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ABSTRACT 

 The atomic structure of unusually molecule-rich glasses along the P4Se3-As4Se3 join with 

0 to 70 mol% P4Se3 is studied using Raman, 77Se magic-angle-spinning (MAS) and 2D 31P phase 

adjusted spinning sideband (PASS) nuclear magnetic resonance (NMR) spectroscopy.  When 

taken together, the spectroscopic results indicate the coexistence of cage-like PxAs4-xSe3 molecular 

moieties and corner-shared P- and As- containing pyramidal network moieties in the structure of 

these glasses.  Increasing substitution of As with P gives rise to a monotonic increase in the total 

molecule:network ratio, which is shown to be consistent with the compositional variation in the 

glass transition temperature. 
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1. INTRODUCTION 

Chalcogenide glasses are well known for their remarkable optical properties such as wide 

infrared transparency and large refractive index and optical nonlinearity, which make them 

promising photonic materials for a wide range of applications including in telecommunication, 

remote sensing and switching [1–10].   The unique compositional flexibility of these glasses in the 

form of continuous alloying enables compositional engineering for the precise tuning of optical, 

electronic, and other physical properties. Therefore, a fundamental understanding of the 

compositional evolution of atomic structure of these glasses is crucial in building predictive 

models of their structure-property relationship.  The short- and intermediate-range atomic structure 

of the archetypal glass-forming chalcogenide systems have been studied extensively in the 

literature, including but not limited to various binary and ternary Ge-As-P-S/Se/Te glasses. In most 

cases, As, Ge or P atoms act as crosslinkers of chalcogen (S/Se/Te) atoms to form three-

dimensionally connected network structures  [11–21].  On the other hand, the existence of 

predominantly molecular chalcogenide glasses with an unusually low degree of structural 

connectivity has also been reported in Ge/P-doped As-S and P-Se pseudo-binary systems near the 

stoichiometry of A4B3, where A = As or P and B = S or Se [11-18].  The structure of these glasses 

primarily consists of cage-like A4B3 molecules that contain a basal 3-membered A3 ring 

surmounted by an apical AB3 pyramid with each atom in the A3 ring being bonded to one of the B 

atoms in the pyramid.  

Both crystalline and amorphous molecular chalcogenides consisting of A4B3 molecules 

held together by weak van der Waals forces have received significant attention due to the unique 

properties associated with them.  For example, all A4B3 molecular crystals undergo a phase 

transition to a plastic crystal phase upon heating where the molecules are fixed in their lattice 
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positions but are free to perform rotation, attesting to their nearly spherical shape and weak 

intermolecular bonding [22].  Consequently, the enthalpy and entropy of this phase transition in 

these molecular crystals are much larger than that of melting [22].  Although stoichiometric A4B3 

molecular liquids do not form bulk glass upon quenching, compositions close to stoichiometry can 

be formed into predominantly molecular glasses in the case of As-S and P-Se systems on doping 

with Ge and P, respectively, such that molecular glasses of composition (GeS2)x(As4S3)100-x with 1 

 x  3 and P5Se3 have been reported in the literature [18,23,24]. Similar to the crystals, the weak 

intermolecular bonding is also manifested in these glasses in their rather low glass transition 

temperature (Tg < 40 oC) and high thermal expansion coefficient (90-100 ppm/oC) [18].  Moreover, 

NMR spectroscopy and inelastic neutron scattering studies of these glasses indicated the presence 

of rapid rotational motion of the constituent molecules at temperatures well below Tg, at timescales 

that are decoupled from that of the shear relaxation by many orders of magnitude [18,24–27].  

Finally, viscosity measurements on the parent liquids in their supercooled state indicated that these 

molecular liquids are characterized by a rather steep temperature dependence of viscosity as the 

temperature approaches Tg, thus displaying a “fragile” behavior [27–29].  In contrast to these As4S3 

and P4Se3 based compositions, bulk glass can indeed be formed from a stoichiometric liquid of 

composition As4Se3.  This difference in the behavior of the latter is consistent with the results of 

previous structural studies of As4Se3 glass, which indicated that its structure consisted of a 

relatively small fraction of As4Se3 molecules that are interspersed with a As(As,Se)3 pyramidal 

network and two-dimensional clusters of homopolar bonded As atoms [16,17,30].   

