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Abstract: The monohydrogenomonophosphatetrihydrate of magnesium MgHPO4.3H2O was 

reinvestigated by X-ray diffraction, vibrational spectroscopy, nuclear magnetic resonance and 

calculation of the IR frequencies by using isotopic substitutions. MgHPO4.3H2O is orthorhombic, space 

group Pbca with the following unit-cell parameters: a = 10.0133(2) Å, b= 10.2136(1) Å, c =10.6853(2) 

Å, Z = 8 and V = 1092.81(3) Å3. Raman and infrared spectra of MgHPO4.3H2O have been recorded 

and interpreted on the basis of factor group analysis. The occurrence of the four frequencies ν1, v2, v3, 

v4 in the vibrational spectra confirms the existence of the PO4
3− tetrahedron. 

Keywords: structural reinvestigation; Infrared; Raman; Nuclear Magnetic Resonance; isotopic 

substitution; calculated infrared frequencies. 

© 2021 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 

1. Introduction 

Inorganic condensed phosphates and monophosphates are one of the most commonly 

used materials in pure and applied chemistry [1] due to possible applications such as corrosion 

inhibitors [2] and humidity sensors [3]. Among these phosphates, our interest is focused on the 

monophosphates with a general formula MIIHPO4.nH2O with MII = alkaline earth cation and 

transition element. In this paper, we report the synthesis, reinvestigation of the X-ray crystal 

structure and analysis of infrared, Raman, and nuclear magnetic resonance spectra of 

monohydrogenomonophosphatetrihydrate of magnesium MgHPO4.3H2O in order to check the 

structural relationship and the vibrational behavior of these materials within the context of a 

general survey in monophosphate structures [4-6]. 

2. Materials and Methods 

2.1. Chemical preparation. 

Single crystals of MgHPO4.3H2O were prepared by slowly adding dilute phosphoric 

acid, H3PO4, to an aqueous solution of magnesium carbonate, 4MgCO3, Mg(OH)2.5H2O, 

according to the following chemical reaction: 

H3PO4 + 1/5 (4MgCO3,Mg(OH)2.5H2O) + 4/5 H2O  MgHPO4.3H2O + 4/5CO2 
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The solution was then slowly evaporated at room temperature until single crystals of 

MgHPO4.3H2O were obtained. The phosphoric acid, H3PO4, used in this reaction was prepared 

from an aqueous solution of Na3PO4.12H2O passed through an ion-exchange resin"Amberlite 

IR 120" [7]. 

2.2. Chemical P X-ray diffraction, crystal data, intensity data collection and structure. 

X-ray single-crystal structure determination Table 1 of MgHPO4.3H2O was performed 

by using an Oxford Xcalibur S diffractometer at room temperature. 8 samples were mounted 

on a 4 circle diffractometer (50kV, 50mA) equipped with a MoKα radiation source (λ = 

0.71073Å). Data reduction, cell refinement, space-group determination, and scaling were 

performed using CrysAlisPro software [8]. An analytical absorption correction was applied 

using a multifaceted crystal model based on expressions derived by R.C. Clark & J.S. Reid [9]. 

The main crystal data, the parameters used for intensity data collection, and the reliability factor 

are summarized in (Table 1). The crystal structure was carried out with a direct method by 

using the SHELXS-97 program [10] implemented in Olex2 program [11], which permitted to 

locate all atoms which were geometrically fixed with isotropic thermal parameters in idealized 

positions using the HFIX option and were located after subsequent cycles of refinement and 

difference-Fourier syntheses by using SHELXL-97[12].  

2.3. Fourier-transform infrared spectroscopy. 

Bruker Tensor 27 spectrometer and OPUS Data Collection Program were used to 

characterize the stretching and bending bands between 400 and 4000cm-1. 

2.4. Raman spectroscopy  

Raman spectra were recorded using a DXR™ 2 Raman Microscope (Thermo Fisher 

Scientific) with a 785 nm excitation. 

2.5. Nuclear Magnetic Resonance. 

NMR spectra at an ambient temperature were measured on a Varian INOVA-300 

spectrometer with a Varian 5 mm CP-MAS and a multipulse probe. Powder samples were 

placed in Si3N4 rotors of 5 mm in diameter with an o-ring cap and spun at the magic angle at 

8–9 kHz according to the characteristics of the samples. 

The 31P pulse method was obtained with a 4.8-μs long π/2 pulse for the 31P nuclei and 

a 200-s recycle delay and was labeled as the DD-MAS NMR. Spectra were acquired over a 

temperature range of 22–27 °C with sufficient cooling air flow to prevent a temperature rise. 

