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Oxygen atoms are the most abundant species within the oxide glass framework and occupy a large 

variety of distinct sites. Thus, the 
17

O NMR study enables valuable insights into the atomic structure 

of crystalline and amorphous phosphate phases that form during the aging of a glass. Oxygen is a 

choice probe to better understand the mechanisms involved in glass alteration, since it is also one of 

the constituents of the water molecule.  

In a first step towards phosphate glass studies (Vasconcelos2008), our group worked at assigning 
17

O 

MAS and 3QMAS spectra by using first-principles calculations for three crystalline anhydrous sodium 

phosphates in order to study phosphate glasses.  

 

In the first part of this chapter, a NMR calculation / simulation approach shall be extended to and 

validated for crystalline sodium hydrogen phosphate phases. These phases are indeed generated 

throughout the weathering process of sodium phosphate glasses. The aim is to verify the reliability of 

the calculation approach by comparing calculated to experimentally obtained results. Reliable 

calculations can help assignment and interpretation of 
17

O NMR spectra. Further, they allow for 

avoiding costly synthesis of 
17

O-enriched crystalline reference phases and the subsequent time 

demanding acquisition of high-resolution reference spectra at high field.  

 

The work on crystalline anhydrous sodium phosphates (Vasconcelos2008) allowed for drawing 

correlations between the NMR parameters δCS, CQ and ηQ and the structural environment of the 
17

O 

nucleus. In the second part of this chapter, the systematic study of these correlations shall be 

extended to the field of protonated phases. With regard to further studies of water alteration into 

sodium phosphate glass, the aim is to deduce structural features of oxygen sites within the sodium 

phosphate family based on the inspection of their corresponding NMR parameters.  

 

Finally, the combined methodology, consisting of high resolution 
17

O NMR studies at high field that 

are complemented by first principles calculations, shall be tested.  Water alteration into a sodium 

phosphate glass, namely NaPO3, shall be followed by taking snapshots at different alteration times. 

Oxygen environments in the complex phase mixture formed upon NaPO3 glass degradation shall be 

characterized, based on the correlations previously deduced between the NMR parameters and the 

structural environment of 
17

O. 

 

 

 

 

 



 



NMR details Chapter 3 

 

All 
17

O MAS NMR  experiments were  performed on  a Bruker Avance  II spectrometer,  equipped with  

a 18.8T  narrow bore magnet, using  a  Bruker  3.2   mm  (rotor  diameter)  tri-γ probehead operating 

at  108.47 MHz for 
17

O.  

The 
17

O MAS spectra were obtained using a selective pulse of 11 μs at a radio frequency (RF) field 

strength of 7.5 kHz.  The excitation pulse was preceded by a Double Frequency Sweep (DFS) pulse of 

3 ms sweeping between 100 and 900 kHz at an RF field amplitude of 50 kHz in order to enhance the 

central transition polarization for half-integer quadrupolar nuclei (Iuga2000). The 3QMAS spectra 

were collected at a MAS speed of 20 kHz, using the z-filter sequence (Amoureux1996). It consisted of 

two hard pulses of 3.5 and 1.25 μs at an RF field of 100 kHz, for triple-quantum excitation and 

reconversion, respectively, followed by a soft pulse of 9 μs. The t1 step was set to be a multiple (n=1 

or 2) of the MAS period. The isotropic dimension has been referenced and scaled following the 

recommendation of Amoureux et al. (Amoureux2002).  

The 
31

P-
17

O HMQC spectrum was obtained at a MAS speed of 20 kHz using the pulse sequence 

detailed by Massiot et al. (Massiot2003). An echo was applied to the observed 
17

O nuclei with 

respective 90° and 180° pulses of 14 μs and 28 μs. Two 90° pulses of 4.5 μs were then applied on 

either sides of the 
17

O 180° pulse. The evolution delay was set to 3.5 μs for an evolution under J-

coupling. A total of 512 scans were accumulated with a recycling delay of 1s. All other relevant 

experimental parameters are given in the figure captions. The 
17

O chemical shift values are given in 

ppm with respect to tap water. 
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3.1 Validation of the calculation approach for sodium hydrogen 

phosphates 

 

3.1.1 Calculations 

 

3.1.1a Structural data: 

 

Wherever possible, structural data obtained from neutron diffraction (ND) have been preferred over 

data from X-Ray diffraction (XRD). Through XRD analysis, protons are quite invisible due to the large 

dependence of the scattering factor with the electron density. This uncertainty is not present in the 

case of neutron diffraction (ND) where the neutrons interact with the nucleus. 1H positions in 

structures resulting from XRD analysis were considered with attention and treated carefully. 

In Fig. 3.1 (a-d) unit cells of the studied crystalline sodium hydrogen phosphates NaH2PO4, Na2H2P2O7, 

NaH2PO4*H2O and NaH2PO4*2H2O are presented together with their basic anion units (Fig. 3.1 e-h). 

Space groups, cell dimensions, cell volume and the number of formula units present in the unit cell 

are indicated on the right side of Fig. 3.1 a, b, c and d. In the following, the structural references 

whose reliability is a crucial issue for geometry optimization and subsequent calculations shall be 

presented.  

 

The structure  of sodium dihydrogen phosphate NaH2PO4 (Fig. 3.1 a) has been refined  from  neutron  

diffraction on  a  single-crystal  sample  by Choudhary  et  al. (Choudhary1981). It crystallizes in the 

monoclinic space group P 21/c (14) with four formula units per unit cell. Two crystallographic distinct 

sodium sites, two phosphorus sites, four hydrogen sites and eight oxygen sites are present. In each of 

the two anion units, four tetrahedrally arranged oxygen atoms are connected to the central 

phosphorus atom by covalent bonds. As the NaH2PO4 structure is built on Q0 entities, exclusively, all 

oxygen atoms are non-bridging ones with covalent and/or ionic bonds towards sodium and hydrogen 

atoms in their immediate surroundings. 

Based on the Rietveld method, the structure of disodium dihydrogen pyrophosphate, Na2H2P2O7 has 

been refined by Selevich et al. (Selevich2002) from X-Ray powder diffraction data (Fig. 3.1 b). 

Na2H2P2O7 crystallizes in the orthorhombic space group F d d d (70) with 16 formula units per unit 

cell. One sodium site, one phosphorus site, two hydrogen sites and four oxygen sites can be 

distinguished from the crystallographic point of view. The Q1 entities form the basic anion units of 
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the Na2H2P2O7 structure: Two tetrahedra share one bridging oxygen atom located in the mirror plane 

of the pyrophosphate structural unit, P2O7
2-. 