It is interesting to note that previous studies of the phase equilibria in these molecular 

chalcogenide crystals in ternary As-P-S/Se systems indicated the existence of a complete solid 

solution between As4Se3 and P4Se3 where P and As atoms randomly replace one another in the 
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molecule without any preference for the apical and the basal sites [22].  On the other hand, for 

crystals in the P-As-S system, the P atoms show a strong preference for the apical site in the 

constituent (P,As)4S3 molecules [22].  Although, as noted above, a number of structural and 

dynamical studies of molecular glasses in doped binary As-S and P-Se systems have been reported 

in the literature, such studies on molecule-rich ternary As-P-Se glasses have remained scarce [31].  

Here we present the results of a structural investigation of glasses along the join As4Se3–P4Se3 

with P4Se3 contents varying from 0 to 70 mol.% using a combination of Raman, 77Se magic-angle 

spinning (MAS) and two-dimensional 31P phase-adjusted spinning sideband (PASS) nuclear 

magnetic resonance (NMR) spectroscopy. The spectroscopic results allow the identification of 

mixed PxAs4-xSe3 molecules in these chalcogenide glasses for the first time.  The compositional 

evolution of the structure is shown to be consistent with the corresponding variation in Tg.  

 

 

2. EXPERIMENTAL  

2.1 Sample Synthesis and Physical Characterizations 

The P4Se3-As4Se3 glasses with 0, 20, 40, 50, 60 and 70 mol% P4Se3 were prepared in ~ 12g batches 

from constituent elements using the conventional melt-quench method. Mixtures of red 

phosphorus (Spectrum, 99.999%), selenium (Alfa Aesar, 99.999%) and arsenic (Alfa Aesar, 

99.999%) were taken in 8 mm inner diameter vacuum sealed quartz ampoules (10-4 Torr) and 

melted in a rocking furnace at 873 K for 36 h to ensure melt homogeneity. The ampoules were 

then quenched in water to obtain the glass samples.   The Tg of these glasses was determined using 

differential scanning calorimetry (Mettler Toledo DSC1).  Samples of mass ~15-20 mg were taken 

in hermetically sealed Al pans and were heated to 20 ℃ above Tg to erase any thermal history.  

The samples were then cooled in the calorimeter at a rate of 10K/min and subsequently reheated 
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at the same rate and Tg was determined as the onset of the glass transition endotherm during 

reheating.  Experimental errors were obtained from multiple scans on the same sample using the 

same heating and cooling rate. 

 

2.2.Raman Spectroscopy  

The Raman spectra of all glasses were collected in backscattering geometry using a 

Renishaw 1000 Raman microscope spectrometer equipped with a He-Ne laser operating at a 

wavelength of 633 nm. The backscattered light was detected using a charge-coupled device cooled 

to 200 K. 

2.3. NMR Spectroscopy  

77Se MAS and 2D 31P PASS NMR data were collected for the selected molecular join 

P4Se3-As4Se3 glasses using a Bruker Advance spectrometer operating at 11.7 T (Larmor frequency 

of 95.5 MHz and 202.4 MHz for 77Se and 31P, respectively). For all 77Se MAS spectra, samples 

were crushed and packed into 4 mm ZrO2 rotors and were spun at 12.5 kHz.  A Hahn echo pulse 

sequence (π/2−τ−π−acquisition) was employed for spectral acquisition with a π/2 pulse length of 

2.75 μs and τ = 60 μs.  A recycle delay of 30 s was used and approximately 500 transients were 

averaged and Fourier transformed to obtain each spectrum. 

For all 2D 31P PASS NMR experiments, crushed samples were taken either in 4 or 2.5 mm 

ZrO2 rotors and were spun at 6 or 28 kHz, respectively. The PASS pulse sequence consisted of a 

π/2 pulse (1.95 μs) followed by a train of π pulses. The inter-pulse delays were rotor synchronized 

according to the solutions of the PASS equations given by Antzutkin et al. [32]  All pulses were 

cogwheel phase cycled to eliminate the effects of pulse imperfections.  The 2D acquisition 

consisted of 16 or 4 t1 increments, each with 12 transients, and a recycle delay of 20 s was used.  
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All 77Se and 31P NMR spectra were externally referenced by recording the 17O signal of natural 

abundance H2O and using the appropriate frequency ratios as reported in the IUPAC 

recommendations [33].  