3. Results and discussion  

3.1. Structure analysis.  

The final atomic positions and anisotropic thermal parameters for the non-hydrogen 

atoms in the MgHPO4.3H2O structure are given respectively in Tables 2, 3, and 4. A projection 

of the MgHPO4.3H2O atomic arrangement along with the a, b, and c axis. 
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Table 1. Crystallographic data and refinement of the structure of MgHPO4.3H2O 
Compound 2 

Empirical Formula MgHPO4.3H2O 

molar mass 174.33 g/mol 

Crystal System / Space Group orthorhombic / P bca 

a / Å 10.0133(2) Å 

b / Å 10.2136(1) Å 

c / Å 10.6853(2) Å 

 / ° 90°   

β / ° 90°    

γ / ° 90°   

V / Å3 1092.81(3)Å3 

Z 8 

Wavelength (Mo Kα) 0.71073 Å 

μ (mm-1) 0.591  

Crystal size (mm) 0.3296 × 0.1602 × 0.0957  mm3 

Color / Shape Colorless / Prism 

Temp (K) 298K 

Theta range for collection 3.428°/ 31.612° 

Reflections collected 9176 

Independent reflections 2448 

Total number of reflections 1771 

Goodness of fit on F2 1.113 

Final R indices [I > 2σ(I)] R1 = 0.0339, wR2 = 0.1005 

R indices (all data) R1 = 0.0275, wR2 = 0.1005 

Refined parameters 111  

3.2. The phosphoric group. 

The structure of MgHPO4.3H2O consists of repeating layers formed by sharing vertices 

O01, O03, and O04 between the HPO4 tetrahedral and the MgO6 octa forming chaining of the 

polyhedral. 

It is possible to distinguish two types of link in the HPO4 group; the P-O bond, which 

is of the order of 1.53540 (3) for O04 and 1.53123 (0) for O01 and 1.49786 (0) for O3. the P-

OH 1.59427 (3) bond for O02, it is longer than P-O bonds. 

The angles in the phosphate group apart from O01-P-O03 are significantly different 

from the tetrahedral value. The three involving O02 are less, and the other two are greater than 

the tetrahedral angle. Distortion probably results from the participation of phosphate groups in 

the coordination of magnesium atoms. 

3.3. Magnesium and hydrogen arrangement in the structure. 

The magnesium atom Mg and surrounded by six oxygen atoms: three oxygen of three 

different groups PO4 (O01, O03 and O04) and by the three oxygen atoms from water 

molecules. 

The oxygen-carrying hydrogen atom does not participate in the magnesium 

coordination. The six Mg-O distances fall into two distinct groups": 

(i) The three bonds with water molecules of length 2.107, 2.106, and 2.111 Å,  

(ii) The three bonds with phosphate oxygen atoms of length 2.020, 2.068, and 2.070 Å.  

This division may not be significant for two reasons. First, the effect was not observed 

in MgSO4.4H2O (Baur, 1962, 1964), where two sulfate oxygen atoms complete magnesium 

coordination, but the structure has not been so accurately determined. 

Table 2. Atomic coordinates and isotropic displacement parameters (in Å2). 

Atom x y z U 

P01 0.34636(3) 0.50897(3) 0.86713(3) 0.012 

Mg01 0.58622(5) 0.70295(4) 0.74669(4) 0.013 
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Atom x y z U 

O01 0.33192(10) 0.36125(9) 0.84678(10) 0.017 

O02 0.32093(11) 0.53384(10) 1.01248(10) 0.019 

O03 0.24279(11) 0.58827(9) 0.80016(9) 0.020 

O04 0.49022(10) 0.55154(9) 0.83852(9) 0.016 

W01 0.46828(13) 0.64558(14) 0.59303(11) 0.028 

W02 0.43895(12) 0.83274(10) 0.81337(11) 0.023 

W03 0.68926(11) 0.75033(10) 0.91304(10) 0.021 

H01 0.729(3) 0.823(2) 0.929(2) 0.044(7) 

H02 0.673(2) 0.705(2) 0.993(3) 0.051(8) 

H03 0.347(2) 0.823(2) 0.820(2) 0.042(7) 

H04 0.461(3) 0.906(3) 0.792(2) 0.042(7) 

H05 0.476(3) 0.638(3) 0.515(3) 0.059(8) 

H06 0.389(3) 0.652(4) 0.600(4) 0.093(12) 

H07 0.381(3) 0.513(3) 1.042(3) 0.065(9) 

 
Figure 1. ORTEP representation of MgHPO4.3H2O. 