 

Fig. 3.1: 

Unit cell structures of (a) NaH2PO4, (b) Na2H2P2O7, (c) NaH2PO4*H2O, (d) NaH2PO4*2H2O. Basic anion units for 

(e) NaH2PO4, (f) Na2H2P2O7, (g) NaH2PO4*H2O, (h) NaH2PO4*2H2O are presented in the middle column. On the 

right sight, space group (first line), cell dimension (a,b,c), cell volume (V) and the number of formula units 

present in the unit cell are indicated.  

 

Two hydrated sodium dihydrogen orthophosphate compounds, namely NaH2PO4*H2O and 

NaH2PO4*2H2O (Fig. 3.1 c and d, respectively), are also studied and discussed in the following 

sections. The two structures have been described by Catti and Ferraris (Catti1976) and Bartl et al. 

(Bartl1976), respectively. The structure of NaH2PO4*H2O, orthorhombic phase, was determined using 

single crystal X-ray measurements and direct methods of refinement. It crystallizes in space group P n 

a 21 (33) with four formula units per unit cell. It contains one crystallographic sodium site and one 

phosphorus site, four oxygen and four proton sites. The structure of NaH2PO4*2H2O was determined 

using both X-ray and neutron data obtained on a single crystal phase. It crystallizes in the 

orthorhombic space group P 21 21 21 (19) with 4 formula units per unit cell. One phosphorus site, one 
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sodium site, six oxygen sites and six hydrogen sites are present. From a crystallographic point of 

view, two different water molecules are distinguished in the structure. 

 

3.1.1b Calculation procedure 

 

Subsequently, the calculation details will be described in a general manner. The calculated 17O NMR 

data will be presented in Tab. 3.1 for comparison with experimentally obtained NMR parameters.  

 

Since the calculation of NMR parameters requires the accurate knowledge of the crystalline 

structure, geometry optimization preceded the calculation of NMR parameters. In the present work, 

XRD and ND structures have been systematically optimized by using DFT. The VASP code 

(Kresse1993, Kresse1996, VASP) was used for the geometric structure optimization. All degrees of 

freedom (ionic internal coordinates, cell shape, and cell volume) were taken into account for the 

geometric structure optimization. In a final step, cell parameters were rescaled to the experimental 

volume (Fig. right side) to avoid the DFT-GGA tendency to overestimate both, the distances and the 

cell volume.  

 

The first principles calculations are based on a plane-wave pseudopotential method and density 

functional theory (DFT) (Hohenberg1964, Kohn1965). Calculations were performed using the 

PARATEC code (PARATEC).  For the generalized gradient approximation (GGA) of the exchange-

correlation functional, the PBE functional (Perdew1996) was used. The potentials due to the ions are 

represented by norm-conserving Troullier-Martins pseudopotentials (Trouillier1991). Further 

calculation details such as electronical configurations used for the pseudopotentials, k-point mesh 

and energy cutoff are given elsewhere (Vasconcelos2008). The calculation parameters are consistent 

with those used in our group for the systematic study of crystalline phosphates (Vasconcelos2008). 

 

The calculation of the absolute chemical shielding was performed using GIPAW algorithms developed 

by Pickard and Mauri (Pickard2001). Experimental isotropic chemical shifts δCS and absolute isotropic 

chemical shielding σ are related through the definition of an isotropic reference shielding σref defined 

by δCS = σref - σ. 

In a previous work (Vasconcelos2008), the absolute chemical shift value was set to an unambiguous 

isolated resonance (site O6 of sodium trimetaphosphate Na3P3O9; Vasconcelos2008) as an internal 

reference. Subsequently, correlations between experimentally observed and calculated chemical 

shift values for 17O were deduced. The obtained correlation curves show slopes different from “1”. 
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However, within the same family of compounds, this procedure allows for determination of 

experimentally expected chemical shift values. 

It turned out that the slope of correlation is sensitive to variations in the chemical composition of the 

studied compounds. Thus, the internal chemical shift reference formerly used in a sodium phosphate 

could not be employed in the case of hydrogen containing sodium phosphate phases. In the present 

work, the crystallographic site O3 of sodium dihydrogen phosphate NaH2PO4 was used as an internal 

reference for 17O chemical shift values. 

 

The electronic structure gives access to the electric field and thus to the electric field gradient tensor 

(EFG) through  the  reconstruction of  the all-electron  wavefunction   that  is  obtained   with  the  

projector augmented wave (PAW) approach (Blöchl1994, Profeta2003). The EFG tensor is then 

diagonalized to obtain the principal components  Vxx,  Vyy   and  Vzz  where  by  convention | Vxx |<| 

Vyy |<| Vzz |. These components are related to the quadrupolar coupling constant CQ and the 

asymmetry parameter ηQ (Chapter2). In the present work, for 17O Q=-25.58 *10-31 m2 was used 

(Pyykkö2001). 

 

The high agreement between experimental and simulated NMR data (see following sections) 

confirmed this protocol for geometric structure optimization as accurate enough to lead to reliable 

results.  
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3.1.2 Validation of the combined methodology for 
17

O NMR studies 

of crystalline hydrogen phosphate phases 

 

In the following, experimental 17O NMR data of the pure crystalline sodium hydrogen ortho- and 

pyrophosphates, NaH2PO4 (Fig. 3.2, Fig. 3.3) and NaH2P2O7 (Fig.3.4) are presented. The different 

oxygen sites can be characterized by their chemical shift δCS, their quadrupolar constant CQ and their 

asymmetry parameter ηQ (see Chapter 2). These 17O NMR parameters are given in table Tab. 3.1. 

Fig. 3.2 and top spectra (Fig. 3.3 a and Fig. 3.4 a) illustrate the 1D 17O MAS spectra, showing second-

order quadrupolar broadening, which remains under fast sample reorientation at the magic angle. 

Fig. 3.2 allows for a direct comparison between the experimental and the simulated 17O 1D MAS 

envelope of crystalline NaH2PO4. The latter consists of contributions from eight crystallographically 

distinct oxygen sites as illustrated by the simulated individual contributions at the bottom of Fig. 3.2.  

The synthesized 17O-enriched sodium hydrogen orthophosphate presents a high degree of 

crystallinity that gives rise to sharp discontinuities. Experimental and simulated data stand in 

excellent agreement. Nevertheless, an unambiguous deconvolution of the experimental spectrum is 

impossible within a conventional fit program (Massiot2002). This is mainly due to the severe overlap 

of 17O resonances.     

 

Chemical shift δCS
17O (ppm)

simulated

simulated

exp

 

Fig.3.2: 

Experimental (top) and simulated (middle) 1D 
17

O MAS powder lineshape for NaH2PO4. The experimental data 

has been recorded at a static field of 18.8 T (MAS=20kHz; rotor diameter 3.2 mm). At the bottom, simulated 

contributions from eight crystallographic distinct sites are presented. 
  