The isotropic and anisotropic spectral line shapes, as obtained from the PASS data, were 

simulated using the software program DMFit to obtain the relative fractions of the various P 

environments and their corresponding chemical shift anisotropy (CSA) parameters [34]. The 31P 

CSA tensors reported here follow the Haeberlen convention[35] defined as: 

|𝛿𝑧𝑧 − 𝛿𝑖𝑠𝑜| ≥ |𝛿𝑥𝑥 − 𝛿𝑖𝑠𝑜| ≥ |𝛿𝑦𝑦 − 𝛿𝑖𝑠𝑜|, 

𝛿𝑖𝑠𝑜 =
1

3
(𝛿𝑧𝑧 + 𝛿𝑥𝑥 + 𝛿𝑦𝑦), 

𝛥 = 𝛿𝑧𝑧 − 𝛿𝑖𝑠𝑜, 

𝜂 =  
𝛿𝑦𝑦−𝛿𝑥𝑥

𝛥
, 

where δxx, δyy, and δzz are the principal components of the chemical shift tensor, the magnitude of 

the CSA is Δ, and its asymmetry is denoted as η, and δiso is the isotropic chemical shift.  

 

3. RESULTS AND DISCUSSION 

The 77Se MAS NMR spectra of select P4Se3-As4Se3 glasses are shown in Figure 1 and are 

compared with the 77Se MAS NMR spectrum of the P5Se3 glass reported by us in a recent study 

[13]. Two resonances centered at isotropic chemical shifts δiso ~ 800 ppm and ~ 500 ppm can be 

clearly identified for the As4Se3 glass. The resonance at ~800 ppm can be assigned on the basis of 

previous studies to Se atoms bonded to an apical and a basal As atom in the As4Se3 molecules 

[16,17,30].  On the other hand, the resonance at ~500 ppm was shown in these studies to be a 

composite peak with components at ~600 and 400 ppm, corresponding, respectively, to Se-Se-As 
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and As-Se-As sites in the As-Se network [16,17,30].  Progressive addition of P4Se3 to As4Se3 

results in a splitting of the molecular peak at ~ 800 ppm into at least two partially resolved 

resonances located at δiso ~ 845 ppm and 770 ppm (Figure 1).  These resonances most likely 

correspond to Se atoms bonded to various combinations of apical and basal P and As atoms in 

mixed-atom PxAs4-xSe3 molecules as shown in Figure 2.  Moreover, the relative intensity of the 

resonance at ~845 ppm increases with increasing P4Se3 content, which is consistent with the 

observation that the 77Se resonance for the P(apical)-Se-P(basal) site in the P4Se3 molecules in 

P5Se3 glass is located at δiso ~ 830 ppm (Figure 1).  Besides the formation of PxAs4-xSe3 molecules, 

the addition of P4Se3 to As4Se3 results in a progressive lowering of the relative intensity of the 77Se 

resonance at ~500 ppm corresponding to the network moieties compared to the intensity of the 

resonances corresponding to the molecular moieties.  The results of previous 77Se NMR 

spectroscopic studies of binary As-Se and P-Se glasses suggest that, in Se-deficient glasses such 

as these, both As and P atoms primarily exist in three-coordinated environments, which can form 

corner-shared As(Se,As)3 and P(Se,P)3 pyramids in the network moieties (Figure 2) and (As/P)4Se3 

cage-like molecules in Se-deficient compositions [13,16].  The molecular fraction maximizes near 

~ 40 atom% Se in compositions close to the (As/P)4Se3 stoichiometry.   However, it is clear from 

the 77Se NMR spectra in Figure 1 that the molecule : network fraction in glasses along the P4Se3 - 

As4Se3 join continuously increases on replacement of As by P.    

