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Abstract 

Nitrogen doping has been shown to greatly improve the stability of solid electrolyte (SE) 

materials at the anode and cathode interfaces in all solid-state batteries (ASSBs) as widely 

demonstrated by the LiPON family of compositions. In an effort to expand the use of nitrogen in 

SEs, in this study, mixed oxy-sulfide nitride (MOSN) glasses were prepared by direct ammonolysis 

of the sodium oxy-sulfide phosphate Na4P2S7-xOx (NaPSO) glass series to understand the combined 

effects that oxygen and sulfur have on the incorporation of nitrogen. The short-range order (SRO) 

structures of the Na4P2S(7-x)-3/2yzOx-3/2y(1-z)Ny (NaPSON) glasses were investigated with Raman and 

infrared (IR) spectroscopies to understand the effect that nitrogen has in the glass structure. The N 

content of the glasses was quantified by elemental analysis and confirmed through weight change 

measurements. By combining this information, it was further possible to determine the anion 
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exchange ratio, z, for the N substitution of O and S as a function of the base NaPSO glass 

chemistry, x. The composition dependent glass transition temperature, Tg(x), measured with 

differential scanning calorimetry (DSC), was found to correlate well with the measured N/P ratio, 

y, in the NaPSON glasses.  

INTRODUCTION 

Solid electrolytes (SEs) have received increased attention recently because they may enable 

development of all solid-state batteries (ASSBs) based in part upon sodium and lithium metal 

(SM/LM) anodes with energy densities exceeding that of current battery chemistries, such as Li-

ion batteries (LIB)1-4. Due to the complex requirements for the use of SM and LM anodes in 

ASSBs, a clear choice for a SE is still lacking5-7. Polymeric electrolytes have exhibited high 

conductivity, conformality, and processability; however, they are flammable and have poor 

conductivities at relatively low temperatures (<20°C)3, 8-10. Some inorganic oxide materials such 

as sodium beta-alumina, NASICON, and LLZO are stable in contact with SM and LM and exhibit 

high ionic conductivities reaching > 10-4 S/cm at 25°C11-13. Unfortunately, despite great 

advancements in the last 10 years, these polycrystalline oxide ceramics present many challenges 

when transitioning synthesis and production beyond a laboratory scale13, 14. Sulfide materials have 

also emerged as viable candidates for SEs due to their high ionic conductivities and low-energy 

synthesis15-17. Nevertheless, sulfide materials are widely known to be highly reactive with other 

compounds, leading to challenges with processing and performance18-20.  

Glassy SEs (GSEs) are a promising alternative to polycrystalline ceramic electrolytes as 

they are highly conductive, fully dense and resistant to dendrite growth, and capable of being 

drawn or sputtered as thin films13, 21-25. Dudney et al.26, 27, demonstrated these properties in the 
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well-known lithium oxy-nitride glass, LiPON, which is highly resistant to dendrites and 

chemically stable in contact with LM and high voltage transition metal cathodes. Unfortunately, 

LiPON is limited to use in thin-film batteries due to its relatively low ionic conductivity of ~ 1 x 

10-6 S/cm at 25°C28. More recently, our research group has extensively examined invert mixed 

oxy-sulfide (MOS) glasses in an effort to blend the properties of oxide and sulfide GSEs to 

optimize both the ionic conductivity and the electrochemical stability29, 30. Here, as is commonly 

used, an invert glass composition has an alkali (or alkaline earth) cation ratio to total glass former 

cation, such as P, greater than 1. These invert glasses are most often studied as GSEs because the 

alkali cation conductivity is often, but not always, a strong and positive function of the alkali to 

glass former ratio31, 32. 

In conjunction with the work by Mascaraque et al.33, this paper focuses on the first mixed 

oxy-sulfide nitride (MOSN) glasses prepared via direct ammonolysis of oxy-sulfide melts, as a 

new class of GSEs for potential use as SEs. The Na4P2S7-xOx (NaPSO) glass system was chosen as 

the base compositions to understand the effect ammonolysis has on MOS invert glasses containing 

considerably higher concentrations of alkali modifier than traditional melt quenched glasses. In 

previous reports on these MOS GSEs, their preparation, short range order (SRO) structures and 

thermal properties have been studied.  

The nitrogen solubility is a function of the Na concentration, the O to S ratio in the MOS 

glass, the glass forming cation, here P, and the type of structural site that the nitrogen enters into 

the GSE structure. The theoretical maximum N/P ratio limit is 1.67 for phosphorus tetrahedrally 

coordinated to nitrogen (PN4) in the compound P3N5
34-36. Within this nitride compound, two 

nitrogen species are observed; tri-coordinated nitrogen (Nt) bonded to three different P centers, 

and linearly coordinated nitrogen (Nd) bonded through a double bond to one P and a single bond 
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to a second P center36-39. Other compounds exist with greater concentrations of nitrogen but rely 

heavily on ionic bonding with alkali or alkaline earth metals such as Li3N and Ca3N5
39, 40. These 

structural units are not favorable for glass formation or chemical stability as they readily react with 

O2 and H2O.  

The increased chemical stability of N-doped oxide and oxy-sulfide glasses can be attributed 

to the P-N-P bonds that are formed in place of bridging oxygen (BO) P-O-P bonds, which prevent 

or dramatically slow oxidation, hydrolysis, and electrochemical reduction and oxidation below the 

glass transition temperature  (Tg), when in contact with oxygen (air), water, alkali metal, and high 

voltage cathodes38, 39, 41. Munoz et al.42, 43, observed that lithium phosphorus oxide (LiPO) glasses 

demonstrate improved nitrogen absorption with increasing modifier concentration, reaching the 

highest nitrogen concentration in the 0.6Li2O + 0.4 P2O5 composition. These authors reported that 

further additions of Li2O, however, severely decreased the number of BOs in the LiPO GSEs and 

thereby greatly reduced the number of available sites for nitrogen to occupy and, consequently, 

reduced the uptake of nitrogen. Simultaneously, the viscosity and liquidus temperature of the melt 

increased which, in turn, decreased the rate of N incorporation and the thermal stability of the 

formed P-N bonds44, 45.  

In the invert glasses studied here, the combined fractions of BOs and bridging sulfurs (BSs) 

is small, nominally 1/7, compared to the combined fractions of non-bridging oxygens (NBOs) and 

non-bridging sulfurs (NBSs), nominally 6/7. It is the purpose of the current work here, therefore, 

to understand the effects of nitrogen substitution on the highly modified the Na4P2S7-xOx MOS 

glass series.  

In this study, it has been found that the distribution of SRO structures present in the base 

MOS glasses directly determines the type, Nt and Nd, of nitrogen incorporated. The different 
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nitrogen containing SRO species have been found to produce different intermediate range order 

(IRO) structures, which generate large changes in the physical properties such as the Tg reported 

here. In future papers in this series, the effects of N on the ionic conductivity and the 

electrochemical performance of these MOSN GSEs will be reported. 

 

Experimental methods 

Sample Preparation 

 Annealed bars of the MOS glass compositions were prepared from 4-5g batches following 

methods described by Kmiec et al.30 in a N2 glovebox using as received sodium sulfide (Na2S 

99.9% Alfa Aesar), phosphorus pentasulfide (P2S5, 99.95% Sigma Aldrich), and phosphorus 

pentoxide (P2O5, 99.95% Fisher Scientific). All samples were melted at temperatures between 500-

580°C for 15min, and then were cast into a preheated mold set to ~35°C below the Tg, and annealed 

for ~3 hours then cooled to room temperature at a rate of 1°C/min. All samples were stored in a 

N2 glovebox to prevent reactions with H2O and O2, until being subjected to the ammonolysis 

process and further testing.  