75 

 

However, additional information is provided by the experimental 2D 17O 3QMAS spectra of NaH2PO4 

(Fig. 3.3 b) and NaH2P2O7 (Fig.3.4 b). In the following, all individual slices along the 17O MAS 

dimension, including those with poor signal intensity, have been fitted to estimate the quadrupolar 

parameters CQ and ηQ and chemical shift values roughly (Fig. 3.3 c and Fig. 3.4 c).  

Also, both, δiso values that are extracted by projecting the spectrum on the isotropic dimension of the 

MQMAS spectra, and δCS values (in brackets) deduced from fitting the individual resonance slices, are 

given in order to ease the visual inspection of the 2D MQMAS data. 

 

In the 2D 3QMAS spectrum of NaH2PO4 (Fig. 3.3 b), four signals at δiso = 80 ppm, δiso = 89 ppm, δiso = 

96 ppm and δiso = 102 ppm ( δCS = 71.6 ppm, δCS = 85 ppm, δCS = 84 ppm and δCS = 94 ppm) are 

detected, all arising from non-bridging oxygens, whilst eight crystallographic distinct oxygen sites are 

present in NaH2PO4 (Choudhary1981). For each group of resonances, the individual anisotropic cross 

slice and its corresponding best-fit simulation are represented (Fig. 3.3 c). For NaH2PO4, two intense 

resonances (δiso = 80 ppm  and δiso = 102 ppm)  are  identified at  the  edges of  the chemical shift 

scale and two broad resonances of very weak signal intensity can be observed at δiso = 89 ppm  and 

δiso = 96 ppm (δCS = 85 ppm  and δCS = 84 ppm). 

The 2D 3QMAS spectrum of Na2H2P2O7 (Fig. 3.4 b), exhibits two well-resolved groups of resonances 

at δiso = 88 ppm and δiso = 102 ppm (δCS = 80 ppm and δCS = 90 ppm) arising from non-bridging 

oxygens (NBO). A third one at δiso = 138 ppm (δCS = 112.5 ppm) arises from the bridging oxygen site 

(BO) in the pyrophosphate anion unit. It has not been considered in experimental and simulated 

Na2H2P2O7 NMR data, since we will focus exclusively on NBO sites in the following discussion. For a 

more detailed discussion of bridging oxygen NMR, see previously published work (Vasconcelos2008).  

Hence, the 3QMAS spectrum of Na2H2P2O7 clearly distinguishes two groups of resonances in the 

region of NBO, whilst three crystallographically non-equivalent oxygen sites are expected.  

 

For both sodium hydrogen ortho- and pyrophosphate, not all 17O resonances appear well-resolved in 

their corresponding high-resolution spectra. We observe a clear discrepancy between the number of 

crystallographic NBO sites (eight in NaH2PO4 and three in Na2H2P2O7) and the number of 17O 

resonances clearly extracted from the 17O 3QMAS NMR (four in NaH2PO4 and two in Na2H2P2O7) at a 

magnetic field of 18.8 T. This discrepancy between the number of crystallographically distinct oxygen 

sites and the observed signals shall be elucidated by complementing experimental NMR results with 

data from first principles calculations.   
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Fig. 3.3: 

2D 
17

O 3QMAS data of NaH2PO4 (b) together with its 1D MAS powder lineshape (a) and individual slices (c, cross 

sections) extracted to determine quadrupolar parameters CQ and ηQ roughly. For experimental details see “NMR 

details” at the beginning of this chapter. 
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Fig. 3.4: 

2D 
17

O 3QMAS data of Na2H2P2O7 (b) together with its 1D MAS powder lineshape (a) and individual slices (c, 

cross sections) extracted to determine quadrupolar parameters CQ and ηQ roughly. For experimental details see 

“NMR details” at the beginning of this chapter. 
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The parameters δCS, CQ and ηQ, that were deduced from the PAW/GIPAW calculations, are grouped in 

Tab. 3.1. They were used in a simulation program (Charpentier1998) in order to generate the 2D 17O 

3QMAS spectra of NaH2PO4 and Na2H2P2O7 (Fig. 3.5 a and b). These simulated 2D 17O 3QMAS spectra 

are consistent with the experimental results, enabling a complete assignment of the experimentally 

observed resonances.   

It is useful to classify the oxygen atoms into subgroups depending on their immediate structural 

environment, in particular on the nature of [OH], [OP] bonding and the chemical composition of the 

first sphere of coordination. This eases the examination of systematic relationships between NMR 

parameters and different types of local environment. Fig. 3.6 illustrates the site classification 

employed in Tab. 3.1 and the following discussion.  

 

For NaH2PO4, the signal at δiso = 80 ppm (δCS = 71.6 ppm) can be attributed to the crystallographic site 

O3 with a short O-P bond length (delocalized double bond character) and three sodium ions in its 

close vicinity (PO; Fig.3.6). The weak signal at δiso = 89 ppm (δCS = 85 ppm) corresponds to the 

crystallographic site O2, an oxygen with a covalent OH bond and two sodium ions. The weak signal at 

δiso = 96 ppm (δCS = 84 ppm) is a superposition of sites O4, O5 and O7 whose surroundings 

correspond to an oxygen with one sodium ion and a covalent O-H bond (POH; Fig. 3.6). A set of 

oxygen atoms with different bond lengths towards hydrogen and phosphorus gives rise to the 

resonance at δiso = 102 ppm (δCS = 94 ppm), resulting from contributions of sites O1, O6 and O8 

(PO…H; Fig. 3.6). For Na2H2P2O7, the signal at δiso = 102 ppm (δCS = 90 ppm) is the result of the 

overlapping resonances of sites O1 and O2 which are sharing the same hydrogen (PO-H; Fig. 3.6). The 

oxygen site O3, with only one sodium ion in its close vicinity, gives rise to the resonance at δiso = 88 

ppm (δCS = 80 ppm) (PO; Fig. 3.6). 

 

Fig. 3.5: 

Simulated 2D 
17

O 3QMAS NMR data for (a) NaH2PO4 and (b) Na2H2P2O7. 
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Tab. 3.1: 

Comparison of experimental and calculated (blue) 
17

O parameters for NaH2PO4 and Na2H2P2O7 together with 

calculated 
17

O parameters of NaH2PO4*H2O and NaH2PO4*2 H2O.  

 

 Site 

nomenclature 

Exemplary 

Site 

NNN Bond types 

 

BO 

POP 

 

2 P 2 [OP]: covalent, SB 

HOH 

 

2 H 2 [OH]: covalent, SB 

NBO 

POH 

 

1 P 
1 H 
1 Na 

1 [OP]:  
1 [OH]:  
1 [ONa]: 

covalent, SB 
covalent, SB 
ionic 

PO-H 

 

1 P 
1 H 
1 Na 

1 [OP]:  
1 [OH]:  
1 [ONa]: 

covalent, SB 
intermediate 
ionic 

PO…H 

 

1 P 
1 H 
1 Na 

1 [OP]:  
1 [OH]:  
1 [ONa]: 

covalent, SB 
ionic 
ionic 

PO 

 

1 P 
3 Na 

1 [OP]: 
3 [Na]: 

covalent, DB 
ionic 

Fig. 3.6: 

Classification of 
17

O sites employed in this chapter. Covalent bonds are represented by straight lines, ionic 

bonds are represented by dotted lines. BO and NBO stand for bridging and non-bridging oxygen, respectively. 