While 77Se NMR results provide information on the compositional evolution of the total 

molecule vs. network content in the structure of P4Se3 - As4Se3 glasses, further insight into the 

structure can be obtained from the 31P isotropic NMR spectra (Figure 3), which provide 

information on the relative participation of the P atoms in the network vs. molecular moieties. The 

31P isotropic NMR spectrum of the P5Se3 glass is dominated by two relatively sharp resonances at 
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δiso ~ 62 ppm and – 75 ppm with relative peak-area ratio of 1:3, which correspond, respectively, 

to the apical and basal P sites in P4Se3 molecules [13,24].  The addition of 30% to 40% As4Se3 

results in the splitting of each of these two resonances into at least three components with the apical 

P resonances centered at δiso ~ 66, 87 and 106 ppm and the basal P resonances centered at –73, –

54 and –35 ppm (Figure 3).  While the resonances at ~ 66 and –73 ppm correspond to the P4Se3 

molecules, those at higher ppm values are clearly indicative of the formation of mixed-atom PxAs4-

xSe3 molecules in these glasses, where P and As randomly occupy the apical and basal sites.  The 

chemical shift tensor parameters Δ and η at and around δiso ~ 106, 87, – 35 and – 54 ppm are 

obtained from simulations of the corresponding spinning sideband spikelet pattern in the 

anisotropic dimension (Figure 4). These simulations yield average values of Δ = – 65 ± 10 ppm 

and η = 0.7 ± 0.1 for peaks at δiso ~ 106 and 87 ppm and Δ = 140 ± 10 ppm and η = 0.8 ± 0.1 for 

peaks at δiso ~ – 35 and – 54 ppm (Figure 4), which are comparable to the literature reported CSA 

parameters for the apical (Δ = – 76 ± 10 ppm and η = 0.6 ± 0.1) and basal (Δ = 140 ± 10 ppm and 

η = 0.8 ± 0.1) P sites in P4Se3 molecules [13,24].  In addition to these molecular resonances, the 

31P isotropic NMR spectra of these glasses also display a broad resonance centered at δiso ~ 130 

ppm, which can be readily assigned on the basis of previous 31P NMR spectroscopic studies of P-

Se glasses to three-coordinated P(Se,P)3/2 pyramidal units, which comprise the network moieties 

[11–13]. The compositional evolution of the intensity of this resonance in the 31P NMR spectra in 

Figure 3 clearly indicates that a fraction of P atoms is incorporated into the pyramidal network 

moieties, and the relative concentration of these moieties increases monotonically with respect to 

that of the molecular units in the structure of these glasses with increasing As4Se3 content.   Such 

a composition dependence of the molecule : network ratio is thus consistent with the 77Se MAS 

NMR results discussed above. 
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Finally, the compositional evolution of the structure of these glasses, as deduced from the 

77Se and 31P NMR spectroscopic results, is further tested for consistency against the Raman 

spectroscopic data reported by us in a recent study [36].  The unpolarized Raman spectra of these 

P4Se3-As4Se3 glasses are shown in Figure 5 and are compared with the Raman spectrum of the 

P5Se3 glass. The main vibrational bands in the P5Se3 glass, which is known to consist mainly of 

P4Se3 molecules, are located at ~ 133, 213, 366, and 484 cm−1.  These bands belong to the various 

intramolecular vibrational modes of the P4Se3 molecule [37].  On the other hand, the Raman 

spectrum of the As4Se3 glass is dominated by relatively sharp bands at 203 and 237 cm−1, which 

can be assigned, respectively, to As clusters which consist of randomly corrugated two-

dimensional sheets of three-coordinated As atoms and to the breathing mode of the basal As3 

triangle in the As4Se3 molecules [16]. It may be noted that such strongly localized vibrational 

modes tend to have large Raman scattering cross-sections and give rise to sharp bands in the 

spectrum.  Therefore, the strong intensity of these bands may not be necessarily indicative of a 

correspondingly large fraction of the associated structural moieties. In addition to these sharp 

bands, the Raman spectrum of the As4Se3 glass also consists of strong but broad bands at ~ 224 

and 255 cm−1 that correspond to the network moieties, namely the symmetric As-Se stretching in 

AsSe3/2 pyramids and to Se-Se stretches in As-Se-Se linkages, respectively [16,17].  The Raman 

spectroscopic observation of these structural moieties in the As4Se3 glass is fully consistent with 

the 77Se NMR spectroscopic results discussed above.  The initial substitution of P for As in P4Se3-

As4Se3 glasses results in a rapid decrease in the intensity of the 203 and 237 cm−1 bands in the 