Figure 2. Projection along with the a, b and c axis of the Polyhedral PO4 and MgO6 coordinationin 

MgHPO4.3H2O. 
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Figure 3. The coordination of the magnesium atom in MgHPO4.3H2O. 

Table 3. Anisotropic displacement parameters (in Å2). 

Atom U11 U22 U33 U12 U13 U23 

P01 0.0116(2) 0.00992(18) 0.0137(2) 0.00068(10) -0.00038(10) -0.00007(9) 

Mg01 0.0128(3) 0.0114(2) 0.0153(2) -0.00013(15) 0.00174(16) 0.00049(13) 

O01 0.0178(5) 0.0107(4) 0.0216(5) -0.0010(3) 0.0028(4) -0.0025(3) 

O02 0.0204(5) 0.0207(4) 0.0147(4) 0.0063(4) -0.0003(4) -0.0019(3) 

O03 0.0173(5) 0.0186(4) 0.0232(5) 0.0044(4) -0.0044(4) 0.0025(3) 

O04 0.0138(5) 0.0155(4) 0.0201(4) -0.0016(3) -0.0003(4) 0.0038(3) 

W01 0.0195(6) 0.0443(7) 0.0201(5) -0.0037(5) -0.0020(4) 0.0003(4) 

W02 0.0166(5) 0.0171(4) 0.0357(6) 0.0028(4) 0.0066(4) 0.0052(4) 

W03 0.0278(6) 0.0188(5) 0.0178(5) -0.0081(4) -0.0027(4) -0.0006(3) 

Table 4. Selected geometric parameters (Å°). 

P01—O03 1.498(1) Mg01—O01ii 2.070(1) 

P01—O01 1.531(1) Mg01—W02 2.107(1) 

P01—O04 1.535(1) Mg01—W01 2.106(1) 

P01—O02 1.594(1) Mg01—W03 2.111(1) 

Mg01—O03i 2.020(1) O01—Mg01iii 2.070(1) 

Mg01—O04 2.068(1) O03—Mg01iv 2.020(1) 
    

O03—P01—O01 113.55(5) O03i—Mg01—W01 94.63(5) 

O03—P01—O04 113.66(6) O04—Mg01—W01 84.33(5) 

O01—P01—O04 109.84(5) O01ii—Mg01—W01 93.63(5) 

O03—P01—O02 105.59(6) W02—Mg01—W01 92.65(5) 

O01—P01—O02 106.28(6) O03i—Mg01—W03 87.84(4) 

O04—P01—O02 107.38(6) O04—Mg01—W03 89.95(4) 

O03i—Mg01—O04 92.56(4) O01ii—Mg01—W03 91.93(4) 

O03i—Mg01—O01ii 91.49(4) W02—Mg01—W03 85.02(5) 

O04—Mg01—O01ii 175.59(4) W01—Mg01—W03 173.86(5) 

O03i—Mg01—W02 172.66(5) P01—O01—Mg01iii 143.21(6) 

O04—Mg01—W02 89.12(4) P01—O03—Mg01iv 165.77(7) 

O01ii—Mg01—W02 87.07(4) P01—O04—Mg01 137.92(6) 
    

O03—P01—O01—Mg01iii 105.4(1) O02—P01—O03—Mg01iv -6.5(3) 

O04—P01—O01—Mg01iii -23.1(1) O03—P01—O04—Mg01 8.6(1) 

O02—P01—O01—Mg01iii -138.9(1) O01—P01—O04—Mg01 137.0(1) 

O01—P01—O03—Mg01iv 109.6(3) O02—P01—O04—Mg01 -107.8(1) 

O04—P01—O03—Mg01iv -123.9(3)   

Symmetrycodes:(i) 0.5+x, y, 1.5-z; (ii) 1-x, 0.5+y, 1.5-z; (iii) 1-x, -0.5+y, 1.5-z; (iv) -0.5+x, y, 1.5-z. 

 

Table 5. Geometrical features of the H bonds. 
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H01-W03 0.856 (5)  H04-W02-H03 113.110 (4) 

W03-H02 0.988 (5)  H01-W03-H02 107.668(4) 

W02-H04 0.817 (5)  H05-W01-H06 100.931(4) 

W02-H03 0.927 (5)  H07-O02-P01 104.684(4) 

W01-H06 0.802 (5)    
W01-H05 0.838 (5)  Mg01-W03-H02 123.087(4) 

O02-H07 0.714 (5)  Mg01-W03-H01 126.270(4) 

   Mg01-W02-H03 130.784(4) 

   Mg01-W02-H04 106.959(4) 

   Mg01-W01-H06 117.473(4) 

