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Glasses having the composition 8g:-x—P2Ss With X ranging from 0 to 0.7 have been investigated
to determine the compositional effect on properties and local structure. Glass transition temp@&gature (
decreases and molar volumé,j increases with an increase in P content. USiRgNMR, we measured
the strength of thé!P—3'P magnetic dipolar interaction in the glass samples and the Agy§tallized
phase. Based on these data, we observed the formation of fRgSAsetwork, which reflects an increase
in the average coordination number and a decrease in the degree of rigidity.

|. Introduction

Chalcogenide glasses are well reported in literature and

have many applications in the infrared region as optical fibers
or optical laserd? They also present several interesting
properties when submitted to irradiation energy above or
under the energy band g&p. In spite of their technological
applications, their structural organization is still not well

understood in some glass-forming systems, which is the casgs_

for ternary As-P—S2 The glass-forming region of this
system has already been reported by several authbasd
they indicate that it has an upper limit of up to 70% of the
P.Ss.8 It is also known that in the AsP—S system two
crystalline phases can be formed as,AS;, which is
constituted of two SPS), tetrahedrons interconnected by
P—S—P bonding. And the other phase is AsP®hich
consists of a polymeric unit having two=$S, groups
connected by PS—P bonding and two As trigonal units?
Additionally the combination of As and S form two crystal-
line phases: AsS, and AsS;.1° Along with this, the P-S
binary may form several molecular and crystalline phases,
such aso-PsS;, -PsSs, y-PsSs, P4S;, and BS;0.111? From
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these facts, it is clear that the combination of As, S, and P
may form several crystalline compounds, consisting of many
molecular-like groups. These molecular units may be present
as building blocks in the glass network. Therefore, it is
difficult to obtain structural information from the glass using
only Raman and infrared spectroscopy as previously re-
ported®” Also, Santagneli et al. have reported several
interesting photoinduced effects in the ternary system As
S depending on exposure time, power density, and
radiation wavelength® However, a structural study is
necessary to elucidate the origin of such a phenomenon.
The present paper deals with a systematic study of the
ternary system AsP—S using solid-state high-resolution
Nuclear Magnetic Resonance (NMR)®P and spir-echo
(SE) techniques. The combination of these techniques gives
relevant information about the phosphorus incorporation into
the glass network from the analysis of tF® anisotropic
chemical shift interaction and the strength of the magnetic
dipolar homonuclear interaction betwe&R nucleil4 16

II. Theory

II.1. Homonuclear 3P Magnetic Dipole Interaction. In
solids with many interacting spins, the strength®%f—3P
magnetic dipole interaction may be characterized by the
second moment\) of the broadened NMR lin¥.The M,
can be related to the interatomic distances using the Van
Vleck method'® Considering that all the orientations of the
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internuclear vector with respect to the Zeeman field are des= 2.1 A, in agreement with crystallographic data for these
equally probable, the Van Vleck theory predicts that for bonds, which in the zinc-blend structure corresponds+o
phosphorus nuclel£1/2) subjected to strong chemical shift  4d-4+/3.1° For M, calculations, clusters of up to &@inc-

anisotropy the second moment is giveri4gy18 blend cells were considered, and their P-available positions
) were randomly occupied according to the glass composition

M :i @ I+ 1) 4h2E z r 6 @ and density. Whenever appropriate, constraints arising from

2 15\ar 4 N & ! chemical or thermodynamic considerations can be imposed

on the number of PS—P contacts per structural unit during
where y is the giromagnetic ratioN is the number of  the random distribution of P atoms in the clustett For
interacting spins, and; are the internuclear distances. The each randomly generated distribution of P, a valudeis
measurement d¥l, can be done using the Hahn spiecho calculated. The procedure is repeated many times, to probe
pulse sequence/2-7-77, which refocuses all spin interactions  a significant number of configurations of P in the cluster.
linear inl,. Assuming multiple coupling between the spins, The resulting set ok, values is presented in the form of a
the decay of the spinecho intensitie$(27) due to the non-  histogram. The appropriate number of repetitions, dependent
refocused homonuclear dipolar interaction can be approxi- on the number of P atoms in the cluster, was determined by

mated in many circumstances by a Gaussian function.  checking the stabilization of the shape of the histogram,
) typically between 30 000 and 50 000 repetitions.
1(27)/1(0) = exp{ —M(27)/2} 2 I1.2.c. Molecular-like P-S Clusterslf P atoms in the glass