 

Ammonolysis of Na4P2S7-xOx glasses      

Ammonolysis of the Na4P2S7-xOx glasses follows the methods used by De Souza et al.46, 

for the production of LiPON and NaPON bulk glasses. Due to the mass dependence on the N 

uptake into the melt, the sample size was held between 2.5g and 3.5g for all experiments by 

controlling the geometry of the glass bars46. The ammonolysis system is depicted in Fig. S1 and is 
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comprised of a mullite tube furnace equipped with two water cooled end caps for N2 and NH3 gas 

inflow and exhaust. The exhaust port cap was equipped with a pushrod to move the sample during 

the experiment without atmospheric contamination. This allowed the untreated glass bars to be 

moved into the hot ammonolysis zone of the furnace and, after ammonolysis, the NH3 treated melts 

to be moved out of the hot zone of the furnace into the cold zone outside of the furnace. This 

feature allowed the time and temperature of the ammonolysis to be carefully controlled and 

allowed the un-nitrided composition to cool more quickly such that wider compositional ranges of 

glass formation could be observed. Otherwise, the slow heating and cooling, << 1°C/min, of the 

large tube furnace would lead to relatively uncontrolled time and temperatures of ammonolysis 

and often cause crystallization of the melts.  

The NaPSO MOS glass bars were transferred from a N2 glovebox in an airtight container 

to the cold zone (~30°C) of the nitrogen filled tube furnace that had been pre-heated to the 

ammonolysis temperature of 520°C. This temperature was observed to be the best compromise 

such that the melt was fluid enough for diffusion and the subsequent reaction of the NH3 

throughout the MOS melt, but not so high that thermal decomposition and loss of the incorporated 

N would result. The furnace was then sealed and purged for ~10 min with N2 gas at a rate of 25 

ml/min. Once the tube was purged with nitrogen, the sample was pushed into the hot zone in the 

furnace, replicating the melting conditions of the base glass samples reported by Kmiec et al 30. 

Immediately after moving the sample to the hot zone, the gas flow was switched from N2 to NH3. 

All samples were processed under NH3 for incremental amounts of time, 0.5, 1, 2, 3, 6 h, using a 

constant furnace temperature of 520°C and NH3 flow rate of 150 ml/min. Once the ammonolysis 

time was reached, the gas flow was switched back to N2, the furnace was turned off, and the sample 

was pushed out of the hot zone to increase the cooling rate to ~5°C/min to promote glass formation 
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as described above. Once cooled, the sample was removed from the ammonolysis furnace and 

transported back to the N2 glovebox for characterization.  

Nitrogen Analysis (N/P Determination)  

Weight Change Measurements 

The mass of each glass sample was measured before (mi) and after (mf) each ammonolysis 

procedure using a Sartorius QUINTIX213‐1S (±0.001 g) precision balance. Because there was 

negligible weight loss during comparable processing at comparable temperatures without NH3 gas, 

all weight loss could be assumed to be due to the incorporation of nitrogen. From these 

measurements the weight change fraction (WCF) was calculated using Eq. 1 to model the progress 

of ammonolysis reaction.  

( xpt.) ( xpt.)Wt. Change Fraction
− 

≡ =  
 

f i
E E

i

m m
WCF

m
      Eq. 1 

 

CHNS Combustion Analysis 

Elemental analysis was performed using a Thermo FlashSmart 2000 CHNS Combustion 

Elemental Analyzer, calibrated with a cysteine standard, to determine the concentration of nitrogen 

in the nitrided glasses. All samples were run in triplicate, prepared with V2O5 to ensure statistical 

relevance, with a combustion and reduction temperature of 975°C. The atomic mass fraction 

nitrogen (MFN) for each of the measured samples was then used to experimentally determine the 

glass composition and resulting N/P ratio for MOSN samples, see below. 
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Differential Scanning Calorimetry (DSC)  

Thermal characterization was performed using a Perkin-Elmer Pyris 1 DSC calibrated with 

indium and tin standards. Experiments were conducted on bulk pieces of glass packed into 

hermetically sealed aluminum pans inside a nitrogen glove box.  Baseline scans were run before 

each experiment using empty sample pans. All experiments were conducted under 25 ml/min 

nitrogen gas flow, and samples were heated at 20°C/min from 25°C to 450°C to identify the glass 

transition (Tg), crystallization (Tc), and melting (Tm) temperatures A new sample was then packed 

and thermally cycled in triplicate at +20°C/min and -20°C/min in the DSC from well below Tg to 

below Tc to the determine the Tg of the glass. Values for Tg were calculated using the onset method.  

 

Raman Spectroscopy 

Raman spectra were collected with an inVia 488 nm Renishaw Coherent Laser calibrated 

using an internal silicon reference standard centered to 520 cm-1 (±0.5). Bulk glass samples were 

measured in a sealed sample holder under N2 to prevent oxygen and water contamination during 

measurement. Each sample was measured from 100 cm-1 to 2500 cm-1 using a 20x objective, a 

collection time of 15 seconds per accumulation, at least 10 accumulations at 12 mW power, and a 

spot size of ~ 50 µm2. Multiple measurements were taken across the sample surface to determine 

compositional and structural homogeneity. In all cases, nearly identical spectra were collected 

independent of the beam location. 
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FT-IR Spectroscopy 

A Bruker IFS 66v/s FT-IR spectrometer was used to collect the mid-IR (MIR) spectra.  

Samples were prepared by mixing ~2 wt.% of the glass with ~98 wt.% dry CsI using a mortar and 

pestle and then cold pressed to form a thin, optically translucent pellet. MIR spectra were collected 

from 400 cm-1 to 4000 cm-1 using a potassium bromide (KBr) beam splitter. All measurements 

were performed under vacuum using 4 cm-1 resolution and 32 accumulations. Samples were 

transferred from the glove box to the FT-IR spectrometer in a sealed container and stored in a 

small glove box attached to the top of the FT-IR spectrometer kept under constant N2 flow to 

prevent contamination. 

Results 

Nitrogen Determination 

Weight Loss Measurements  

The weight of each sample was measured before and after the ammonolysis process and 

the WCF is given as a function processing time for each base composition in Fig. 1. All of the 

samples tested lost weight upon ammonolysis and this is consistent with the expected mole ratio 

change of 1 N/1.5 O and 1 N/1.5 S. As Fig. 1 shows, all the WCF values for all samples exhibited 

a non-linear decrease in weight with processing times and reached a limiting value, the higher the 

oxygen content in the glass, higher x, the larger the WCF value. All of the WCF values are reported 

in Table S1. The Na4P2S7 glass exhibited the smallest limiting WCF value under the fixed 

processing temperature of 520 °C used here, showing a -0.039 change after 6 h of ammonolysis. 

A systematic increase in the magnitude of the limiting WCF value is observed with increasing 
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amounts of oxygen, reaching a maximum magnitude of ~-0.13 for the x = 3 NaPSO glass.  The 

Na4P2S6O and Na4P2S5O2 glasses achieved a maximum WCF of -0.083 after 6 h of ammonolysis 

at 520°C.  The initial slope, proportional to the rate of N incorporation, of the weight loss curves 

is observed to increase with x.  

 

 

 

 

 

 

 

 

Figure 1. Measured weight loss from the ammonolysis of 5g bars of various Na4P2S7-xOx glasses 
as a function of processing time. Larger weight losses are observed in samples that 
contained greater concentrations of oxygen. Lines act as a guide to the eye. 