   MGg01-W01-H05 138.430(4) 

3.4. Hydrogen bonding and water molecules. 

The geometrical features of the H bonds are shown in Table 5. Distances and angles 

involving the H atoms are satisfactory. The acidic H07 atom is attached to O02 and forms an 

H bond with O(4,2), which is 1.93 Å distant from H(7). This H bond deviates from the linearity 

[O02-H07... O04 = 164°] and corresponds to the typical distance of this type of bond with 

2.6213Å is the strongest in the structure (Figure 1). The largest P-O distance in the PO4 groups 

corresponds to the short H-O bond. All hydrogen atoms of the water molecules are engaged in 

H bonds of different strengths. W(2) and W(3) form H bonds only with the oxygen atoms of 

the PO4 group, while W(1) is hydrogen-bonded only to the O atoms of the water molecules.  

3.5. Characterization by Infrared absorption spectrometry and Raman scattering and 

calculated IR frequencies for the PO4
3- by isotopic substitutions. 

We used IR absorption spectrometry and Raman scattering to characterize the title 

compound MgHPO4.3H2O.  

The infrared and Raman spectra of MgHPO4.3H2O are shown in figures 4 and 5. 

In order to attribute the vibrations of MgHPO4.3H2O, the IR spectra of NaH2PO4.2H2O 

and that of MgHPO4.3H2O were taken. The IR spectrum of NaH2PO4.2H2O (Figure4) shows: 

- In the range of stretching vibrations ν O-H, a wideband between 3775, and 3388 cm-

1[13,14] 

- In the field of bending vibrations δ HOH, a single intense band at 1637 cm -1. 

- In the range 1400-400 cm-1, vibrations of the PO4
3- ion [15,16] and δ POH bending, 4 

intense bands, one of which is split, 6 bands of very low intensity and a band of average 

intensity at 452 cm- 1. The intense bands were observed at 1500, 1089, (920, 885), and 548 cm-

1. Between the split band (920.885) cm -1 and that at 548 cm -1, 4 bands of very low intensity 

are observed at 830, 779, 750, 703 cm -1, and the other two low-intensity bands are located at 

426 and 407 cm-1. We have performed the theoretical calculation of the normal frequencies, 

using the MNDO [17] method, first of the free ion PO4
3- of Td symmetry and then of this 

deformed ion of C2vsymmetry with two long distances P-Ol(l long) and two short distances P-

Os (s short). The geometric parameters, distances, and angles at the equilibrium from which we 

performed the calculations are: P-O = 1.57Å and OPO = 109.4°, for the symmetry Td. They are 

presented in Figure6 for C2v symmetry. 
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Figure 4. IR spectra of the phosphates (a) MgHPO4.3H2O; (b) NaH2PO4.2H2O. 

Table 6. Frequencies (cm-1) of IR absorption bands for Na2HPO4.2H2O and MgHPO4.3H2O. 

Frequencies (cm-1) 
Vibration[13-16] Intensity 

Na2HPO4.2H2O MgHPO4.3H2O 

3480  

ν O-H 

S 
 3442 S 
 2920 m 
 2355 w 
 1641 

νδ H-O-H 
S 

1630  m 
 1462 

νas P-O 

w 
 1386 m 

1377  w 
 1301 S 

1251  S 

1136  

νsP-O 

S 
 1095 m 

1053  m 

969  m 
 910 w 

855  m 

824  

δasO-P-O 

w 

625  m 
 540 S 

511  
δs O-P-O 

S 
 454 m 

The Raman spectrum of MgHPO4.3H2O has distinct three frequency domains: 

- The first domain (3400-1500 cm-1) corresponds to the valence vibrations of the 

molecule H2O. The lines attributed to the symmetrical and asymmetric valence vibrations of 

H2O are located at 2870 and 1542 cm-1, respectively[1819]. 

- Second domain (1500-800 cm-1), we observe lines that are due to vibrations of the 

symmetric and asymmetric valence of grouping (P-O). 

- Third domain (800-400 cm-1), we observe two lines located at 678 and 563 cm-1 which 

are due to vibrations of asymmetric strain deformation (O-P-O). And two lines, 518 and 402 

cm-1, are due to the symmetrical deformation vibration of the bond (O-P-O)[20, 21]. 

The assignment of IR and Raman bands of MgHPO4.3H2O is shown in Table 11. 
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Figure 5. Raman spectra of MgHPO4.3H2O. 