are forming well-defined molecular-like arrangements as
observed in crystal phases, t&# homonuclear dipolar
interaction should be an adequate tool to detect these units,
due to the sensitivity oM, to the number of short PP
‘contacts. In previous studies using Raman spectroscopy, the
possibility was suggested that in &5.1-—P:Ssi glasses
there are well-defined molecular building blocks such as
P4Si0 and AsP,Ss.” The 3P second moment associated with

a set of diluted molecules randomly oriented with respect to
the magnetic field can be calculated using the Van Vleck
expression 1. A complete modeling of the glass structure
based on the occurrence of these species dispersed in an
As—S network may give the possibility of checking the
validity of this structural model by comparing the calculated
M, with experimental values. In this work, we adopted a
Jess demanding computational approach, which can still

In systems where the distribution of spins is not homoge-
neous, the dipolar coupling can be very different in distinct
groups of spins. In this case, the observed -spicho
intensity may be considered as a sum of several contributions
as given by expression 2, each with a particular second
momentM,® corresponding to distinct spin groupings.

[I.2. Model Distributions of P Atoms in As—P—S
GlassesThe values of the second moment ahi})(the Van
Vleck expression can be used to test the state of aggregation
or distribution, of P atoms within the glass structure. Three
simplistic models for P distribution were considered in this
study, and theMl, values for each of them were calculated
according to expression 1.

[I.2.a. Homogeneous Distributioin this model, P atoms
are assumed to be homogeneously dispersed in the glas

g?::'rgzilt?gn :]rf(;re;?tginrﬁgﬁ: ddézts"’:tn Cgfséhecsé‘s'lgiggg Ighe provide a useful hint for the magnitude of the dipolar
P P y 9 ' oupling in these kinds of molecular arrangements. The

distances were calculated assuming that P atoms are Iocate%inimum-energy structures of isolatedRsSs, PsSio, PiSe,

at the vertices of a cubic lattice, whose parame_t_er Was and RS; units were calculated, running semiempirical PMM3
calculated for each glass as a function of composition and , . .
calculations with the quantum chemical package Spartan Pro

measured density. . . o ) .
S o 2.020 With this optimized geometry, the dipolar coupling
[1.2.b. Random DistributionThis simplified model, suc- between the P atoms was calculated.

cessfully applied by Eckert and co-workers in several
chalcogenide systerfs® takes into consideration some
chemical and structural constraints. It is assumed that the
glass structure is a random network composed 0f3AsS IIl.1. Sample Preparation and Characterization. The glasses
PSy, and $=PSy, units. Within this model, higher values &€ Prepared conventionally by heating the elements togeother ina
of M, are expected as compared with the homogeneousS€2/€d quartz tube at temperatures between 620 and°@00
distribution due to the possibility of shorter#® distances, depending on the glass composition. The starting materials used

‘ le in PS—p A simplified are As, P, and S having a purity of 99.999%, and thus glass
as for example in PS—P contacts. A simplified way to carry composition having different amounts of P were prepared. First

out the calculation§ is to Copsider that As, S, qnd P atoms,ye prepared arsenic glass having the compositiaSAss reported
are located at the sites of a zinc-blend structéfghis lattice by Devyatykh? and then phosphorus and sulfide were added

provides an easy framework to locate tetrahedral and trigonalaccording to the stoichiometry of the,% compound. The
sites. The sites of one of the FCC sublattices of the zinc- amorphous character of the samples was confirmed by X-ray
blend are randomly occupied by As or P atoms. The sites diffraction. The characteristic temperatures were determined by
on the other sublattice are occupied by S atoms or are empty differential scanning calorimetry (DSC).

the latter alternative being required to fulfill the first 1.2. Prgparation of Crystalline Phase AsPS. In order to have
coordination sphere of a trigonal As or P site. The lattice 2 crystalline system closely related to these glasses and also to
parameter is obtained by considering a5 bond distance

[ll. Experimental Procedures

(19) Ashcroft, N.; Mermin, DSolid State Physi¢c8rooks/Cole: New York,
1976.
(18) Van Vleck, J. HPhys. Re. 1948 74 (9), 1168. (20) Spartan pro 2.0Wavefunction Inc.: Irvine, CA, 2002.
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Figure 1. Molecular-like unit present in the structure of crystalline AgPS 200 150 100 50 0 _50