SB and DB stand for single bonding and double bonding, respectively. 

Compound O Site 
17

O Type δiso 
17

O 

(ppm) 

          δCS 
17

O 

           (ppm) 

          CQ 
17

O 

           (MHz) 

          ηQ 
17

O 

    exp calc exp calc exp calc  

          

NaH2PO4 O3 PO 80 71.6 71.6 4.6 5.31 0.1 0.05 
 O2 POH 89 85 73.00 6.7 6.82 0.7 0.84 
 O7 POH 96 84 * 80.62 7.3 7.04 0.9 0.75 
 O5 POH 79.53 6.97 0.84 
 O4 POH 82.33 7.01 0.89 
 O8 PO…H 102 94 # 94.40 5.0 5.40 0.3 0.33 
 O6 PO…H 94.02 5.41 0.25 
 O1 PO…H 95.76 5.46 0.37 
          

Na2H2P2O7 O3 PO 88 80 81.29 4.6 5.19 0.2 0.18 
 O1 PO-H 102 90 + 94.64 5.5 6.09 0.6 0.64 
 O2 PO-H 97.90 5.75 0.44 
 O4 POP  112.5 127.62 6.8 7.99 0.6 0.56 
          

NaH2PO4*H2O O1 PO n.d. n.d. 88.46 n.d. 4.90 n.d. 0.18 
 O3 POH 70.32 7.23 0.82 
 O4 POH 78.39 6.81 0.98 
 O2 PO…H 108.26 5.43 0.29 
 O5 HOH -29.55 8.78 0.78 

          
NaH2PO4*2H2O O1 PO n.d. n.d. 87.06 n.d. 5.33 n.d. 0.39 

 O3 POH 72.45 7.09 0.74 
 O4 POH 83.00 6.69 0.82 
 O2 PO…H 108.34 5.35 0.28 
 O5 HOH -23.69 8.53 0.87 
 O6 HOH -27.56 8.34 0.86 

NaH2PO4 *: Sites O4, O5, O7 are represented by one experimental slice at δiso 84 ppm. #: Sites O1, O-, O8 are represented by one 

experimental slice at  δiso 94 ppm. 

Na2H2P2O7 +: Sites O1, O2 are rpresented by one experimental slice at  δiso 90 ppm. 
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In order to extend the NMR database for sodium hydrogen phosphates involved in the process of 

glass alteration, two hydrated phases, namely NaH2PO4*H2O and NaH2PO4*2H2O should be 

considered. The synthesis of 17O-enriched phase-pure hydrated sodium phosphates is time-

demanding, costly and difficult to achieve because of the low chemical stability under moderate 

temperature fluctuations. However, the good agreement between experimental and calculated NMR 

data of NaH2PO4 and Na2H2P2O7 presented above demonstrates the validity of the GIPAW approach. 

As a consequence, calculated NMR parameters replace experimental data completely in the case of 

NaH2PO4*H2O and NaH2PO4*2H2O (Tab. NMR data). Simulated 2D 17O 3QMAS spectra replace 

experimental ones.  

The NBO regions of the corresponding simulated 2D 17O 3QMAS spectra are exhibited on Fig. 3.7. 

Bridging oxygen resonances arising from crystallographic H-O-H sites are given in the insets. 

Both, the NaH2PO4*H2O (Fig. 3.7 a) and the NaH2PO4*2H2O (Fig. 3.7 b) spectrum, are very similar, 

presenting NBO resonances in the δCS range from 70 to 120 ppm. Signals at δCS 88.46 ppm in the 

NaH2PO4*H2O spectrum, respectively δCS 87.06 ppm in the NaH2PO4*2H2O spectrum, correspond to 

oxygen sites with a purely cationic Na environment (PO; Fig. 3.6), whereas resonances at δCS 70.32 

ppm and δCS 78.39 ppm in the NaH2PO4*H2O spectrum, respectively δCS 72.45 ppm and δCS 83.00 ppm 

in the NaH2PO4*2H2O spectrum can be assigned to NBOs with a covalent OH bond (POH; Fig. 3.6). 

The ionic character of the same bond that is hydrogen bonding (PO…H; Fig. 3.6), in the same 

chemical environment results in shifted δCS values: δCS 108.26 ppm in the NaH2PO4*H2O spectrum, 

respectively δCS 108.34 ppm in the NaH2PO4*2H2O spectrum. One noticeable difference between the 

two simulated 2D 17O 3QMAS spectra lies in the presence of an additional oxygen site (see insets in 

Fig. 3.7 a and b), in the crystal water chemical shift range for NaH2PO4*2H2O. This allows for a clear 

experimental distinction between the two hydrated hydrogen orthophosphate phases.  

 

Fig. 3.7:  

Simulated 2D 
17

O 3QMAS NMR data for (a) NaH2PO4*H2O and (b) NaH2PO4*2H2O. Simulated 
17

O crystal water 

H2O NMR resonances are given in insets. They allow for a clear distinction between the single- and the double- 

hydrated phase. So far, both compounds are not accessible by synthesis of 
17

O-enriched phase-pure crystalline 

references.  
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3.2   Systematic relationships: 
17

O structure – NMR parameters 

 

In the following section, it shall be referred to calculated δCS, CQ and ηQ values. Several reasons justify 

this procedure. First, NMR parameters extracted from experimental spectra often suffer from low 

sensitivity or strong overlap of 17O sites. Second, a high consistence between experimental and 

calculated NMR parameters for NaH2PO4 and Na2H2P2O7 has been observed. In general, based on a 

calculation approach, NMR datasets can be reproduced reliably within the precision that they can be 

determined experimentally after a multi-parameter fitting procedure. The fact that quadrupolar 

coupling constants are generally overestimated by calculation (ca. 0.2 MHz) has been taken into 

account in the following considerations. 

 

3.2.1 Chemical shift δCS 

 

The chemical shift δCS is a widespread and conventional approach to interpret solid state NMR 

spectra. Nevertheless, it is limited by the fact that references from comparable systems must exist. 

The chemical shift is only useful to distinguish the deviation in chemical environment roughly. In case 

of small variations in the proximate surroundings of a nucleus, precise characterization often fails. 

Moreover, it has been demonstrated in previously published work about crystalline sodium 

phosphate phases that long-range effects induce strong overlap of the 17O chemical shift regions 

(Vasconcelos2008). 