3.5.1. Calculated normal frequencies for PO4
3- with tetrahedral Td symmetry. 

For the free group PO4
3- of Td symmetry, group theory provides 9 normal modes of 

vibration, ΓTd = A1 (Ra) + E (Ra) + 2F2 (IR, Ra). The F2 modes are active in IR and Raman, 

A1 and E modes are active only in Raman. The 9 normal vibrations are divided into 4 valence 

vibrations and 5 mode deformation vibrations, respectively 1F2 and 1A1, Γval = F2 (v3) + A1 

(v1), and F2 and E, Γdef = F2(v4) + E(v2). 

The calculated frequencies for the degenerated triplet F2 mode v3 vibrations, of 

asymmetric elongations and v1, of mode A1, of symmetrical elongations, are (1139, 1139, 1139 

cm -1) of mode F2 and 952 cm -1 of A1 mode.  

The asymmetric deformation vibrations v4 and symmetrical deformation v2 are 

respectively 489, 489, 489 cm -1 in F2 mode and 353, 353 cm -1 in E mode. Table 6 gives the 

calculated normal frequencies and IR intensities. It indicates, in accordance with the theoretical 

predictions, that the single frequencies of A1 mode at 952 cm -1 and double E mode at 353 cm-

1 have the intensity zero and therefore not observable in IR. Theoretically, the IR spectrum of 

PO4
3- free of Td symmetry should be expected to have a single asymmetric valence vas P-O band 

at 1139 cm -1 and a single asymmetric deformation band δas OPO at 489 cm -1. On the other 

hand, the Raman spectrum should contain the 4 expected frequencies, two of which correspond 

to the valence vibrations, 1139 cm-1 vas P-O and 951 cm-1vs P-O, and two correspond to the 489 

cm-1deformation vibrations for δas OPO and 353 cm-1 for δs OPO. The comparison of  IR / 

Raman spectra should therefore give rise to 2 coincidences which are the calculated frequencies 

at 1139 cm -1 (v3) and 489 cm -1 (v4). 

In Table 7, we reported the variations of the geometrical parameters of PO4
3- relative to 

the calculated normal frequencies. These values are extracted from the coordinates of the 

normal vectors corresponding to the respective frequencies. Variations in distances and angles 

were multiplied by 10 and expressed as relative percentages with respect to their values in the 

equilibrium position. The allocations of the calculated frequencies are based on the results in 

Table 7. This table distinguishes the vibrations of valence from those of deformation. Indeed, 

the former shows the most important geometrical variations for distances and the second for 

angles. Our assignments, therefore, do not necessarily require any hypothesis since they are 

https://doi.org/10.33263/BRIAC123.41404154
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based on an ab-initio method. The same table shows that the v1 frequency of the symmetric 

valence A1 mode, vs P-O, calculated at 951.5 cm-1, prohibited in IR and observable in Raman 

and theoretically expected, the most intense, is a pure valence vibration. Indeed, it is the only 

frequency for which all the angles remain fixed. The movement is accompanied by the same 

variation for the 4 bond lengths P-O while the angular variations are exactly zero. This 

frequency would therefore be directly dependent on the length. 

 
Figure 6. Minimized geometry of the group PO4

3- ion with symmetry C1 (C2v). 

Table7. Geometric variations of lengths and angles in (% 10) with respect to their values at the equilibrium 

geometry observed for each calculated IR frequency of the PO4
3- symmetry Td 

v(cm-1) I P-O1 P-O3 P-O4 P-O5 O1PO3 O1PO4 O1PO5 O3PO4 O3PO5 O4PO5 

353,3 0,01 4 4 4 4 32 -13 -13 32 -50 73 

353,33 0,01 4 4 4 4 3 29 -27 -27 -59 -9 

488,78 634,22 2 13 13 13 -28 -26 -25 6 7 9 

489,05 633,99 15 11 11 12 -36 3 -1 -19 -22 22 

489,07 635,9 15 4 4 6 -17 21 -36 23 -34 -2 

951,55 0,01 31 32 32 32 0 0 0 0 0 0 

1138,96 1138,96 -83 36 36 36 25 14 -21 -21 -21 -21 

1139,4 1139,4 9 -59 -59 70 -12 17 -25 17 -25 -28 

1139,45 1139,4 11 -76 43 43 51 -20 -20 -6 -6 -23 

 

For the frequency v2 of the E mode calculated at 353 cm-1, the variations of the most 

important geometrical parameters are observed for the angles. This result is in agreement with 

the fact that it is attributable to the symmetrical deformation δs OPO. But it is the only one for 

which the variations of the distances are the same and are small, 2.5 times small, compared 

even to those of the frequency of asymmetric deformation v4. For the v2 frequency, the 

symmetrical stretching of the length is the same, and it is 8 times smaller than that of the v1 

frequency and 10.5 times smaller than that of the frequency v3. The v2 frequency at 353 cm-1 of 

mode E is practically a pure bending vibration. Therefore, it is deduced that the v1 frequency at 

951 cm-1 is a symmetrical vibration characteristic of the length P-O and that v2 at 353 cm-1 of 

mode E could characterize the bending δs OPO. These results are theoretically established and 

could be generalizable to all XY4 molecules of Td symmetry. Indeed, these results have already 

been obtained in the case of CH4 and SO4
2-. 
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3.5.2. Calculated normal frequencies for PO4
3- with symmetry C2v. 