. . _— . chemical shift / ppm
Table 1. Physical Properties of Stoichiometric AgSz1—x)—P2Ss) . ]
Glasses Figure 2. 3P spectra of the crystalline AsPSample: (a) MAS and (b)
static. Dotted line: simulation of the anisotropic spectrum. Asterisks:
temperatures’C) spinning side-bands.

glassx (mol %) D (g/cn¥®) Vi (cm¥/mol) Ty Tt

0 3.201 76.64 200

0.1 2.998 81.27 194

0.2 2.989 80.71 187 -

0.3 2.747 86.96 184 413

0.4 2.693 87.81 174 440 * (a)
0.5 2.519 92.94 170 458

0.6 2.503 92.61 160 457

0.7 2.266 99.93 143 393

establish correlations between NMR parameters and a known crystal
structure, a sample of the compound AsR&s prepared. This
compound corresponds to the stoichiometry of the glass xvith
0.5. According to the procedure described above, the components
As, P, and S were mixed in stoichiometric proportions, heated to
800 °C for 48 h, cooled down to 258C, kept at this temperature *
for 4 h, and then cooled to room temperature. The presence of (C)
crystalline AsP$was confirmed by comparing the powder X-ray ) ) . . ) ) ) ) - .
diffraction pattern with reference dataConsidering the instability 180 150 120 90 60 30 0 -3 -60 -90
of the samples exposed to the atmosphere, the ampoules were chemical shift / ppm
opened, and the samples were powdered moments before carrying-igure 3. 31P MAS NMR spectra of glasses: (&)= 0.1, (b)x = 0.4, and
out the NMR measurements. Typicall§#? NMR signals from (c)x=0.5.
decomposition of the samples packed into NMR rotors were
detected only after some hours. glass transition temperatur@gf melting temperatureT),
I1.3. NMR Spectroscopy. High-resolution3!P-MAS NMR densityD, and molar volume\{;,) are also shown.

spectra of some crystal and glass samples were measured in a The values ofTy are comparable to previous studies by
magnetic field of 9.4 T with a spectrometer Varian Unity INOVA. Tverjanovich (1991), wherg&, decreases as the P content is
Measurements were carried out under MAS of up to 13 kHz in increased. Conversely, the melting temperature does not
silicon nitride rotors withrz/2 pulses (4s length) and recycle delays follow the same beha\;ior showing an increase up to
of 800 s. Chemical shifts were referenced to a 858®j solution. oflo afy, 9 ) P .

x = 0.5 and then a gradual decrease above this concentration.

Static NMR experiments to determine the line shape and homo- . . . . .
nuclear dipolar second moment wehd,] carried out in a field of Tverjanovich and co-workers attributed this behavior to the

7.4 T using a Hahn spirecho sequence with/2 pulses (7us existence of two partial glassy systems &s-As;P,Ss and
length), with pulse separations up to 2 ms and recycle delays of AS:P2Ss—PsS10.” The molar volume increases as As atoms
800 s. The chemical shift tensor elements were evaluated usingare replaced by P which is unexpected as the sizeé"ofsP
the Herzfeld-Berger method in MAS spectra and also from direct smaller relative to A%. It might be proposed that this
simulation of the static spectrum using a FORTRAN90 coded behavior reflects an increase in the average coordination
program. number and a decrease in the degree of rigidity.

IV.1. 3P NMR Spectroscopy.V.1.a. Crystallized AsPS
Despite the full crystal structure of AsP®ot yet being

The glass compositions prepared in this study are sum-resolved, it was determined that the building blocks are

marized in Table 1, where their characteristic temperatures, Molecular-like AsP,Sq groups, as shown schematically in
Figure 1, having two SPS, units® These units are

(21) International Centre For Diffraction DatRowder Diffraction file ConnECt_ed through AsS—As bridges, glVIng rse to a
release 2000Newtown Square, 2000. PDF n. 45-1233. CD-ROM.  polymerized networR:” The 3P MAS and static spectra of

. . (b)

IV. Results and Discussion
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Table 2.3'P Isotropic Chemical Shift and Chemical Shift Anisotropy Parameters for Glasses withk = 0.1 andx = 0.5 and for AsPS Crystal

sample method Oiso* [ppmM] AP [ppm] n° d11[ppm] 22[ppm] d33[ppm]
glassx=0.1 static 80+ 5 —90+5 0.4+0.1 150 113 -5
glassx=10.5 static 8H5 —95+5 0.55+ 0.05 170 115 -2
crystal AsP$ MAS 83.5+ 0.2 —108+5 0.6+ 0.1 145 97 8
Yy static 83.0+ 0.5 —-1114+2 0.584+ 0.03 141 99 9