A careful examination of the chemical shift ranges for each of the distinct oxygen environments 

extracted from Tab. 3.1 and those presented by Vasconcelos et al. (Vasconcelos2008). The 

illustration of 1D chemical shift scales for the various 17O site types reveals the following results (Fig. 

3.8):  

 

For bridging oxygen (POP), the data on hydrogen sodium pyrophosphate confirm the results 

previously published on pure sodium phosphate systems (Vasconcelos2008). These oxygens give rise 

to extraordinarily sharp signals in the range from δCS= 124.8 ppm to 136.7 ppm (including data from 

the reference mentioned above). Oxygen sites in crystal water (HOH) present chemical shifts in the 

range from -29.55 ppm to -23.69 ppm. These two types of oxygen environments are clearly 

distinguishable from NBO and therefore easily identified through their chemical shifts. 

However, the distinction of the different NBO environments by a pure chemical shift approach is not 

full proof, due to the strong overlap of the different ranges of resonances.  
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As an example, oxygen environments with ionic bonds to sodium only (denoted as PO) present 

chemical shifts in a range of nearly 20 ppm (71.6 ppm for O3 in NaH2PO4 to 89.3 ppm for O3 in 

Na5P3O10). Hence, within this range, no clear relationship can be drawn between the chemical shift 

and the number of sodium ions in the first sphere of coordination.  

Non-terminal oxygen sites with covalent bonds to phosphorus and hydrogen show resonances from 

δCS = 70.32 ppm (O3 in NaH2PO4*H2O) to 83.00 ppm (O4 in NaH2PO4*2H2O). This chemical shift range 

cannot be distinguished from the previous one, rendering unambiguous assignment impossible. 

Other NBO sites show a covalent bond to phosphorus associated with hydrogen bonding (OH bond 

length around 1.5 Å) towards oxygen. They give δCS in a range from 94.02 to 108.34 ppm, clearly 

distinct from the two previous ones.  

Sites O1 and O2 in Na2H2P2O7 (denoted as PO-H) require a special attention. The crystallographic data 

reveal OH bond lengths of 1.2 Å associated with chemical shifts δCS =94.64 ppm and 97.90 ppm. 

These values are intermediates to the calculated values for ionic (1.5 Å) and covalent (1.0 Å) OH 

bonds. This observation will be further addressed when considering the quadrupolar parameters. 

 

To conclude, only limited trends can be drawn between the chemical shift and the local 17O 

environments in sodium and sodium hydrogen phosphates.  In the next paragraph, we will draw 

correlations between local 17O environment and the corresponding quadrupolar parameters. 

 

PO

POHPO…H

Chemical shift δ CS
17O (ppm)

120 110 100 90 80 70130140

POP PO…H

PO-H

POH

BO NBO

 

Fig. 3.8: 

Chemical shift ranges for the various 
17

O site types illustrated in Fig. 3.6. Chemical shift ranges of different 
17

O 

environments overlap. 
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3.2.2 Quadrupolar parameters CQ and ηQ 

 

The quadrupolar parameters CQ and ηQ can be used as a complementary source of structural 

information. Being sensitive probes for the local electric field gradient (Chapter 2), they provide 

valuable information about coordination and symmetry of the proximate surroundings of the 

observed oxygen sites (Vasconcelos2008, Ashbrook2007, MacKenzie2001). 

 

Fig. 3.9 shows the characteristic CQ ranges of the different types of oxygen environments. CQ values 

in sodium hydrogen phosphates reach from about 4,9 MHz to 8,5 MHz.  

Oxygen sites that exhibit ionic bonds towards their next nearest neighbors exhibit low CQ values. As 

an example, PO sites with only Na+ cations in their close surroundings have the smallest CQ values 

[4,9 MHz; 5,4 MHz]. With increasing covalent contributions towards the proximate surroundings, CQ 

values become larger. As an example, they increase with increasing covalence from PO…H [5,3 MHz] 

to POH (O-H distance: 1,0 A) [7,2 MHz] sites. Bridging oxygen sites establishing two covalent bonds 

towards their next nearest neighbors exhibit the highest CQ values [7,7 MHz; 8,4 MHz]. 

The observed qualitative trends stand in agreement with those reported by several authors 

(MacKenzie2001, Schramm1984). On an empirical basis, the quadrupolar coupling constant is an 

indicator to determine the ionic / covalent nature of bonds within a group of similar materials. As an 

example, Schramm and Oldfield (Schramm1984) deduced in an early study a relationship for a family 

of compounds, including various oxides (MgO, K2WO4, ZnO, Mg2SiO4, CaMgSi2O6, α-Al2O3, B2O3). Their 

equation relates the ionic nature (I in %) of the respective O-M bonds with the corresponding 

quadrupolar coupling constants (in MHz): 

 

2

 (MHz) = 0,203 (%) 14,78
e qQ

I
h

0,203 (%) 14,78((  

 

Fig. 3.10 shows the characteristic ηQ ranges of the different types of oxygen environments. They 

cover the entire range of possible values [0,05; 0,98]. As it is the case for CQ values, ηQ values become 

larger with increasing covalent contributions towards the proximate surroundings. PO sites with 

solely Na cations in their close surroundings exhibit the smallest ηQ values [0,05; 0,39]. Oxygen sites 

with Na, P and H in their proximate environment cover a wide range of ηQ values. In analogy to the 

observation for CQ, ηQ increases with increasing covalent contribution in the O-H bond. PO…H 

exhibits the smallest ηQ values [0,25] whereas the covalent POH sites exhibit the highest ηQ [0,98].  
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Bridging oxygens (HOH and POP) exhibit high ηQ values [0,78; 0,84]. However, in contrast to the 

observations made for CQ, they do not exhibit the highest ηQ.   

PO

POP

PO…HPO-HPOH

Quadrupolar coupling constant CQ
17O (MHz)

9,0 8,0 7,0 6,0 5,0 4,0

HOH

POH PO…H

 

Fig. 3.9: 

CQ ranges for the various 
17

O site types illustrated in Fig. 3.6. CQ ranges of PO and PO…H 
17

O environments 

overlap. 

 
 

PO

POP

PO…HPO-HPOH

Asymmetry parameter ηQ
17O

1,0 0,8 0,6 0,4 0,2 0

HOH

POH PO…H

 

Fig. 3.10: 

Asymmetry parameters for the various 
17

O site types illustrated in Fig. 3.6. ηQ ranges of PO and PO…H and ηQ 

ranges of BO and NBO overlap. 
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To conclude, in the case of the sodium hydrogen phosphates investigated in the frame of this study 

and those sodium phosphates investigated in a previous work (Vasconcelos2008), both quadrupolar 

parameters CQ and ηQ proved to be useful to classify the nature of the O-M and O-H bonds. The 

revealed trends are coherent with those found empirically (MacKenzie2001, Schramm1984), relating 

qualitatively the ionic / covalent nature of the O-M or O-H bonds with the quadrupolar parameter CQ. 