For PO4
3- deformed of C2v symmetry, group theory provides 9 normal modes of 

vibration, Γc2v = 4A1 (IR, Ra) + A2(Ra) + 2B1 (IR, Ra) + 2B2 (IR, Ra). A2 mode is active only 

in Raman, the A1, B1 and B2 other modes are active in both IR and Raman. The normal 

vibrations are divided into 4 vibrations of valence and 5 vibrations of bending of modes 

respectively, Γvalence = (A1 + B1 + B2) (v3) + A1 (v 1) and Γdeformation = (A1 + B1 + B2)   

(v 4).+ (A1 + A2) (v 2). 

When passing from PO4
3- with Td symmetry to C2v symmetry, the number of IR 

frequencies of valence and that of deformation increases from one to 4. For the predictions of 

the expected frequencies in Raman, they go from 4 to 9. This increase in the number of 

expected frequencies for the C2v symmetry is due to the activity of the v 1 mode and to the 

lifting of the degeneration of the E and F2 modes of the Td symmetry, which are transformed 

respectively into (A1 + A2) and (A1 + B1 + B2) of the C2v group (Table 8). The correlation 

diagram between the molecular group Td and the group C2v of the PO4
3- ion is as follows: 

Table 8. Internal and External Vibration Modes of the PO4 Group. 

Normal Modes 
M. G  S. G 

Td C2ν 

  activity   activity 

ν1 (1)  A1 (IR, Ra) A1 (IR, Ra) 

ν2 (1)  E (-, Ra) A2 (-, Ra) 

ν3 (1)  F2 (IR, Ra) B1 (IR, Ra) 

ν4 (1)  F2 (IR, Ra) B2 (IR, Ra) 

 

We performed the theoretical calculation of the normal frequencies, using the MNDO 

method [17], of the deformed PO4
3- ion of C2v symmetry, with two short lengths P-O: 1.509 

and 1.504Å. The geometrical parameters, lengths, and angles at the equilibrium from which 

we have made the calculations are given in (Figure 6). We took the same parameters as those 

obtained during the structural resolution of NaH2PO4.2H2O. 

Table 9. Calculated frequencies for PO4
3- symmetry Td and PO4

3- symmetry C2v in MgHPO4.3H2O. 

Td 

 
 C2ν 

Frequency 
(cm-1) 

 

Intensity 
(Km/mol) 

 

Mode Activity  Mode Activity 
Frequency 

(cm-1) 

 

Intensity 
(Km/mol) 

 

353.30 

 

353.33 

 

  0.01 

                 ν2 

  0.01 

 

E (-, Ra) 
 A1 

A2 

(IR, Ra) 

(-, Ra) 

336.69 

337.86 

9.20 

0.40 

488.78 

489.05 
489.07 

 634.22 

 633.99     ν4 
 635.90 

F2 

 

(IR, Ra) 

 

 

B2 

B1 
A1 

(IR, Ra) 

(IR, Ra) 
(IR, Ra) 

468.45 

480.53 
489.65 

786.45 

756.23 
748.77 

 
954.55 

 
0.01          ν1 

 

A 
 
(-, Ra)  A1 (IR, Ra) 1029.31 211.10 

1138.96 

1139.40 

1139.45 

1939.93 

1941.52      ν3 

1941.52 

F2 

 

(IR, Ra) 
 

 

B2 

B1 

\ 

A1 

(IR, Ra) 

(IR, Ra) 

(IR, Ra) 

1159.48 

1281.66 

1352.70 

2067.52 

1920.32 

2154.54 
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The calculated frequencies are recorded inTable 9 in relation with the vibrations of the 

molecular group Td to the subgroup C2v, of PO4
3-. This table shows that all fundamental 

frequencies are allowed, with the exception of one with zero intensity. Indeed, the frequency 

of the symmetrical deformation of mode E coming from ν2 of the Td symmetry is the only one 

that leads to the A1 modes active in IR and Raman and the A2 mode active only in Raman. Thus 

only the vibration frequency v3 δ OPO of A2 mode of the symmetry C2v is not observable in 

IR. All eight other frequencies are observable in IR and Raman. 