3iso = Y3(011+0221033). P A0 = 033 — H2(0111022). ¢ = (022~ 011)/(d33—Jiso)-

the crystallized sample are shown in parts a and b, respec-increased. In order to discuss the origin of the stronger NMR
tively, of Figure 2. The MAS spectrum shows a single line, the CSA parameters were determined forsthe 0.1
resonance at 83.5 ppm which agrees with previous NMR andx = 0.5 samples. For this reason, the statiR spectra
results??> The parameters for the chemical shift anisotropy of these glasses were measured with the-spiaho sequence
interaction (CSA) were calculated from the Herzfeld-Berger n/2-150 us-r, as shown in Figure 4. The CSA tensor
analysis of the spinning sideband manifold in the MAS elements were obtained from the simulation of these spectra
spectrum and also from the direct simulation of the static and are summarized in Table 2. Despite the static spectra
powder pattern, which is also shown in Figure 2b. The being considerably broadened, mainly by the homonuclear
parameters obtained from both methods are shown in TableP—P interaction and the distribution of interaction parameters
2, where an excellent agreement is observed for the crystal.caused by disorder, the agreement of the simulation is good.
It is interesting to compare the tensor elements in Table 2 The effect of the distribution of coupling parameters is
with the known behavior for these quantities insRand considered in the simulation through the broadening of the
S=PS, units. According to systematic NMR studies carried function convoluted with the spectral density. This convolu-
out in crystalline BS, compounds, both species can be tion function was assumed as a Gaussian with a broadening
identified from the most shielded elements of the CSA adjusted to 1.8 kHz. Similar CSA parameters were also
tensor?® In S=PS, units, this element corresponds to the estimated from the Herzfeld-Berger analysis of the MAS
shielding along the S direction, with a value around60 spectra. However, the uncertainty of these results is higher
ppm. In contrast, for P units, all tensor elements have because the considerable line broadening in the glasses
positive values, and the most shielded element takes valuegrevented the reduction of the spinning speed to the lower
around O ppn# Interestingly, in AsP$which has only values required for optimum application of the method. For
S=PS, units, the most shielded element has a value of aboutthis reason, only the CSA parameters extracted from the static
9 ppm. This observation, which is in apparent disagreementspectra were considered.
with the expected correlation in,8 series, is in fact As can be seen in Table 2 there are no significant
demonstrating the strong effect of the-AS—P linkages and  differences between the glasses for the values of the CSA
the structural distortions on the shielding 6£BS, units anisotropy Ad) and the isotropic shiftds)). On the other
in the AsP,Ss group. The high value of the asymmetry hand, the asymmetry parametg) {ncreased from 0.4 for
parametery = 0.58, indicates a considerable deviation from glassx = 0.1-0.6 for glassx = 0.5. The set of CSA
the axial symmetry around the direction of the=® bond, parameters for thex = 0.5 glass is quite similar to that
which is consistent with the fact that in a low-symmetry measured for the crystallized sample witi 0.5, indicating
molecular-like cage, the tetrahedral units should be consider-that the phosphorus structural units present in the glass are
ably distorted with respect to the axial symmetry. On the very nearly the same as those in the crystallized sample. For
other hand, the anisotropy paramet@rhas a negative value, this reason, it is possible to conclude that the main
which is consistent with the values observed for tetrahedral phosphorus groups in the glass areFSy, within a cyclic
S=PS, units? As,P,Ss unit. The smaller value of in the glass whosg =
IV.1.b. Glasses in the A®—S SystemFigure 3 shows 0.1, corresponding to arr®Sy; tetrahedra in a slightly more
the 3P-MAS spectra of some glass compositions. The most Symmetric conformation, indicates a certain degree of
prominent feature of these spectra is the asymmetric line Sensitivity of the AsP,Ss units to the structural environment
centered about 77 ppm. A substantially weaker line corre- at the medium-range scale. In glasses with a low concentra-
sponding to 5% of the whole integral intensity is observed
for thex = 0.5 glass at around 115 ppm. This line can be
attributed to trigonal Pz units according to observations
in the literaturé®24In some samples, weak and narrow lines
are observed at around 27 ppm and O ppm, which corre-
sponds to oxidation products arising from exposure to the
atmosphere. Aside from a slight decrease in the asymmetry
of the stronger peak, no significant variation of the isotropic
spectrum was observed as the phosphorus content was

(22) Aitken, B. G.; Youngman, R. E.; Ponader, C. WNon-Cryst. Solids
2001, 284, 34.