Raman spectra (Figure 5) and the eventual disappearance of the former band, implying a decrease 

in the relative concentration of the As clusters and As4Se3 molecular units.  Moreover, the intensity 

of the broad bands at ~ 224 and 255 cm−1 corresponding to the As-Se network moieties also 
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decrease with increasing P:As ratio in these glasses, while the intramolecular vibrational bands 

characteristic of the P4Se3 molecules start to appear and get stronger with progressive replacement 

of As with P (Figure 5).  Concomitant with these changes, the Raman spectra of the binary P4Se3-

As4Se3 glasses show a slight shift of the 237 cm−1 band characteristic of the As4Se3 glass to higher 

wavenumbers and its splitting into a partially resolved doublet at 243 and 249 cm−1.  It is also 

noteworthy that the intramolecular vibrational band at 366 cm−1 in the P5Se3 glass displays 

companion peaks near ~348 and 330 cm−1 in all binary P4Se3-As4Se3 glasses.  These characteristics 

of the Raman spectra are strong indicators of formation of the mixed PxAs4-xSe3 molecules.   

When taken together, these Raman spectroscopic results are clearly consistent with the 77Se 

and 31P NMR spectroscopic results discussed above and indicate that P and As atoms can both be 

incorporated into the network and molecular moieties and the overall molecule:network ratio in 

these glasses increases monotonically with increasing P:As ratio.  As the cage-like PxAs4-xSe3 

molecules interact with the P-As-Se pyramidal network only through weak van der Waals type 

forces, this increase in the overall molecule:network ratio lowers the structural connectivity.  Such 

a structural evolution would thus be expected to lower the Tg of these glasses monotonically with 

increasing P:As ratio.  This expectation is indeed borne out in the compositional variation of Tg of 

these glasses (Figure 6), which shows a rapid drop on the initial replacement of As with P up to 

20 mol% P4Se3, beyond which a more gradual linear decrease continues up to 70 mol% P4Se3.   

 

4. CONCLUSIONS 

Bulk chalcogenide glasses along the compositional join P4Se3-As4Se3 are synthesized with 

P4Se3 content ranging from 0 to 70 mol%.  77Se and 31P NMR and Raman spectroscopic results 

indicate that the structure of these glasses primarily consists of isolated molecules and pyramidal 
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network moieties.  The cage-like PxAs4-xSe3 molecules in these glasses are characterized by random 

mixing of P and As atoms in the apical and basal sites, similar to that reported in crystalline solid 

solutions of P4Se3 and As4Se3. On the other hand, the network moieties consist of three-coordinated 

P or As atoms forming corner-shared pyramidal units that display both P-Se and As-Se heteropolar 

bonds and P/As-P/As metal-metal bonds.  The molecule:network ratio in the structure of these 

glasses monotonically increases with increasing P:As ratio.  The weak van der Waals interaction 

between the molecular and network moieties and consequent decrease in the structural 

connectivity give rise to a concomitant lowering of the Tg of these glasses. 
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Figure Captions 

 

Figure 1. 77Se MAS NMR spectra of P4Se3-As4Se3 glasses collected at 11.7 T. Glass compositions 

are listed alongside the spectra.  77Se MAS NMR spectrum of P5Se3 glass is taken from [13] and 

is shown here for comparison. This spectrum was collected at 19.6 T with a spinning speed of 10 

KHz.  

 

Figure 2. Cartoon showing network and molecular moieties in the structure of P4Se3-As4Se3 

glasses. 

 

Figure 3. 31P isotropic NMR projections of P4Se3-As4Se3 glasses collected at 11.7 T. Glass 

compositions are noted alongside the spectra.  

 

Figure 4. Experimental (empty red circles) and simulated (black traces) 31P NMR spinning 

sideband intensity in the anisotropic dimension for (a) apical and (b) basal P sites in PxAs4-xSe3 

molecules in (P4Se3)70 (As4Se3)30 glass.   

 

Figure 5. Unpolarized Raman spectra of P5Se3 and P4Se3-As4Se3 glasses. Glass compositions are 

listed alongside the spectra. 

 

Figure 6. Compositional variation of glass transition temperature Tg of P4Se3-As4Se3 glasses. 
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Fig. 1  
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