 

CHNS Measurements   

CHNS combustion analysis was used to determine the MFN values for all of the glass 

samples for the 6 h ammonolysis. For the Na4P2S5O2 sample, it was also used to determine the 

MFN for all of the ammonolysis treatments. The MFN values are given in Table S1 and plotted in 

Fig. 2 as a function of ammonolysis time. Similar to the WCF, the MFN values increase with 

ammonolysis and for the Na4P2S5O2 reaches a limiting maximum value at 6 h. We assume for the 

purposes here that since the WCF and MFN values are highly correlated, Table S1, and because 
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Fig. 2 shows that the WCF values for the Na4P2S5O2 composition also appear to reach a limiting 

asymptotic value at 6 h, the MFN value measured for the x = 0, 1, and 3 glasses at 6 hrs. also 

represent the limiting maximum values for the incorporation of N under the ammonolysis 

conditions used here.  

 

 

 

 

 

 

 

 

Figure 2. Compositional analysis of nitrogen for the Na4P2S5O2 + N series determined via CHNS 
measurements reported in weight percent. Dotted lines are guides to the eye only, based 
on inferences from the WCF shown in Fig. 1. 

Table 1. Tabulated weight change fraction (WCF) and mass fraction nitrogen (MFN) values for 
the Na4P2S7-xOx glasses processed under direct NH3 flow for variable amounts of time 
at 520oC.  

 

  Ammonolysis Time (h) 
Sample Calc. Parameter 0.5 1 2 3 6 

Na4P2S7 
N/P Ratio 0.07 0.12 0.17 0.18 0.23 

WCF -0.0114 -0.0202 -0.0288 -0.0314 -0.0391 
MFN 0.0049 0.0087 0.0126 0.0138 0.0173 

Na4P2S6O 
N/P Ratio 0.09 0.155 0.215 0.345 0.375 

WCF -0.0176 -0.0301 -0.0415 -0.0658 -0.0713 
MFN 0.0071 0.0123 0.0173 0.0285 0.0312 
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Na4P2S5O2 
N/P Ratio 0.16 0.18 0.27 0.34 0.38 

WCF -0.0291 -0.0373 -0.0550 -0.0713 -0.0794 
MFN 0.0133 0.0134 0.0230 0.0295 0.0332 

Na4P2S4O3 
N/P Ratio 0.41 0.53 0.53 0.57 0.62 

WCF -0.0896 -0.1146 -0.1147 -0.1228 -0.1330 
MFN 0.0373 0.0497 0.0498 0.0539 0.0594 

 

Differential Scanning Calorimetry (DSC)  

 

 

 

 

 

 

 

 

Figure 3. Example DSC Thermograms of the Na4P2S5O2+N glass series measured with a heating 
rate of 20oC/min, highlighting the effect ammonolysis time has on the glass transition 
temperature (Tg).  

 

The thermal properties of the NaPSON glasses were measured using DSC to determine the 

Tg of the MOSN glasses. Thermograms of the Na4P2S5O2 + N glasses are shown in Fig. 3. A Tg = 

190°C was measured in the Na4P2S5O2 base glass that increased by ΔTg = 62°C after 6 h of 

ammonolysis. The increasing Tg is shown to be non-linear as seen in Fig. 4; exhibiting the largest 

change after the first hour, and approaching a plateau at longer processing times. The composition 

dependent Tg as a function of nitridation time exhibits a trend similar to the WCF reported in Fig. 
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1. The Na4P2S4O3 series displayed the most significant increases in Tg, showing ΔTg = 85°C after 

1 h and ΔTg = 120°C after 6 h. The pure sulfide sample exhibited the smallest change in Tg, 

increasing by only 20°C, even after ammonolysis times up to 6 h. The MOS glasses, 1 ≤ x ≤ 3, 

exhibited much larger changes under these same conditions, with Tg’s increasing by ~100°C in the 

Na4P2S4O3 composition. 

 

 

 

 

 

 

 

 

 

Figure 4: Measured Tg’s from the ammonolysis of 3-5g bars of various Na4P2S7-xOx glasses as a 
function of ammonolysis time. Samples that contained greater concentrations of oxygen 
exhibited larger changes in the Tg.  
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Raman Spectroscopy 

 

Figure 5. Raman spectral evolution of a) Na4P2S7 +N, b) Na4P2S6O+N, c) Na4P2S5O2+N, d) 
Na4P2S4O3+N, glasses directly nitrided for 0-6 h. 

 
The Raman spectra of the Na4P2S7 + N GSEs are given in Fig. 5a over the 320 to 480 cm-

1 spectra range, where all of the dominant spectra modes are observed, and show a systematic 

change in the SRO structures of the NaPSON GSEs with ammonolysis time. The most prominent 

band in the base sulfide glass is centered at 403 cm-1 and has been assigned to the ν(PS3) of NBS 

in the P2S7
4- (P1(S)) anion18, 47, 48. With increasing N/P ratios, this band shifts to lower frequencies 

reaching a peak position of 398 cm-1 in the 6 h sample, suggesting the presence of new P1N SRO 

units. The shoulder centered at 418 cm-1 grows in intensity with nitrogen incorporation and has 

been assigned to the ν(PS3) of NBS in the PS4
3- anion48, 49. The evolution of this band suggests the 

ammonolysis of the P2S7
4- anion produces non-networking P0 species as a product.  

The Raman spectra of the Na4P2S6O + N GSEs are given in Fig. 5b, revealing a similar 

trend to the pure sulfide glass, where P0 species are formed with longer processing times. In the 
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P2S7
4-

  and PS4
3- (P0) anions, respectively, where the superscript refers to the numbers of BSs. With 

increasing nitrogen content, increasing N/P ratios, the mode assigned to P1(S) units, at 403 cm-1
, is 

consumed as a result the ammonolysis reaction and is replaced by the mode assigned to P0 species 

at 418 cm-1.  

The effects of nitrogen incorporation in the Na4P2S5O2 and Na4P2S4O3 can be seen in the 

Raman spectra given in Figs. 5c-d, respectively. In both series, the intensity of the mode assigned 

to the P1(S) species decreases rapidly after only two hours of ammonolysis and are not visible in 

samples with higher N/P ratios. As a result, the dominant band in the MOSN glasses is centered at 

~420 cm-1 and has been assigned to the NBS of P0 species. Additional information on the Raman 

spectra in these glasses, showing a wider spectral range, is provided in Fig. S2.  

MIR Spectroscopy 

P3N5 

As a model compound for the P-N bonding in these NaPOSN GSEs, the MIR spectra of 

P3N5 was investigated to isolate the MIR bands associated with the P-N bonds. P3N5 contains both 

Nt and Nd species which are both IR active. The spectra published in literature reveals three distinct 

envelopes in the MIR region. The first envelope spans from 400 cm-1 to 750 cm-1 and contains 

several sharp modes centered at 495, 625, 673, and 710 cm-1 which have been assigned to the 

network bending δ(P-N) modes39, 40, 50. The second envelope spans from 750 cm-1 to 1100 cm-1 

and contains the stretching modes of the P-Nt configurations. Three unique modes emerge within 

this envelope with the most dominant band centered at 913 cm-1 and the less prominent modes 

centered at 856 cm-1 and 974 cm-1, which have not been specifically identified in literature. The 
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final envelope spans from 1100 cm-1 to 1500 cm-1 and contains the stretching modes of the P-Nd 

configurations. The most intense mode in this envelope is centered at 1410 cm-1, combined with 

two shoulders centered at 1279 cm-1 and 1348 cm-1
,
 all of which arise from a distribution of 

nitrogen species in the PN4 tetrahedra.  

Na4P2S7 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. MIR spectra of Na4P2S7 glass directly nitrided for 0-6 h.    
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assigned to the νas(P-S-P) of the P2S7 anion, decreases slightly with the addition of nitrogen. The 

mode centered at 680 cm-1 is consistent with the δ(P-N) mode in the P3N5 spectra centered at 671 

cm-1. The second mode at 720 cm-1 is assigned to the bending δ(P-Nd), which is consistent with 

the shorter P=N bond and higher resonant frequencies40. The two modes centered at 858 cm-1 and 

910 cm-1 are assigned to tetrahedra possessing at least one Nt species and are notable compared to 

the other modes in the series39.  