In Table 10, we have given the variations of the geometrical parameters of PO4
3- relative 

to the calculated normal frequencies. These values are extracted from the components of the 

relative vectors to the corresponding normal frequencies. The variations of lengths and angles 

were multiplied by 10 and expressed as relative percentages with respect to their values in the 

equilibrium position. 

Table 10. Observed geometric variations of lengths and angles are in (%) with respect to their equilibrium 

geometry values for each calculated frequency of PO4
3- of exact symmetry C1 (~C2v). 

PO4
3- C1 (~C2v) P-O short P-O long  

v (cm-') 
I(Km/rno

l) 
P-O1 P-O3 P-O4 P-O5 O1PO3 O1PO4 O1PO5 O3PO4 O3PO5 O4PO5 

336.69 

v 2 

      337.86 

9.20 7 7 0 0 91 -50 -22 -31 -50 73 

0.40 7 0 0 6 -9 -68 78 78 -59 -9 

       468.45 

 

v4      480.53 

 
489.65 

786.85 13 7 6 0 -18 78 -77 78 -87 0 

756.23 13 7 0 0 109 -4 -13 5 5 -119 

748.77 0 7 6 13 -9 -77 -77 69 69 0 

v1           1029.31 211.10 -40 -46 -115 -115 -27 5 -4 5 -4 28 

1159.48 

 

v3      1281.66 

 
1352.70 

2067.52 0 0 -140 -147 0 -50 -51 -50 41 -9 

1920.32 120 146 170 -71 -55 -4 5 -13 -4 73 

2151.54 -160 139 6 -13 0 51 51 50 -51 -9 

 

 To get an idea of the nature of the short or long length and its contribution to each of 

the 9 calculated frequencies, we performed the calculation with the isotopic substitution 18O-
16O for the short lengths and then with the 18O-16O substitution for the long length and 33P-31P 

for phosphorus. The results obtained are given in Table 11. 

The table of variations of the geometric parameters shows that the first 5 frequencies, 

the lowest frequencies between 330 cm-1 and 490 cm-1, coming from the modes v2 and v 4, for 

which there are significant geometrical variations of the angles, are the frequencies of the 

vibrations of bending and the highest frequencies between 1150 cm-1 and 1360 cm-1 from 

modes v1 and v3, for which geometrical variations in distances are observed, are the frequencies 

of the valence vibrations. 

In the field of valence vibrations, three remarks can be deduced from Tables 9 and 10: 

- The highest frequency of the A1 mode of the C2v symmetry, coming from v3, at 

1352.70 cm-1, involves, in large part, the oxygen atoms of short distances P-Os, in addition, of 

course, to phosphorus. It is a vibration of valence v as P-Os.  

- The frequency at 1159.48 cm-1 of B2 mode of the C2v symmetry, coming from v 3, 

involves, in large part, the oxygen of the long distances P-Ol, in addition obviously to 

phosphorus, it is a vibration of valence v as P-Ol.  
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- The frequency at 1029.31 cm-1 of A1 mode of the symmetry C2v, resulting from v1, is 

the only frequency for which the angles do not vary significantly, it is attributed to the vibration 

of valence vs P-O[22]. This was also observed for the frequency at 951.55 cm-1 of A mode, v1 

of the Td symmetry. 

In the field of deformation vibrations, the table of geometrical variations shows that the 

two frequencies at 337.86 and 336.69 cm-1 of the A2 and A1 modes, respectively, resulting from 

the lifting of the degeneration of the E mode, v 2, of Td symmetry for which, practically the 

distances P-O remain fixed, are frequencies of the pure deformation vibrations δsOPO.  

The passage of the PO4
3- ion from the symmetry Td to the C2v symmetry is accompanied 

by a lifting of the degeneration of the doubly and triply degenerated modes E and F2. The 

theoretical calculation of the frequencies shows that during this transition, TdC2v, there is an 

increase in the values of the valence frequencies v 3 and v 1 respectively of 125 cm -1 and 78 

cm-1 and a decrease in the values of the deformation frequencies, v 4 and v 2 respectively of 9.5 

and 16 cm -1. The deviation Δv of the doublet and the triplet of frequencies v 2 and v 4 is 

respectively 1.17 cm-1 and 2.21 cm-1. This difference is relatively small compared to that of the 

triplet of frequencies which is 193 cm-1. The assignment of IR and Raman bands of 

NaH2PO4.2H2O is shown in Table 12. 