(23) Eckert, H.; Liang, C. S.; Stucky, G. D. Phys. Chenl989 93, 452.

(24) Cherry, B. R.; Zwanziger, J. W.; Aitken, B. G. Non-Cryst. Solids Figure 4. Static3P-NMR spectra for glasses: (&)= 0.1 and (b)x =
2004 333 28. 0.5. Dashed lines: simulation of the CSA powder pattern.

250 200 150 100 50 0 -50  -100
chemical shift / ppm
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Random distribution of P. Straight linesM, calculated for isolated x=0.2

molecular-like units, with structure modeled by semiempirical PM3 method.

Dotted line: AsP,Sg group. Dashed lines: 489 and BRS;o. ol

. . . . . x=0.1

tion of P, this environment corresponds to units dispersed

in a network of trigonal groups Asg while for higher —— . —
1 5 6

concentration of P roups may be closer or even 0 2 8
: AR>S group y M2 [ 10° (rad/s)? ]
linked by As—S—As bridges. _ _ , _
31 . . . Figure 6. Histograms oM values resulting from calculations of randomly
IV.2. P'Homf)nUdear Dipolar Interact.lon. Figure 5 distributed P, as a function of the glass composition. Vertical lines:
shows the resulting values ftM as a function of the glass  experimental values%nd P: phosphorus environments with 0 or 1 P-S-P
composition, obtained from least-square fittings to the Pridge, respectively.

observed spiftecho decays. For the sake of comparison, the p_s_p ¢ontact per unit. We will identify these two kinds
M value for the crystallized sample with= 0.5 is also  of p environments respectively ag8 Bnd P, where the
shown in Figure 5. For glasses upxo= 0.5, the whole  gyperscript indicates the number ot 8—P bridges for that
echo decay was well reproduced by a single Gaussiangpecific P-site. The vertical lines in Figure 6 indicate the
function, as in expression 2. However, for glasses with  experimentaM, values for the corresponding composition.
above 0.5, the decays were clearly non-Gaussian. In theserpne mean, values calculated from these histograms are
cases, the fitting of a sum of two Gaussian functions gave plotted in Figure 5 as a function of the composition.
excellent results, indicating the existence of two local spin According to data in Figure 6, except for the glass with
groupings with substantially different values M, as can = .1, the most probable phosphorus neighborhood includes
be seen in Figure 5 fax = 0.6 andx = 0.7. one P-S—P contact, and for this reason the medp is
Figure 5 also shows the results from the calculation of mostly governed by the values corresponding oTmese
M. according to the proposed P distributions. The calculation M, values have the same order of magnitude as the
done for a homogeneous distribution of P in the glass matrix experimental results but are higher by a factor of 3.
gaveM, values of at least 1 order of magnitude less than Considering the limitations of the model, the degree of
the experimental ones, starting from 0.00210° rac? s2 approximation to the observed, can be considered
for x = 0.1, to 0.044x 10° rac® s~2 for x = 0.7. For this  satisfactory. The disagreement can be attributed mainly to
reason, a homogeneous dispersion of P atoms in arSAs  the lack of an accurate estimation of the interatomic
network can be easily disregarded for these glasses. distances as well as the effect of next nearest neighbors.
On the other hand, the calculations using the random According to therps ® dependence in the Van-Vieck expres-
distribution model were carried out, imposing the constraint sion, a variation of 20% inps © causes a variation by a factor
of one P-S—P bridge at the most around each P atom in of 3 in M,, without considering the contributions of more
the zinc-blend framework. This was done in this way because distant neighbors. In order to pursue a closer comparison
the results obtained from simulations without constraints gave with the experiment, a more refined structural model of the
values ofM, substantially higher than the experimental ones, glass should be worked out. The conclusion that can be
indicating that these configurations with severat$-P drawn from these calculations is that, at the level of P
bonds per unit are not formed in the glasses. Figure 6 showsincorporation in these glasse$,énvironments are less likely
the normalized histograms fdfl, as a function of the glass  to be found than P Conversely, species"Rvith n > 1,
composition. Two peaks can be observed in these distribu-though statistically probable, are certainly not found in
tions. The peak corresponding kb, values less than 20  glasses withx < 0.5.
rac® s 2 is associated with clusters having no-$-P According to the conclusions obtained from the analysis
contacts. The peak fdvl, values above 2.5 10° rac® s2 of the 3P NMR spectra in section 1V.1.b, the presence of
corresponds to configurations having P sites with a single As,P,Sg units should be contrasted with the measured values
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of M,. These molecular groups are compatible with the
previousM, calculations, indicating that the' Bpecies are
more likely to be found. The minimum energy conformations
for As,P,Sgs isolated groups were calculated, giving-P
interatomic distance values ofp = 3.79 A and a PS—P
angle off = 124.27. The resulting P-S bond lengths (2.162
A and 2.095 A) and £S (1.88 A) are compatible with values