 

Na4P2S6O 

The MIR spectra of Na4P2S6O + N glasses are given in Fig. S3 and reveal significant 

structural changes with ammonolysis times. With the incorporation of nitrogen, the νas(P-S-) of the 

P2S7
4- anion, centered at 605 cm-1, shifts to higher frequencies while decreasing in intensity. After 

6 h of ammonolysis, this mode has been partially replaced by the νas(P-S-) of the P0 species to 

become shoulder centered at 615 cm-1. Unlike the νas(P-S-) of the P1(S) species, the sharp mode 

centered at ~460 cm-1, assigned to the BS νas(P-S-P) mode in P1(S)
 anion, disappears entirely with 

the addition of nitrogen, as shown in Fig. S3. Accompanying the observed structural shift, is the 

emergence of modes between 600 cm-1 and 800 cm-1 that are associated with δ(P-N) modes. 

Similar to the Na4P2S7 + N series, δ(P-Nt) and δ(P-Nd) modes appear at 680 cm-1 and 720 cm-1, 

respectively. Another mode grows in this region, centered at 667 cm-1, which is attributed to the 

δ(P-Nt) of PX2N2 [X = O,S] tetrahedra. The mode with the highest frequency in this region is 

centered 784 cm-1 and is very weak relative to the rest of the spectra which will tentatively be 

assigned to the δ(P-Nd) mode of a PS4-xNx tetrahedra. 

Na4P2S5O2 
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Upon ammonolysis, the MIR modes, Fig. S4, associated with P1(S) species, νas(P-S-P) at 

460 cm-1 and νas(PS3) at 630 cm-1, are replaced by the mode at 580 cm-1, which grows in intensity 

to become a dominant mode in the Na4P2S5O2 6 h sample. The νas(P-O-P) modes of P2(O) and P1(O) 

SRO species are fairly broad and positioned at 874 cm-1 and 945 cm-1, respectively30. An additional 

mode centered at 1150 cm-1, assigned to νas (O-P-O) / NBO of P2(O) species, increases in intensity 

relative to the surrounding NBO peaks reaching a maximum after six hours. The O-P-O bands 

convolute to from a mound by the formation of stretching of the P-N modes in the 6 h sample. 

Lastly, the broad shoulder that forms beyond 1300 cm-1 has been assigned to the P-Nd bond.  

Na4P2S4O3 

The effect of ammonolysis is apparent in the MIR spectra of the Na4P2S4O3 glasses which 

are given in Fig. 7. The mode, centered at 617 cm-1 and assigned to the NBS of the P1 species, 

decreases with nitrogen incorporation and is replaced by the mode centered at the NBS of P0 

tetrahedra. The modes assigned to BOs, between 600 cm-1 and 800 cm-1, were found to disappear 

with the incorporation of nitrogen. The νas(P-O-P) mode of P2(O) species is observed in the base 

glass at 890 cm-1 which decreases with increased ammonolysis times while shifting to higher 

frequencies. The mode observed at 905 cm-1 is in good agreement with ν(P-Nt) modes for 

crystalline P3N5
39. The broad νas(P-O-P) mode of the P1(O) species, centered at 964 cm-1 in the base 

glass, splits into two new modes at 990 cm-1and 950 cm-1 which are assigned to the ν(P-Nt) and 

νas(P-O-P) modes, respectively. In the oxide O-P-O envelope, ranging from 1000 cm-1 to 1400 cm-

1, the bands at 1050, 1100, and 1163 cm-1 have been assigned to the NBOs of the P0, P1, P2 oxide 

species. A shoulder grows in at 1100 cm-1, which is associated with the νas(O-P-O) mode of P1(O) 
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or P1(N) SRO species. Lastly, the νas(P=O) mode at 1250 cm-1 broadens with the incorporation of 

nitrogen and is attributed to the formation of νas(P-Nd) species39, 51. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. MIR spectra of Na4P2S4O3 glass directly nitrided for 0-6 h.    
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 Using CHNS analysis, Munoz et al.42, 52 and others have validated the ammonolysis 

reaction, Eq. 2, and the N/P ratios calculated through careful weight loss measurements before and 

after ammonolysis. The reaction, shown in Eq. 2, shows the compositional integration of nitrogen 

in the metaphosphate glasses.  

( )3 3 3 /2 23
3 y  2yyMPO NH PO N H OM y− +→+                Eq. 2 

 De Souza et al.42, 46, 53 have determined the concentration of nitrogen in oxy-nitride glasses 

from the WCF, Eq. 3, which occurs during the ammonolysis reaction. In their studies, the WCF, 

the formula weight (FW) of the base glass, and the weight exchange (WE), Eq. 4, were used to 

accurately predict the corresponding N/P ratios and MFNs, Eqs. 5-6, for LiPON and NaPON 

glasses.  

3 3 /2 3

3

( ) ( )
( )

f i y y

i

m m mass MPO N mass MPO
Weight Change Fraction WCF

m mass MPO
−− −

= ≡ ≡       Eq. 3 

3 ( ) ( );
2

≡ −EW AW X AW N  [X= O or S]              Eq. 4 

( )
( )

( )3
33

2

( )
/ ( )

( ) ( ) E

FW MPO WCF WCF
N P y FW MPO

AW O AW N W
− −

≡ = =
−

   Eq. 5 

3
3 2

( )Mass Fraction Nitrogen
( ) ( ) ( )

yAW NMFN
FW MPO yAW O yAW N

≡ =
− +

  Eq. 6 

  

 The WE is defined by the weight change that occurs during the nitridation reaction in which 

3/2 anions (oxygen or sulfur) are replaced by 1 nitrogen atom. From this definition, WE is 9.992 

g/mole N for an oxygen to nitrogen exchange, and 34.091 g/mole N for a sulfur to nitrogen 

exchange.  
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 NaPSON MOSN Glasses (Na4P2S7-x-3/2yzOx-3/2y(1-z)Ny) 

Given the more complex chemistry of this system, the ammonolysis reaction of the 

Na4P2S(7-x)-3/2yzOx-3/2y(1-z)Ny glasses can be described through the chemical reaction given in Eq. 7, 

which can be expressed as a function of the base glass chemistry (x), concentration of nitrogen (y), 

and exchange parameter (z). From this reaction, the final composition of the nitrided NaPSON 

glasses were determined by selecting values of (x, y, z) for the MOSN glasses that simultaneously 

agree with the experimentally measured WCF and MFN values. Through modification of Eqs. 2-

6, this approach can be applied to determine the N/P ratio and is given in Eq. 7. 

  

4 2 7 3
3

4 2 7 3/2 3/
3

( ) 2 22 221 ( )( ) (1 )( )x x x yz x y z y z y H S z y H ONa P S O yNH Na P S O N− − − − −+ → + + −    Eq. 7 

 

In the case of MOS glasses, NH3 has the potential to react with both oxygen and sulfur 

anions to yield a range of possible compositions determined by z. To compare the proposed 

reaction products to the experimental results, an expression for WCFModel and MFNModel will be 

presented which describe the nitrogen containing glass chemistry.  

Knowing the base glass chemistry, x, values for y and z can be determined by fitting the 

WCFModel, Eq. 8, to the experimental WCF given in Eq. 3.   

 

−
= MOSN MOS

Model
MOS

WCF
FW FW

FW
     Eq. 8 
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As the basis for the theoretical weight change, the composition dependent formula weight 

of the base glass, FWMOS(x), was calculated for the compositional series, Na4P2S7-xOx, using Eqs. 