Nevertheless, one single quadrupolar parameter does not allow for unambiguous determination of 

the 17O environment. As an example, for both CQ and ηQ, PO and PO…H ranges overlap. In the case of 

ηQ, bridging oxygens cannot be distinguished from highly covalent POH non-bridging oxygens. 

 

3.2.3 2D correlation maps for unambiguous distinction 

 

The combination of at least two NMR parameters allows for clear distinction of environments. Fig. 

3.11 shows the dispersion of calculated quadrupolar parameters for the sodium hydrogen phos- 

phate phases presented in this work as well as values published previously (Vasconcelos2008).  

 

In a two-dimensional dataset (Fig. 3.11, top), CQ values are presented with their corresponding δCS. 

While ionic O-M and O-H bonds can be found in the lower range of CQ values, O-H and O-P bonds 

exhibiting higher covalence lie in the higher CQ range. This confirms results reported above. It is 

noteworthy that in the 2D map, each type of oxygen environment can be found in a distinct region. 

None of these regions presents any overlap with one another.  

 In a second two-dimensional dataset (Fig. 3.11, bottom), CQ values are presented with their 

corresponding ηQ , mapping clearly distinguishable regions for ionic (CQ = [4.5, 5.5 MHz]; ηQ = [0, 0.4]) 

and covalent CQ = [6.5, 9 MHz]; ηQ = [0.5, 1.0]) bond types (Schramm1984). In the ionic region, there 

is an absence of correlation between the quadrupolar coupling strength and the asymmetry 

parameter value. Oxygen sites with ionic bonds towards hydrogen (PO…H oxygens, hydrogen 

bonding) show a constant CQ value of 4.5 MHz, for example. However, as already observed in Fig. 3.9 

this region can be subclassified: PO…Na oxygens possess smaller CQ and ηQ than hydrogen bonding 

PO…H oxygens.   

Those oxygens involved exclusively in covalent bonds with phosphorus or hydrogen atoms (POH, 

HOH, POP) are found in a completely different range of CQ and ηQ values, the covalent region (Fig. 

3.11; bottom). Within this group, the three different compositions of the bonding environment are 

clearly distinguishable through their quadrupolar parameters. 
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Fig. 3.11: 

2D correlation maps of NMR parameters for different types of 
17

O environments from this work (sodium 

hydrogen phosphates) and from Vasconcelos et al. (anhydrous sodium phosphates; Vasconcelos2008). Top: CQ 

vs. δCS, bottom: CQ vs. ηQ. Overlaps of regions are not observed. For further discussion see text. 
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HOH and POH oxygens, for example, are characterized by similar ηQ values positioned at the higher 

edge of the observation range. However, POP atoms show intermediate CQ values of 7 MHz whereas 

HOH present high CQ values close to 9 MHz. We notice that, this time, a correlation between the CQ 

and the ηQ parameters exists, similar to the one reported for silicates (Clark2001, Charpentier2009). 

 

3.2.4 Conclusion on systematic relationships: 

 

While many empirical correlations can be observed, each of the 17
O NMR parameters δCS, CQ and ηQ 

depends on a variety of structural features in the proximate (and long-range; Vasconcelos2008) 

environment of the nucleus. As an example, not only the O-M or O-H bond distance influences the 

quadrupolar coupling constant CQ. The coordination number, the chemical composition of the close 

surroundings and bond angles influence the electron density and the symmetry of the 17O 

environment, too. Various attempts have been made to establish relationships between quadrupolar 

parameters and the structural features mentioned above (Schramm1984, Timken1987, 

Ashbrook2006). Not only bond distances were studied systematically, Si-O-Si bond angles and P-O-P 

bond angles have been the subject of studies, too. 

However, all approaches relate to groups of similar materials and focus on a restricted number of 

structural characteristics. This must not be neglected whilst considering the relationships elaborated 

above. Those are successfully applicable for the unambiguous determination of the 17O environment 

in the case of sodium and sodium hydrogen phosphate systems. Absolute results cannot be applied 

to other families of compounds. It is not possible to take into account all changing variables that 

might influence CQ and ηQ. 

 

Nevertheless, the most widely applicable observation is the fact that bridging oxygens can be 

distinguished from non-bridging ones by their respective quadrupolar coupling constants 

(Ashbrook2007, Vasconcelos2008) as it has been confirmed in the frame of this work. 

Moreover, the obtained results lead to relationships that are systematic within the sodium 

phosphate family. The 2D CQ / ηQ map is a versatile tool to distinguish at first sight, 

Ø BO from NBO 

Ø O-Na from O-H bonds 

Ø ionic from covalent O-H bonds  

Ø POP from HOH.   
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3.3 Follow-up of water alteration of NaPO3 glass by 
17

O NMR 

 

The previous results can be exploited for the NMR investigation of crystalline phosphate phases 

resulting from the alteration of a phosphate glass by water, namely NaPO3. In the present study, our 

aim was to demonstrate the ability and versatility of 17O NMR to identify the crystalline products 

generated under mild alteration conditions. Further, it will be demonstrated that the calculation 

approach gives access to a quantitative analysis of the 2D 17O 3QMAS spectra of the aging glass.  

 

Fig. 3.12 shows 17O 3QMAS snapshots of the hydration of NaPO3 glass at different stages of the 

alteration process, after 1, 10, 12 days and after two years of alteration in a thermostatic water bath 

at 60°C. In this particular case, the aim was not to simulate weathering. Emphasis was lying on 

identification and quantification of degradation products in a complex mixture, exclusively. 

 

The water alteration into NaPO3 leads to degradation of the glass and this in turn generates a 

complex mixture of crystalline and amorphous phases (Fig. 3.12). Most of the 2D 17O 3QMAS 

snapshots exhibit overlapping resonances, arising from the formation and transformation of several 

crystalline and/or amorphous phosphate phases. Certain resonances show a low intensity. This may 

be due to the small concentration of the corresponding 17O sites in the phase mixture or to 

inhomogeneous multiple-quantum excitation. 17O sites with large CQ values show small triple-

quantum excitation efficiency compared to 17O sites with small quadrupolar coupling interaction with 

the surrounding EFG.  

 

3.3.1 Phase identification in snapshots: 

 

The 17O 3QMAS spectra of NaH2PO4 and NaH2P2O7 (Fig. 3.3 and Fig. 3.4) can be used to characterize 

some of the phosphate phases that occur at different intermediate steps of the alteration of the 

NaPO3 glass. The two NBO resonances of NaH2P2O7 at δiso values of 88 ppm and 102 ppm, denoted as 

sites O3 and O1/O2, respectively, are present throughout the degradation process revealing the 

rapid formation of Na2H2P2O7 during degradation of the glass. The relative proportion of one of these 

resonances, the isolated O3 resonance for example, would give access to the possible quantification 

of this phase during the entire alteration process (see 3.3.2).  
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Fig. 3.12: 

2D 
17

O 3QMAS snapshots of NaPO3 glass after (a) 1 d, (b) 10 d, (c) 12 d and (d) 2 years of water alteration. 