Santagneli et al.

Table 3. Values ofM;, Calculated for Some Isolated Molecular Units,
Corresponding to Conformations Optimized from Semiempirical

Methods
unit M, (racks?)
AsPoSg 1.04x 10°
P4810 6.63 x 103
P1So 6.74x 10°
PsS; 30.4x 1P

observed in many compounds containing P and S. From these Table 3 shows thévl; values for RS, P:S, and RS,

structural parameters, the resulting value Kbxis 1.04 x
10° rac? s™2. For the sake of comparison, this quantity was

units, resulting from the calculated minimum energy con-
formation. The values are substantially higher than the

represented in Figure 5 as a horizontal dot line, showing good€XPerimental ones for glasses whoge= 0.5 but are

agreement with the experimental data, especially for glasses

with lower P concentration. This calculation has two obvious
limitations: the contributions to th#&, from P atoms in

neighboring molecules are not included, and the molecular

conformation corresponds to a completely relaxed unit. To
evaluate the influence of these factors in the calculed

of the AsP,Ss unit, it is interesting to compare the values
of M, measured in the = 0.5 glass (1.6% 10° rac® s7?)

and the corresponding crystal (1.301C° rac? s72). It is

expected that in the crystal, with a more compact molecular

packing compared to the glass;-P distances between
intermolecular units will be shorter, leading to stronger
dipolar couplings. However, thd, values show the opposite
behavior, indicating that the observed variatiotMuncannot

be attributed to an increase in dipolar coupling from
neighboring molecules but to distortions in the conformation
of the AsP,Ss unit.

Let us now consider the minimum energy conformation
of the isolated unit having the lowebt, and consequently
the largest distancep. More strained conformations, due
to the effect of the molecular packing, causing a reduction
in rep would lead to higheM, values, as observed in the

crystal (30% higher) and the glass (60% higher). Therefore,

variations of approximately 0.8 1Cf rac® s 2 can be readily

comparable with the highe#l, measured for glasses with

x = 0.6 and 0.7. This observation indicates that localSP
arrangements with more than one &P bridge are formed

in these glasses. On the other hand, the presence of molecular
units having direct PP bonds, such as,§,, can be excluded

in this range of concentrations due to the substantially higher
value of M, associated with them which is not compatible

with the experimental results.

V. Conclusion

According to the’P NMR experiments and calculations,
the phosphorus atoms in &uy—P.Ss glasses are
incorporated in the structure through the formation of
molecular-like units dispersed in an /&5 matrix. For
compositions with low values of ;Bs, dispersed Ag#>,Ss
units are formed, which become progressively interconnected
as the P concentration approaches= 0.5, where they
establish a fully polymerized structure. The possibility of
some $=P S, groups forming P-S—P contacts outside well-
defined AsP,Ss cages may not be disregarded from the NMR
point of view as long as the-FP distance is similar than in
the cages. For glasses with> 0.5, there is a coexistence
of As,P,Sg groups with molecular units connecting more P
atoms via P-S—P bridges, such as,;8, or P,S units. No
evidence of structures composed byPPbonds was found.

attributed to strained molecular conformations. This amount This behavior also clearly explains the decreas&qoénd

of variation is compatible with the observed increas#/in

the increase of molar volume as< increases, which

as a function of the P content in the glass. For these reasonsindicates that the dominant species RS, which is

it should be concluded that the observed increaddrof

up to x = 0.5 may be caused by a combination of an
increasingly distortion in the AB,Sg units, reducing the
P—S—P angle, and the dipolar coupling with P in neighbor-
ing units.

present in the A#,Ss molecular unit.
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