9a-b, below. In these expressions, AW(i) represents the atomic weights of each corresponding 

element i. The theoretical formula weight of the MOSN series, Na4P2S7-x-3/2yzOx-3/2y(1-z)Ny, is 

expressed numerically as a function of (x, y, z) in Eq. 10.  

 

( ) 4 ( ) 2 ( ) (7 ) ( ) ( )MOSFW x AW Na AW P x AW S xAW O= + + − +   Eq. 9a

( ) 154 (7 )32.06 16.00  (g/mole)MOSFW x x x= + − +    Eq.9b 

3 3
2 2( , , ) ( ) ( ) ( ) (1 ) ( )= + − − −MOSN MOSFW x y z FW x yAW N zy AW S z y AW O        Eq.10 

 

Based on the ammonolysis reaction in Eq. 7, an expression for the theoretical WCF of the 

corresponding MOSN formula (x, y, z) can be determined by combining Eq. 8-10, and is derived 

in Eq. 11a-b.  

 

[ ]3 3
2 2

 Model

( ) ( ) ( ) (1 ) ( )
( )

( )+ − − −
=

−MOS MOS

MOS

FW x yAW N yzAW S y z AW O
WCF

FW x
FW x

         Eq. 11a 

3 3
2 2( ) ( ) (1 ) ( )

( )
− − −

=
MOS

yAW N yzAW S
FW

y z AW O
x

       Eq. 11b 

The experimental MFN values, MFNexpt., in the MOSN glasses were determined from the 

CHNS analysis. To validate the proposed values of (x, y, z) for the MOSN glass formula, the 

MFNModel was calculated using Eq. 12, and compared to the experimentally measured value.   
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( ) ( )3 3
2 2

Model ( ) ( ))

( )
( , , )

4 ( ) 2 ( ( ) 7 ( ) 1

yAW N
MFN x y z

AW Na AW P yAW N x yz AW S x y z AW O
=

+ + + − − + − −
 Eq.12 

 

Determining the N/P ratio solely based on the knowledge of x and the ammonolysis 

reaction poses difficulty considering the large number of possible solutions for (y, z).  

 

Modeling the N/P via Simultaneous Fit of WCF(exp.) and MFN(CHNS)  

The N/P ratio was therefore determined by simultaneously fitting both the WCFModel and 

MFNModel from (x, y, z) values to the experimentally measured WCF, and MFN values. This model 

allows for the determination of both (y, z) values directly from the experimental results without 

any assumptions. First, the  values of the predicted MOSN compositions were determined by 

following Eq. 13 over a range of y-values which agreed with the experimental WCF measurements. 

Next, the range of possible N/P ratios, for a given y-value, were resolved by establishing a z-value 

corresponding to a MFNModel value that satisfied the conditions described in Eq. 14.  

 

3 3
2 2

 Model .
( ) ( ) ( ) (1 ) ( )

( )
( , , )

M
Ex

O
p

SF
O

W
y AW N yzAW S y z AW

WCF x y z CF
x

W − − −
= =     Eq. 13 
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3 3
2 2

Model
( ) ( )

( , , )
[154 ( ) 7 ( ) 1 ( )] [ ( )]CHNS

y AW N
MFN x y z MFN

yAW N x yz AW S x y z AW O
= =

+ + − − + − −
    Eq. 14 

 

 

 

Figure 8a-c. a) Correlation between WCFmodel vs. WCRexp for simultaneous fit solution b) 
Correlation between MFNmodel vs. MFNexp. for simultaneous fit solution. c) 
Calculated N/P ratio for the different base glasses. 

 

 The MOSN formulas (x, y, z) were found to agree with both with the experimentally 

measured WCF and MFN values, Fig. 8a-c. As seen in Fig. 8a, the calculated WCFModel values 

were found to be in very good agreement with the WCFExpt. values. Fig. 8b. shows a linear 

relationship with the expected slope of 1 (1.06) and intercept of 0. From this information, the (y, 

z) values were extracted for each sample to calculate the N/P ratio and are plotted versus the 

experimental WCF in Fig. 8c and as a function of ammonolysis time in Fig. 9.  
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Figure 9: Processing time dependent N/P ratio for NaPSON glasses, calculated using the 
generated model.  

 

N/P Limits in Alkali Phosphate Glasses 

The nitrogen solubility in phosphate glasses is dictated by at least two things: the viscosity 

of the liquid and the melt chemistry. The viscosity is believed to limit the diffusion rate of NH3 

into the melt, while the covalent bonding dictates the maximum concentration of nitrogen that can 

be incorporated into the glass. It is important to note that the need for a liquid is only a requirement 

for glass formation - not the incorporation of nitrogen. Silicon nitride (Si3N4), silicon aluminum 

oxy-nitride (SiAlON), and boron nitride (BN) have all been found to incorporate nitrogen in the 

solid-state54-56. It has also been shown that phosphorus nitride (P3N5) can be synthesized in the 

solid-state through the ammonolysis reaction of phosphorus pentasulfide given in Eq. 15.36, 39 
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Schnick et al. has reported P3N5 to be the highest concentration of nitrogen achievable, 

reaching the theoretical max N/P =1.67 for a phosphorus compound under standard temperature 

and pressure. Through ammonolysis, ammonia was determined to not interact with the ionic, non-

bridging sites, but instead with the covalent, bridging sites, and terminal (P=X) sites present within 

the glass during the ammonolysis process. With the addition of alkali ions and the formation of  

non-bridging (ionic) sites the theoretical maximum nitrogen concentration decreases from N/P = 

1.67 in the unmodified P3N5 (R = 0.0) chemistry, to N/P =1.33 in the metaphosphate (R = 1.0), 

reaching an N/P =1.0 in the pyrophosphate (R = 2) compositions. The upper limit of nitrogen 

incorporation was investigated for metaphosphate compositions, MPO3, M = Li or Na, based oxy-

nitride glasses and was found to achieve a maximum experimental N/P = ~0.67 or MPO2N0.67 

through direct ammonolysis41, 46, 57 compared to the theoretical limit of 1.33. The discrepancy in 

the theoretical limit observed at higher modifier concentrations can be attributed to the diffusion 

limiting kinetics caused by the increase in viscosity. Day et al.37, 58 incorporated a small 

concentration of halide salts to LiPO3 to plasticize the network, reducing the viscosity, and 

increased the maximum N/P to ~0.7. However, Day et al.53, 58 still did not achieve an N/P ratio 

close to the theoretical max N/P = 1.33 for the metaphosphate chemistry. Conclusively, the 

viscosity of the glass melt plays a large role in the ammonolysis process.  

However, the way in which nitrogen enters the glass structure must also be considered in 

determining the limit of the N/P ratio at a given modifier concentration. Many have reported for 

metaphosphate glasses that nitrogen is incorporated into the structure in two ways: trigonally 

coordinated nitrogen (Nt), and linearly coordinated nitrogen (Nd)34, 37, 46. These two nitrogen 

species are not structurally equivalent. As shown in Eq. 16, the formation of Nt species consumes 
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3/2BOs to produce a glass with a higher network density. The Nd species are seen to be more 

advantageous to glass formability as they consume ½ BO and a NBO by converting the non-

networking P=X sites to networking P=N-P sites as shown in Eq. 17. The formation of both species 

is critical to achieving the maximum N/P ratio at a given R-value.   

 

3
3 2.5 2(0.33)3 3( ) ( )T TNaPO N NaPO N BO+ → −    Eq. 16 

1
3 2.25 (0.5) 22 2( )D DNaPO N NaPO N NBO BO+ → − −     Eq. 17 

 

  Reports by De Souza et al.46, 52, 59 have shown with Raman spectroscopy that the Nt species 

is the dominant form of nitrogen in both LiPON and NaPON glasses with N/P < 0.33. Significant 

concentrations of the Nd species are only reported in glasses containing N/P > 0.33, where the 

preferential formation of Nd over Nt species is observed43. This behavior becomes increasingly 

important at higher modifier concentrations. Additionally, the max N/P ratio is controlled by the 

fraction of each nitrogen species incorporated into the invert glasses.  