Blue: Site O3 in NaH2PO4 is highlighted. 
 

50 % NaH2PO4-H2O
50 % Na2H2P2O7

50 % NaH2PO4

50 % Na2H2P2O7

33% NaH2PO4

33% NaH2PO4-H2O
33% Na2H2P2O7

 

Fig. 3.13: 

2D 
17

O 3QMAS snapshots of NaPO3 glass after (a) 1 day, (b) 10 days, (c) 12 days and (d) 2 years of water 

alteration. Next to (a), (c) and (d) the simulated 2D 
17

O 3QMAS spectra are presented. They allow for insight 

into relative proportions of phases present in the glass degradation mixture. Blue circles highlight 

crystallographic site O3 in NaH2PO4, red circles highlight site O3 in Na2H2P2O7 and green circles highlight 

crystallographic site O2  NaH2PO4*H2O. 
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Based on the calculated NMR parameters that gave rise to the simulated spectra of NaH2PO4*H2O 

and NaH2PO4*2H2O in Fig. 3.7, one can observe that the site at δiso of about 110 ppm is characteristic 

for the presence of at least one of these phases in the first stages of alteration. A careful examination 

of the low chemical shift range (not shown), reveals that the doubly hydrated phosphate phase 

NaH2PO4*2H2O must be excluded due to the absence of a second oxygen site in the region of HOH 

(bridging) oxygen sites.  

Later in the alteration process, the formation of NaH2PO4 can be observed, confirmed by the 

presence of the characteristic resonance at δiso=80 ppm assigned above to O3 and highlighted in red 

in Fig. 3.12. Simultaneously, resonances characteristic for NaH2PO4*H2O disappear. 

After two years of evolution (Fig. 3.12 d), the snapshot presents crystalline NaH2PO4 and Na2H2P2O7 

resonances. Hydrated sodium phosphate phases are no longer observed in the aged NaPO3 glass.  

To conclude, the 17O NMR-based identification of crystalline phases generated throughout 

degradation of NaPO3 glass is difficult due to the large variety of crystalline and amorphous phases 

that emerge throughout the transformation of the initial NaPO3 glass. Nevertheless, from a purely 

qualitative point of view, the snapshots of NaPO3 glass attacked by water provide crucial information: 

17O NMR data of hydrated sodium hydrogen NaH2PO4*H2O could be collected. Since this phase is not 

stable under moderate temperature fluctuations, the snapshots allow for the first time for 

verification of the calculated reference data (Tab. 3.1, Fig. 3.5).  

 

3.3.2 Phase quantification in snapshots 

 

Fig. 3.13 presents the snapshots of NaPO3 exposed to aqueous attack together with simulated 

spectra of crystalline phase mixtures. The same local 17O environments give rise to the same NMR 

parameters in crystalline and amorphous phases. In amorphous phases, distributions of these NMR 

parameters are observed, since the individual local geometries vary slightly. Nevertheless, the 

analogies in the local environments can be exploited to access the complex phase mixture 

quantitatively. Based on the reference NMR data of the four crystalline sodium hydrogen phases 

NaH2PO4, Na2H2P2O7, NaH2PO4*H2O and NaH2PO4*2H2O, spectra of purely crystalline mixtures were 

simulated.  

In the first snapshot taken after 1 day of water alteration into the glass, NaH2PO4*H2O and Na2H2P2O7 

were identified (see section above). A simulated spectrum presenting equal fractions (50%) of both 

crystalline phases is presented in Fig. 3.13 (next to snapshot a) where the experimental spectral 

window is highlighted in black. The main sites and their proportions present in the first simulated 
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snapshot correspond to those observed in the experimental data (Fig. 3.13 a). They are highlighted in 

green (NaH2PO4*H2O) and red (Na2H2P2O7).  

In the third snapshot taken after 12 days of water alteration into the glass, a simulated spectrum for 

a crystalline mixture containing equal fractions of NaH2PO4*H2O, Na2H2P2O7 and NaH2PO4 (33%) 

stands in agreement with experimental observations. 

After two years, equal fractions of Na2H2P2O7 and NaH2PO4 are present in the alterated NaPO3 glass. 

 

The challenge in the above section was to simulate NMR data for complex phase mixtures generated 

through transformation of NaPO3 glass upon aqueous attack. It was possible to obtain simulated 2D 

17O 3QMAS spectra that stand in agreement with those experimentally observed in snapshots taken 

at different stages of water alteration into NaPO3 glass. The simulated spectra lead to reliable results, 

since they take various experimental parameters (e.g. excitation efficiencies for different 

quadrupolar coupling constants) into account.  

Thus, the combination of calculation / simulation approach and experimental 17O 3QMAS snapshots 

allows for a first idea about the relative proportions of the different phases present at the different 

stages of aqueous attack.  

 

3.3.3 Heteronuclear correlation: 
31

P-
17

O J-HMQC 
 

Fig. 3.14 (top) exhibits a 31P-17O J-HMQC correlation spectrum of the snapshot taken after 12 days of 

aqueous attack on NaPO3. The spectrum is accompanied by a 17O 3QMAS spectrum (snapshot after 

12 days, Fig. 3.12 c; Fig. 3.14 bottom) in order to ease visual inspection and attribution of the 

correlations.  

Only those 17O sites that are chemically bonded to 31P appear in the J-HMQC correlation spectrum. In 

the 31P dimension (Fig. 3.14, top) Q1 (around -10 ppm) and Q0 resonances (about 0 ppm) can be 

observed. A high degree of crystallinity is present in the resonance range of Q0 phosphorus sites. 

Their chemical shift difference corresponds to the one observed in crystalline NaH2PO4 reference 

data.  

Relations between the HMQC spectrum and the corresponding resonances in the 2D 17O 3Q MAS 

spectrum can be drawn. As expected, the NBO resonance attributed to site O3 in Na2H2P2O7 is 

correlated to the Q1 type 31P resonance at about -8 ppm (red arrows). The Q0 type resonances at 

about 0 ppm in the 31P dimension can be correlated to two NBO sites in the NaH2PO4 phase (blue and 

yellow arrows). Fig. 3.14 illustrates the correlations visible in the 31P-17O J-HMQC spectrum.  
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The spectral window (isotropic dimension, Fig. 3.14, bottom) has been restricted to the region of 

NBO sites. The expected correlation between Q1 phosphorus sites (Fig. 3.14 top) and the BO 

resonance in Na2H2P2O7 (O4) has not been observed in the 31P-17O J-HMQC due to a lack of sensitivity.  
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Fig. 3.14: 
31

P - 
17

O J-HMQC spectrum of NaPO3 glass after 12 days of water alteration (top) together with the 

corresponding 
17

O 3QMAS spectrum (bottom) to ease visual inspection. 
 

