. 

The thermal expansion coefficient αv = 1/V (∂V/∂T), was defined to 
express the fluctuation of lattice parameters as a function of tempera
ture. If the thermal expansion coefficient αv does not change with tem
perature, integration gives the following expression [37]: 

ln(V/V0) = αv(T − T0)

In the same way, the axial thermal expansion coefficients along the a- 
, b- and c-axis can be obtained by the following expressions: 

ln(a/a0) = αa(T − T0)

ln(b/b0) = αb(T − T0)

ln(c/c0) = αc(T − T0).

Using the lattice parameters listed in Table 2 and the above expres
sions, the thermal expansion coefficients of MgP2O6 are calculated as 
3.21(2) × 10− 5 K− 1, 1.47(2) × 10− 5 K− 1, 1.25(5) × 10− 5 K− 1 and 0.39 
(3) × 10− 5 K− 1 for V, a-, b- and c-axis, respectively, as listed in Table 3. 
Obviously, axial thermal expansion anisotropy exists in MgP2O6 since 
the a- and b-axis show larger thermal expansion coefficients than that of 
the c-axis. It is reasonable since the atomic arrangements along the a- 
and b-axis are looser than those along the c-axis. 

Table 3 also shows the thermal expansion coefficients of other 
compounds in the MgO-P2O5 system. Due to different structures and 
atomic arrangements, these compounds show different bulk and axial 

Fig. 2. Typical Raman spectra of MgP2O6 up to 1073 K at ambient pressure.  
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Fig. 3. Temperature dependence of the Raman active vibrations for MgP2O6 at ambient pressure.  
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thermal expansion behaviors. MgP2O6 contains P4O12
4− anionic groups 

and MgO6 octahedra, β-Mg2P2O7 includes P2O7
4− anionic groups and 

MgO6 octahedra, and Mg3(PO4)2 polymorphs involve PO4
3− anionic 

groups and different Mg-O polyhedra. 

3.3. Isobaric mode Grüneisen parameters 

Based on the temperature-dependent Raman spectra and thermal 
expansion coefficient, the isobaric mode Grüneisen parameters (γiP) of 
MgP2O6 can be calculated by using the following formula [38–39]: 

γiP = −
1
α(

∂lnvi

∂T
)P 

where α is the volume thermal expansion coefficient, as 3.21(2) ×
10− 5 K− 1 obtained in this study. 

The calculated values of γiP for different P4O12
4− vibrational modes of 

MgP2O6 are also listed in Table 1, which are in the range of 0.38–2.66, 
and the averaged isobaric mode Grüneisen parameter is 1.06. It is noted 
that the mode Grüneisen parameter for the low frequency modes 
(100–300 cm− 1) are with high values, as listed in Table 1. Indeed, γiP = - 
bi/vi0/αv.. Therefore, the larger reduced slopes of the low frequency 
modes (100–300 cm− 1) result in higher mode Grüneisen parameters, 
which also mean that these modes are sensitive to temperature. In our 
previous study [23], the γiP for P2O7

4− vibrational modes of β-Mg2P2O7 
are in the range of 0.27–1.86 with an average of 0.77. The γiP for PO4

3−

vibrational modes of Mg3(PO4)2 polymorphs (I, II, III) are 0.35–0.84, 
0.31–0.57, and 0.07–1.33 with averages of 0.54, 0.40, and 0.51, 
respectively [22]. The discrepancy might be contributed to the struc
tural evolution of the PO4 tetrahedra during heating in different anionic 
groups, i.e., P4O12

4− , P2O7
4− and PO4

3− , which is also related to the crystal 
structure (arrangement of atoms) and thermal expansion. 

4. Conclusions 

In this study, the Raman spectra and X-ray diffraction patterns of 

MgP2O6 were measured from room temperature to 1073 K at ambient 
pressure. No temperature-induced phase transformation was observed. 
The Raman shifts of all observed vibrations for MgP2O6 continuously 
and linearly decrease with increasing temperature in the dependences of 
− 2.61 × 10− 2 ~ − 0.49 × 10− 2 cm− 1 K− 1. The thermal expansion co
efficient of MgP2O6 was determined as 3.21(2) × 10− 5 K− 1 and an axial 
anisotropic thermal expansion exists since the thermal expansion co
efficients for a-, b- and c-axis are 1.47(2) × 10− 5 K− 1, 1.25(5) × 10− 5 K− 1 

Fig. 4. Typical XRD patterns of MgP2O6 up to 1073 K at ambient pressure.  

Fig. 5. Refined X-ray diffraction patterns of MgP2O6 collected at room tem
perature, 673 K and 1073 K. Black crosses represent the observed XRD pattern, 
red line, bottom blue curve and red bars are the calculated XRD pattern, the 
difference and peak positions determined by Rietveld analysis. The respective 
Rp, Rwp and χ2 values were also included. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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and 0.39(3) × 10− 5 K− 1, respectively. The isobaric mode Grüneisen 
parameters of MgP2O6 were calculated in the range of 0.38–2.66 with an 
average of 1.06. 
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2.97 
(8) 

Xue et al. 
(2022) 

Mg3(PO4)2-I P21/n 1.04 
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Hu et al. 
(2022) 

Mg3(PO4)2- 
II 
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(1) 
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(1) 
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3.91 
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Hu et al. 
(2022) 

Mg3(PO4)2- 
III 

P-1 1.09 
(1) 
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3.25 
(5) 

Hu et al. 
(2022) 

Standard deviations are in parentheses. 
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