 

Processing Effects on N/P ratio 

Reaction Kinetics  

It is important to state that the ammonolysis temperature dictates the melt viscosity of the 

base glasses and that the incorporation of nitrogen increases the Tg.  It has been shown that the 

melting temperature relative to the Tg determines the viscosity of the liquid60. Therefore, as 

nitrogen enters the MOS liquid the viscosity of the melt will begin to increase continuously until 

the end of the experiment, where chemical equilibrium is achieved or thermal decomposition 
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occurs. Thus, when the processing temperature and sample size are held constant, the system 

becomes self-limiting as nitrogen can no longer diffuse into the melt.  

The liquid behavior of the different MOS base glasses are controlled by the eutectic 

reported in the Na4P2S7-xOx system with the liquidus temperature reaching as low as 450°C in the 

Na4P2S4.5O2.5 composition61. Thus, given a fixed processing temperature for all samples, the glass 

with the lowest viscosity would enable the most rapid diffusion of nitrogen into the liquid structure. 

The reaction kinetics appear the fastest in the highest oxygen containing glasses and become 

sluggish in the absence of oxide bonds in the glass. The kinetics, however, do not explain the 

difference in weight loss observed for each sample series. The solubility of nitrogen is then less 

associated with the kinetics and more with the SRO structures present within the glass as 

previously stated.  

 

Thermal Properties 

Glass Transition Temperature (Tg) Considered Using N/P Model 

The measured Tg’s were plotted in Fig. 10 versus a series of N/P ratios determined with 

the presented model, showing a systematic increase as a function of nitrogen concentration. The 

composition dependent Tg measured for the MOSN glasses exhibits a peculiar trend which is tied 

to the base glass chemistry. It is observed in the Na4P2S7-xOx series that the Tg remains almost 

constant at ~190°C for 0 < x < 3 as a result of the disproportionation reaction that occurs with the 

addition of oxygen61. Upon nitridation, however, the concentration of oxygen in the base glass has 

a much different effect on the thermal properties. Similar to the trend in the measured WCF, the 

relative increase in Tg for the higher oxygen containing, Na4P2S4O3, glass was much greater than 
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that of the Na4P2S7, sulfide composition as shown in Fig. 4. Similar to the increase seen in NaPON, 

the larger change in thermal properties can be correlated to an increase in the cross-link density of 

the glass structure, Fig. S5. The concentration of BOs and their local environment have been found 

to play a critical role in the formation of the nitrogen containing glass network, as will be discussed 

in the following sections. 

 

 

 

 

 

 

 

 

 

Figure 10: The Tg dependence on the N/P ratio calculated using the model for NaPSON glasses 
with an R = 2 where the different symbols denote the composition of the base glasses. 
Nitrogen concentrations were found to increase with oxygen concentration in the base 
glass.  The line has been added as a guide to the eye. 
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covalent glass network (P-X-P) and terminal sites (P=X), where X = O or S. As reported by Kmiec 

et al.30, the distribution of SRO species changes dramatically with the incorporation of oxygen in 

the Na4P2S7 glass via a disproportionation reaction. This is exemplified in Fig. S6 that shows how 

the structure is dominated by the P1 anion in the Na4P2S7 glass but is quickly replaced by PS4-xOx 

(P0) and PO3 (P2) anions with increasing amounts of oxygen. The greatest distribution of SRO 

species is observed in the Na4P2S4O3 glass structure, with almost equal populations of P1
 (20%), 

P0 (20%), and P2
 (30%) species.  

 

SRO Structural Evolution of Na4P2S7-xOx Glasses via Ammonolysis Process 

The ionic SRO structures were not considered in the reaction pathways of the ammonolysis 

process. Thus, the P0 species (PS4 and PSO3) were assumed unaffected by the ammonolysis process 

and, when present in the melt, would prevent nitrogen uptake to that SRO species. Fig. S6, shows 

the most abundant networking SRO species in the base glasses are the P1(S) and P2 anions. From 

these structures, different reactions were generated to describe the SRO structures formed at 

different concentrations and configurations of nitrogen.   

 Due to the observed preferential reactivity, the ammonolysis reaction is considered a 

path dependent process in the Na4P2S7-xOx system. The disproportionation reaction that occurs in 

the Na4P2S7-xOx system with the incorporation of oxygen results in a much higher concentration of 

non-networking PS4-xOx P0 species, and polymeric P2 species in the Na4P2S5O2 and Na4P2S4O3 

compositions. This is further emphasized by the MIR spectral comparison given in Fig. 11, 

showing strong changes in the oxide modes.  
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Figure 11. MIR spectra of Na4P2S7-xOx glasses directly nitrided for 6 h. to allow for comparison of 
the different reaction pathways.   
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spectra suggests the SRO structure is slowly shifting from a predominance of P1 species to P0. 

  As described, nitrogen appears only to react with covalent P-S-P and P=S bonds to 

form PSN tetrahedral units. Evidence of PSN species is clearly observed in the MIR spectra, Fig. 

6. Typically, these modes would be associated with P-O-P bonds in purely MOS glasses, but in 

these MOSN glasses, there exists very few accompanying oxide modes to support this claim. 

Instead, these modes are assigned to the ν(P-Nt) modes based on their striking agreement with 

features in the P3N5 spectra35, 50. From these observations it is reasonable to assume nitrogen enters 

the system primarily in the form of Nt species through P1 anions. The assumption is bolstered by 

the evidence of PS4 SRO species being formed in the MIR spectra.  

 

Ammonolysis of Na4P2S6O  

As the result of the disproportionation reaction in the Na4P2S7-xOx glass system, the SRO 

species distribution of the Na4P2S6O base glass is comprised of (~60%) P1 anions, (~15%) P2 

anions, and (~15%) PS4-xOx (P0) anions. The remainder of the Na4P2S6O glass structure is 

comprised of P1P defect units. This is seen in the MIR spectra, Figs.11 and S3. Upon ammonolysis, 

the mode assigned to the νP-S-P in the P1 anion is steadily consumed through the reaction and 

replaced by a series of modes at higher frequencies. Similarly to the pure sulfide glasses, the two 

δ(P-N) modes centered at 680 cm-1 and 720 cm-1 also appear in this series and are in good 

agreement with the P3N5 spectra38, 39. Considering the covalent P-S-P bonds are consumed in the 

nitridation process, it is reasonable to assume the changes observed here are associated with the 

formation of the ν(P-Nt) mode. Senevirathne et al.50, investigated the P-Nd bond present in the 

Li2PO2N crystalline phase and found π-bonding present in the Nd species produces vibrational 
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modes at higher frequencies, ranging from 850 cm-1 to 1250 cm-1.  It important to note that the 

modes between 680 cm-1 and 720 cm-1 are only present in the sulfur-rich samples, which are 

tentatively assigned ν(P-Nt) modes in PS4-xNx tetrahedra.  

 

Ammonolysis of Na4P2S5O2  

The SRO species distribution of the Na4P2S5O2 base glass is comprised of (~45%) P1(S) 

anions, (~5%) P1(O), (~20%) P2 anions, and (~20%) PS4-xOx P0anions. The remainder of the 

Na4P2S5O2 glass structure is comprised of P1P defect units. With further additions of oxygen and 

the progression of the disproportionation reaction in the base glass, P1 anions are converted to P0 

anions to become the dominant sulfide species in the structure, as shown in the Raman spectra in 

Fig. 5b. The increasing concentration of ionic species limits the covalent sulfide (P-S-P) bonds 

from reacting with the NH3 and producing PS4-xNx tetrahedra. Instead, the covalent oxide (P-O-P) 

bonds were found to readily form PO4-xNx tetrahedra upon ammonolysis subsequently leading to 

the formation of an oxy-nitride host network for PS4 and PSO3 non-networking species. 