Table 11. IR frequencies and intensities calculated for PO4
3- of exact symmetry C1 (~ C2v) for the substitutions 

of oxygen by the isotope 18O and phosphorus by the 33P isotope. 
31P16O4

3- 

of symmetry C
1
(~C

2v
) 

18Oc-
16Oc 

33P-31P 18Oc -
16Oc  

v 

(cm-1) 

I 

(Km/mol) 

v 

(cm-1) 

I 

(Km/mol) 

Δv 

(cm-1) 

v 

(cm-1) 

I 

(Km/mol) 

Δv 

(cm-1) 

v 

(cm-1) 

I 

(Km/mol) 

Δv 

(cm-1) 

1352.70 2151.54 1310.13 2039.55 42.57 1334.62 2088.55 18.08 1352.59 2140.01 0.11 

1281.66 1920.32 1245.19 1956.37 36.47 1266.58 1838.15 15.08 1277.02 1822.37 4.64 

1159.48 2067.52 1159.32 2057.48 0.16 1144.03 2003.09 15.45 1122.99 1965.82 36.49 

1029.31 211.10 1012.06 108.66 17.25 1027.55 230.83 1.76 988.09 253.70 41.22 

489.65 748.77 480.79 718.88 8.86 486.03 786.76 3.62 476.93 661.82 12.72 

480.53 756.23 472.14 695.59 8.39 477.03 776.90 3.5 468.33 699.07 12.2 

468.45 786.85 458.90 695.07 9.55 464.97 809.22 3.48 457.41 753.19 11.04 

337.86 0.40 331.01 0.07 6.85 337.86 0.41 0 325.30 0.13 12.56 

336.69 9.20 325.59 8.97 11.10 336.67 9.75 0.02 327.79 7.74 8.90 

Table 12. Assignments of the IR and Raman frequencies of NaH2PO4.2H2O and MgHPO4.3H2O. 

Frequencies (cm-1) 
Vibration 

[22-25] Na2HPO4.2H2O 
MgHPO4.3H2O 

IR RAMAN 

3480   

ν O-H 
 3442  
 2920 2870 
 2355 2811 
 1641  

νδ H-O-H 
1630  1542 

 1462  

νas P-O 

 1386  

1377  1340 
 1301  

1251   

1136  1140 

νsP-O 

 1095  

1053  1055 

969   
 910 950 
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Frequencies (cm-1) 
Vibration 

[22-25] Na2HPO4.2H2O 
MgHPO4.3H2O 

IR RAMAN 

855  865 

824   

δasO-P-O 625  678 
 540 563 

511  518 
δs O-P-O  454 402 

The interpretation of the 31P Nuclear Magnetic Resonance NMR spectrum of 

MgHPO4.3H2O is based on work on organic phosphates [26, 27]. The figure shows that the 

latter contains a single line with two symmetrical rotation bands. The chemical shift of this 

signal, at 0.407 ppm, corresponds to the expected value for phosphorus in tetrahedral 

coordination (displacement between -10 and +5 ppm) [28, 29]. 

The solid magnetic resonance technique confirmed the structural study. The 31P Nuclear 

Magnetic Resonance NMR spectrum shows that it is indeed a monophosphate rather than a 

cyclic phosphate. The distinction, based on the 31P spectra, between the cyclophosphates and 

the monophosphates is made by examining the resonance domain of the phosphoric anions. 

The resonances of the phosphorus nuclei are less displaced relative to the reference in the 

monophosphates than in the cyclic phosphates [30,31]. 

 

Figure 7. 31P NMR spectra of the MgHPO4.3H2O. 

4. Conclusions 

In this work, we have prepared the monohydrogenomonophosphatetrihydrate of 

magnesium MgHPO4.3H2O by the method of ion exchange resin. The reaction between 

monophosphoric acid and magnesium carbonate leads to the formation of MgHPO4.3H2O. Its 

structure was reinvestigated and solved by direct methods from the data collected by using 

single-crystal X-ray diffraction. We have established and interpreted infrared and Raman 

spectra of this compound using factor group analysis. A comparison of the Raman and infrared 

bands of the title compound was performed. The vibrational study of MgHPO4.3H2O allowed 

us to assign the IR and Raman bands observed in the monophosphate trihydrate. IR frequencies 

and intensities were calculated for PO4
3- of exact symmetry C1(~ C2v) for the substitutions of 

oxygen by the isotope 18O and phosphorus by the 31P isotope. The nuclear magnetic resonance 

of phosphorus in MgHPO4.3H2O was reported. 
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