 

The low efficiency of triple-quantum excitation of the POP site (large CQ) and the low abundance of 

the P17OP site are factors that render detection of the corresponding signal extremely difficult: The 

maximum 17O enrichment rate is 40%. From a crystallographic point of view, O4 sites are less 

represented in the phase than NBO crystallographic sites: O4:O1:O2:O3 = 1:2:2:2. 

 

To conclude, in combination with 3QMAS, 31P-17O J-HMQC is a technique that enables correlation of 

31P and 17O resonances observed through aging of NaPO3. Former results (see section identification) 

have been confirmed by the combination of these techniques.  

For future investigations, heteronuclear correlation techniques involving 17O can be employed to 

complement high-resolution data and to ease assignment of multinuclear NMR spectra. Additionally, 

in the case of unidentified phases, structural information can be gained in a rapid way.  
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Summary and Conclusion  Chapter 3 

 

Summary: 

 

In the present chapter special attention has been dedicated to 17O as a NMR probe nucleus with 

regard to subsequent studies of weathering phosphate glasses. Three aims were pursued: 

 

In the first part of this chapter, a NMR calculation / simulation approach should be validated for 

crystalline sodium hydrogen phosphate phases that are possibly generated throughout the 

weathering process of sodium phosphate glasses. It was of particular interest to complement 

experimental NMR data, to aid assignment and interpretation of 17O NMR spectra and to establish a 

calculation protocol that allows the generation of reliable 17O reference data for crystalline sodium 

hydrogen phosphate phases without performing costly and time-demanding 17O-enrichment of 

reference samples. 

A DFT / GIPAW approach was used to optimize the geometry of structural reference data of NaH2PO4 

and Na2H2P2O7 and to calculate the corresponding NMR parameters subsequently. A simulation 

program (Charpentier1998) allowed for generation of simulated spectra based on the calculated 

NMR parameters. Simultaneously, 17O-enriched crystalline NaH2PO4 and Na2H2P2O7 were synthesized 

and experimental NMR data were collected. 

The calculation approach for hydrogen containing crystalline phosphate phases was successfully 

validated. Experimental and calculated / simulated 17O NMR data of 17O-enriched NaH2PO4 and 

Na2H2P2O7 stand in high agreement. In the case of 17O NMR spectra, calculated / simulated NMR 

parameters allowed to overcome the limits of sensitivity and resolution of the 3QMAS NMR data and 

to assign all 17O resonances present in the spectra unambiguously. 

The successful validation of the calculation approach in the case of NaH2PO4 and Na2H2P2O7 allowed 

to include calculated data of two hydrated phosphate phases that are not accessible by synthesis, 

namely NaH2PO4*H2O and NaH2PO4*2H2O, in the correlation studies carried out subsequently in this 

chapter. 

 

The second aim of the work carried out in this chapter was to draw systematic correlations between 

the local environment of 17O sites and their corresponding NMR parameters δCS, CQ and ηQ. The 

trends that were revealed for sodium hydrogen phosphates were coherent with those reported by 

several authors (Schramm1984, MacKenzie2001) and previously published results within the group 

(Vasconcelos2008). The quadrupolar coupling constant CQ proved to be a precise indicator for the 
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covalent or ionic bond nature: with increasing covalency between O and Na or H the quadrupolar 

coupling constant CQ is increasing. In addition, ηQ shows the same trends.  

Mapping 17O NMR parameters in two-dimensional δCS vs. CQ or CQ vs. ηQ maps is a versatile tool for 

the discrimination of the different environments of 17O. In particular in CQ vs. ηQ maps, the chemical 

composition can be differentiated, e.g. P-O…Na from P-O…H. Ionic bonds are clearly separated from 

covalent ones. The latter can be subdivided into POP, HOH and POH bonds at first sight.  

The possibility to distinct classify P-O…H, P-O-H and POH and HOH environments by 17O NMR is of 

particular interest with regard to the hydrolytic depolymerization of phosphate glasses. Besides 1H 

NMR and 1H-31P CP NMR, it allows for monitoring the way of water incorporation from a 

complementary point of view.  

 

In the third part of this chapter, the aim was to implement the combination of NMR and first 

principles calculations presented above in order to study sodium phosphate glass alteration by 

water, namely NaPO3, for the first time. The combined methodology proved to be a powerful tool to 

follow the process of degradation of the glass and to identify the generated crystalline and 

amorphous phases. As an example, the hydrated phase NaH2PO4*H2O whose reference NMR data 

are based on the DFT / GIPAW calculation approach solely (see 3.1.2), could be identified as an 

intermediate product of the early stages of the alteration process (see 3.3.1 and 3.3.2).  

A complex mixture of crystalline and amorphous phases is generated upon aging of NaPO3 glass. 

However, the similarities in the local environments of the same types of 17O sites in crystalline and 

amorphous phases could be used to describe the aged mixture quantitatively. Based on the 

reference NMR data of the four crystalline sodium hydrogen phases, spectra of mixtures were 

simulated. This allowed for determining the relative proportions of the different phases present in 

the attacked NaPO3 glass.  

 

Conclusion: 

 

So far, 17O NMR parameters of hydrogenated crystalline phosphate phases have not been 

investigated by a combined NMR / DFT/ GIPAW approach and discussed in detail, since the exact 

determination of the proton positions represented a remarkable challenge for structure 

optimization. DFT / GIPAW investigations of NMR parameters of calcium hydrogen phosphates have 

been reported elsewhere, but the published calculated data for 17O are not accompanied by 

experimental NMR controls (Pourpoint2008).  
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The combination of 2D 3QMAS 17O NMR and DFT calculations helped to overcome the limits of 

sensitivity and resolution of the 2D 17O 3QMAS experiment in a unique way. It enabled complete 

assignment of the observed resonances. These results build the first step towards a systematic study 

of cationic effects on quadrupolar parameters and thus on the immediate surroundings of oxygen 

sites in crystalline phosphate phases. This methodology is not restricted to the phosphates presented 

in this study and can be expanded to a variety of compounds, particularly to more complex 

crystalline and amorphous systems, as Na5P3O10 for example. 

 

In Chapter 4, interest in 17O as a probe nucleus will be continued with respect to systematic 

weathering studies carried out on NaPO3 glass. Using the results of the present chapter, 17O-enriched 

water will be employed as a selective marker for sites of attack in a non-enriched phosphate glass 

exposed to 17O-enriched humid or aqueous atmosphere. Compared to silicate materials, this domain 

still remains to be explored in phosphate glasses. 
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