Through the ammonolysis of the Na4P2S5O2 base glass, the νas(P-O-P) modes initially 

increased then began to decrease relative to the surrounding modes. Upon decreasing, these modes 

became more resolved and narrowed. This line shape change is indicative of the conversion of P-

O-P bonds to P-N-P bonds, and shown in Fig. 11. Additionally, the bands associated with the νas 

(O-P-O) / NBO of P2 species broaden in intensity relative to the surrounding NBO peaks with 

longer processing times. This is due to the superposition of P-O and P-N modes through the 

formation of P=N-P bonds, which form and amplify the existing modes in the region.  
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Ammonolysis of Na4P2S4O3 

Finally, the Na4P2S4O3 composition was found to possess the most uniform distribution of 

SRO species of the base glasses studied. The SRO species distribution of the Na4P2S4O3 glass is 

comprised of (~20%) P1(S) anions, (~10%) P1(O), (~33%) P2(O) anions, and (~33%) PS4-xOx P0 

anions; the remainder comprised of (~3%) P1P defect units. The most dramatic change in the 

Raman and MIR spectra is observed after just 0.5 h, Fig. 5d and 7, with the disappearance of the 

modes associated with P1(S) species and a decrease in modes corresponding to P2(O) species. The 

highest oxygen containing chemistry has been found to readily form a prominent host network of 

PO4-xNx tetrahedra due to the high reactivity of NH3 in covalent oxide species. Because the base 

glass has a high concentration of P2(O) anions, nitrogen was found to predominantly enter the 

structure through this reaction pathway. As a portion of the P2(O) units are consumed, the broad 

νas(P-O-P) mode of P1(O) species, centered at 950 cm-1, begins to split into two modes with 

increased ammonolysis times. These two new modes are in good agreement with literature values 

reported for ν(P-Nt) modes in crystalline P3N5. Thus, they are assigned to the ν(P-N) in oxygen 

P1(N) SRO species, [PO3N0.33]2-, with an Nt bond50. With the initial addition of nitrogen, the modes 

associated with the NBOs of the P0, P1, and P2 species in this region broaden as a result of overlap 

with formation of new ν(P-Nd) modes. By interpreting the line shape of this envelope as a function 

of nitrogen content, preferential growth of the νas(O-P-O) mode at 1145 cm-1 is observed and can 

be assigned to the NBO [PO3-3x/2Nx]- anion. The shift of this mode to lower wavenumber suggests 

nitrogen weakens the field strength of the ionic NBO species. 



35 

 

Nitrogen Incorporation Mechanisms via P2X7 Anions 

It has been proposed by Day et al.37, 53 that ammonia reacts with phosphate glass melts to 

incorporate nitrogen in to the structure following Eq. 2 to form either Nt or Nd species. This, 

however, is not completed in a single elementary reaction, but instead requires a set of intermediate 

steps to form the proposed nitride species. De Souza et al.46 have reported a much greater 

concentration of Nt species in the LiPON and NaPON glasses over a wide range of N/P ratios. The 

disproportionate concentration of nitrogen species in the metaphosphate glass structure, as 

observed via Raman spectroscopy, suggests a more favorable reaction pathway(s) for the 

formation of Nt species. Here, a set of reaction mechanisms that describe the intermediate steps of 

the ammonolysis process necessary to form both Nt and Nd in phosphate glasses is proposed. In 

this section, the reaction mechanisms for nitrogen incorporation in pyro-phosphate P1(O) and pyro-

thiophosphate P1(S) anions is discussed.  

As determied from the Raman spectra, Figs. 5a-d, the ammonolysis process was found to 

generate non-networking P0 species upon the incorporation of nitrogen to the sulfide and oxy-

sulfide glasses. Given in Eq. 18-19, a set of 3 reaction mechanisms that occur when NH3 reacts 

with the P2S7 anion in a dilute nitrogen environment. 

 

Reaction Scheme 1. Reaction pathways for the ammonolysis of [P2S7]4- anions to form, 

[(P1N)3NT]6- (Cluster), [PS4]3-(Monomeric), and [P1S-P2N(P1N)2NT]7-(Polymeric) species in Eqs. 

18a-b and 19, respectively.  
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Eq. 18a 

  

 

 Eq. 18b 

 

 

 

Eq. 19 

 

 

In the first mechanism, Eqs. 18a-b, the bridging site of the P2X7 anion (P-X-P; X =O or S) 

[A] is targeted by NH3 to form a primary amine (P-NH2) and a thiol/hydroxyl (P-XH) group. As a 

result, the following non-networking intermediate species, PX3NH2
2- [B] and HPX4

2- [C], are 

produced which are critical for the progression of the ammonolysis process. During this initial 

stage of the reaction, the NH3 is retained in the intermediate products, and no H2S is generated to 

contribute to the observed weight loss. In the final reaction of Eq. 18a, the primary amine group 

of the [P0-NH2]2- anion reacts with the bridging site of a neighboring P2S7 anion to form H2S and 

a P3Nt junction as the product.  

The second mechanism, Eq. 18b, describes the reaction pathway for the formation of P0 

species. In this case, P0 species are formed through a cation exchange reaction between [C] and 
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[A] to form the intermediate species [A*], HP2S7
3- and a P0 unit as the product. The cation 

exchange in this case is driven by the steric repulsion of the proton associated with the Na2HPS4 

species. For this reason, it is hypothesized that the free energy of the products PS4
3- and H2P2S7

3- 

are lower than the initial intermediate species.  

In the third mechanism, Eq. 19, the bridging site of the P2X7 anion (P-X-P; X =O or S) 

reacts with NH3 to form a secondary amine (P-NH-P) group and H2S. In this stage, the two 

phosphorus atoms are bonded by nitrogen, but the ammonolysis reaction is not complete until the 

final proton is removed from the secondary amine, and the P3Nt junction is formed. For this to 

occur, the P-NH-P group must react with a thiol/hydroxyl group (P-XH) produced in the second 

reaction mechanism, Eq. 18b, to complete the Nt reaction. Unlike the first mechanism, the Nt 

structures formed via this pathway create a polymeric structure with a P-S-P-N-P backbone. The 

first incorporation mechanism, Eq. 18a-b, was found to be the rate limiting step in the ammonolysis 

process, as all subsequent elementary reactions require the intermediate products formed in this 

reaction. 
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Reaction Scheme 2. Reaction pathways for the ammonolysis of [P2S7]4- anions to form, 

[(P1N)3NT]6- (Cluster), and [P1N-P2N-P1S]6-
 (Polymeric) species in Eqs. 20a-b, and 21, respectively 

 

 

 

Eq. 20a 
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In a nitrogen rich structural environment, NH3 can react with the dimer species to form 

either a primary amine (P-NH2) [B] and a thiol (P-SH) [C] group, or a secondary amine group (P-

NH-P) [D] and H2S. Under this condition, the intermediate species, formed in Eqs. 20a-b, have a 

much greater probability of interacting with another intermediate species as opposed to reacting 

with a base glass species. The formation of Nd species in P2X7 anions follows the mechanism given 

in Eq. 20a, with the initial NH3 reaction producing intermediate thiol/hydroxyl (P-XH) and a 

primary amine (P-NH2) groups. This is further exemplified in Eq. 20b, where the secondary amine 

[D] species is shown to react with the non-networking, HPS4
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(P1N)3Nt cluster instead of a branching Nt structure.  Given the low relative abundance of Nd species 

reported in MPO3-3x/2Nx glasses, we hypothesize that Nd species are formed through the reaction 

of P-HN2 and P=X bond, but only when there are no longer an available reaction pathway to form 

Nt sites in the localized region. A possible reaction product for this mechanism can be seen in Eq. 

21 with Nd species forming short P1N-N=P-X-P1X chains. This method of incorporation only allows 

for Nd species to from in the melt once Nt species have been formed which is in agreement with 

reports on LiPON and NaPON glass37, 46, 50.   

 

Nitrogen Incorporation Mechanisms via PO3 SRO Species 

  Previous reports have shown that PO3
- anions occupy several IRO structures within alkali 

metaphosphate glasses, which is especially important in the NaPSO glass system, with an R = 2 

(Na4P2X7), as we expect to see PO3 anions occupy small rings (P3O9)3- and short chains (P3O10)5- 

in the base glasses30, 62, 63. As reported, nitrogen has the ability to increase the connectivity of these 

SRO species59, 64. Therefore, the IRO structure of the MON glass fragment is dictated by both the 

concentration of P2 species and the SRO units they are connected too. Although briefly discussed 

in previous reports, a complete multi-step reaction mechanism for the incorporation of nitrogen in 

metaphosphate glasses has not been reported41, 65, 66. Here, a complete reaction scheme that 

describes all the intermediate steps of the ammonolysis process necessary to form both Nt and Nd 

in meta-phosphate (PO3
-) anions is proposed. As shown in Eqs. 22-24, there are at least three 

possible reaction mechanisms for ammonia to react with PO3
- anions in these highly modified 

MOSN glasses. 
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Reaction Scheme 3. Reaction pathways for the ammonolysis of [PO3]- anions to form, [(P2N)3NT]3- 

in Eqs. 22-23. 

 

Eq. 22 

        

 

Eq. 23        

 

 

In the first mechanism for meta-phosphate species, Eq. 22, a bridging oxygen (P-O-P) site 

in the PO3
- anion reacts with NH3 to form hydroxyl (P-OH) and primary amine (P-NH2) groups. 

The initial reaction allows ammonia to be incorporated into the structure to form intermediate 

species needed, necessary for the formation of Nt species, without generating H2O. The 

intermediate reaction in Eq. 22, shows the primary amine can react with other PO3
- anions to form 

H2O and P3Nt junction. In the second mechanism, Eq. 23, a bridging oxygen in the PO3
- anion (P-

O-P) reacts with NH3 to form a secondary amine (P-NH-P) group and H2O. In this intermediate 

stage, the two phosphorus atoms are bonded by a nitrogen atom, but the reaction is not complete 

until P3Nt junction is formed and the final proton is removed. For this to occur, the P-NH-P group 

must react with a hydroxyl group (P-OH) produced in the first mechanism, Eq. 22, to complete the 

Nt reaction.     

  As previously stated, it has been hypothesized that Nd species are formed through the 

reaction of P-HN2 and P=X bond, Eq. 24, but only when there are no longer available reaction 

pathways to form Nt sites in the localized region. 
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Reaction Scheme 4. The ammonolysis reaction pathway for [PO3]- anions to form, [P2O-

(P2N)2Nd]3- species in Eq. 24. 

         

Eq. 24 

 

This hypothesis can be applied to all covalent species in the current glass system and suggests that 

as the concentration of ionic species increases, the concentration of Nd species should also increase. 

Evidence for these conditions are best observed in the Na4P2S4O3 + N series given the structure is 

comprised of predominately monomeric PS4-xOx
3- and polymeric PO3

- anions. The Raman and 

MIR spectra of this series, Figs. 5d and 6, reveals almost no change to the sulfide species, but the 

largest change is between 1000 cm-1 and 1400 cm-1 with new modes assigned to ν(P-Nd). Although 
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and primary amine (P-NH2) group.  In this case, the hydroxyl groups are shown to react with 

surrounding sulfide containing species to form MOSN IRO structures. This mixed species reaction 

is also capable of producing mixed anion structures connected to Nd species, as shown in Eq. 26. 

In this scenario, a PS3(NH2) tetrahedra is grafted to a P-O-P chain via reaction of a primary amine 

to from a polymeric MOSN structure.   

 

Reaction Scheme 5. The ammonolysis reaction pathway of [P2O7]4- intermediates reacting with 

[P2S7]4- anions to form isolated MOSN clusters (Eq. 25). The reaction pathway for [P2S7]4- 

intermediates reacting with [PO3]- anions to form polymeric MOSN networks (Eq. 26). 

 

 

Eq. 25 

 

 

Eq. 26 
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Na4P2S7-xOx glasses. The Nt species were determined to form preferentially when reacted with P2S7 

anions though a reaction mechanism producing P0 species in the process. Nitrogen incorporation 

into PO3 anions is a direct process, requiring SRO units to only have be in close proximity and 

were found to dictate the maximum solubility of nitrogen in the glass. Therefore, in the future, it 

would be advantageous to be able to engineer the type of nitrogen incorporated into the glass to 

further increase the tune-ability of the materials properties.   
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List of Figures 

Figure 1. Measured weight loss from the ammonolysis of 5g bars of various Na4P2S7-xOx glasses 
as a function of processing time. Larger weight losses are observed in samples that 
contained greater concentrations of oxygen. Lines act as a guide to the eye. 

Figure 2. Compositional analysis of nitrogen for the Na4P2S5O2 + N series determined via CHNS 
measurements reported in weight percent. Dotted lines are guides to the eye only, based 
on inferences from the WCF shown in Fig. 1. 

Figure 3. Example DSC Thermograms of the Na4P2S5O2+N glass series measured with a heating 
rate of 20oC/min, highlighting the effect ammonolysis time has on the glass transition 
temperature (Tg).  

Figure 4: Measured Tg’s from the ammonolysis of 3-5 g bars of various Na4P2S7-xOx glasses as a 
function of ammonolysis time. Samples that contained greater concentrations of oxygen 
exhibited larger changes in the Tg.  

Figure 5. Raman spectral evolution of a) Na4P2S7 +N, b) Na4P2S6O+N, c) Na4P2S5O2+N, d) 
Na4P2S4O3+N, glasses directly nitrided for 0-6 h. 

Figure 6. MIR spectra of Na4P2S7 glass directly nitrided for 0-6 h.    

Figure 7. MIR spectra of Na4P2S4O3 glass directly nitrided for 0-6 h.    

Figure 8a-c. a) Correlation between WCFmodel vs. WCRexp for simultaneous fit solution b) 
Correlation between MFNmodel vs. MFNexp. for simultaneous fit solution. c) 
Calculated N/P ratio for the different base glasses. 

Figure 9. Processing time dependent N/P ratio for NaPSON glasses, calculated using the 
generated model.  

Figure 10. The Tg dependence on the N/P ratio calculated using the model for NaPSON glasses 
with an R = 2 where the different symbols denote the composition of the base glasses. 
Nitrogen concentrations were found to increase with oxygen concentration in the base 
glass.  The line has been added as a guide to the eye. 

Figure 11. MIR spectra of Na4P2S7-xOx glasses directly nitrided for 6 h. to allow for comparison of 
the different reaction pathways.   
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Na4P2S7-xOx glasses were melted in an NH3 atmosphere to incorporate nitrogen into the 

structure. The N/P ratios were determined from weight loss measurements and CHNS analysis. 

Reaction mechanisms for Nt and Nd formation in mixed oxy-sulfide glasses were identified with 

Raman and FTIR spectroscopy. The concentration of available SRO species (P2S7
4- or PO3

-), in 

close proximity, was found to dictate the maximum solubility of nitrogen.  
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