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A series of new sulfur-deficient polysulfides, PrS, g,
PrS, 3466)» PrSi766(8) and PrS, 54, ), in addition to stoichiometric
PrS,, has been found by the detailed study of the PrS,—PrS, ;
system in the temperature range 350-1000°C. The phase indi-
viduality of the polysulfides has been proved on the basis of data
of a sensitive static tensimetric method with a quartz Bourdon
gauge, X-ray single-crystal structure analysis, and Raman spec-
troscopy. The vapor pressure and evaporation thermodynamic
parameters of the polysulfides have been determined. Informa-
tion on a structural distortion of the (S2")-polyanionic fragment
in the sulfur-deficient phases has been extracted from the Raman
spectra components assigned to vibrations of this fragment.
© 1999 Academic Press
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INTRODUCTION

A series of sulfur-deficient phases where the highest poly-
sulfides themselves are sulfur-deficient phases was dis-
covered in the SmS; o-SmS; 50 (1) and DyS; g4—DyS; 50
systems (2). The highest polysulfide in the Pr system was
found to be a strictly stoichiometric disulfide (3), and it is to
be expected that PrS, might behave differently when it loses
sulfur. Unfortunately, information on the PrS, non-
stoichiometry is insufficient and conflicting, even when it
was obtained by identical techniques. In (4, 5) the authors
believe that the Pr disulfide is a nonstoichiometric phase
over the PrS,-PrS, ,, compositional range with unit cell
lattice parameters a ~ 0.4 and ¢ ~ 0.8 nm and space group
P4/nmm determined from the powder X-ray diffraction data.
An individual phase of the Pr,S- (PrS, ,5) composition with
parameters a ~ 0.798 and ¢ ~ 0.807 nm and space group
P4b2 was identified by the same technique (6, 7). However,
the nature of rare earth disulfide nonstoichiometry is too
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involved to be solved by the powder X-ray diffraction ex-
periment alone. Therefore, this study reports pressure
measurements over PrS, and intermediate PrS, _ , solids of
different weights in a silica Bourdon gauge as a function of
temperature, combining the results with those obtained by
X-ray single-crystal structural analysis and Raman spectro-
scopy. The problem of PrS, nonstoichiometry associated
with these results is discussed.

EXPERIMENTAL
Samples for Tensimetric Study

The general requirements for the tensimetric study are
that samples must be in equilibrium, be contamination-free,
and have a surface inert to absorbtion of any volatile impu-
rities. Therefore, crystals of high quality were needed. Pr
polysulfide crystals were grown from a KI flux in sealed
ampules using Pr,S;-S mixtures in molar ratios ranging
from 1 to 4. The mixtures were taken so that disulfide or
trisulfide may be obtained, if the latter exists. The mixture
and flux were heated at 973 K for 30 days, and crystals grew
as thin well-crystallized plates with mirror-smooth surfaces.
The crystals were extracted from the reaction mixture using
treatment by water and after that by toluene to remove the
solvent and excess sulfur. The crystals were viewed through
a microscope to reject crystals contaminated by the flux.
The typical size and average weight were about 3 x2 x
0.05mm?® and ~ 4 mg, respectively. The gross crystal com-
position was determined by spectrophotometric analysis of
sulfur to be PrS, ¢00(s) This composition was reproduced
for crystals of different syntheses, no matter what the sulfur
pressure was in the ampule during the procedure. The
disulfide held its composition after annealing under sulfur
pressures equal to 1x 10® and ~ 2.5 x 103 kPa. The high-
pressure experiment was performed in thick-walled high-
purity silica glass ampules inserted in a special steel block.
This quality of silica was known to be suited for high-
pressure measurements (8, 9). The temperatures for the
disulfide and sulfur were 973 and 923 K in the first case, and
in the second one, 1023 and 1015 K, respectively. The lower
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temperature held the desired sulfur pressure constant. Being
invariant to the sulfur pressure, PrS, o, was found to be the
highest polysulfide in the system.

To obtain polysulfides intermediate between PrS, o and
PrS, 5o, distillation of the sulfur from disulfide to the colder
end of a sealed ampule was used. Different amounts of sulfur
were distilled off for 3-6 h at appropriate temperature gradi-
ents, for instance, 800-400, 750-300, and 700-280°C, and
the composition formed was then determined colorimetri-
cally, dissolving the distilled sulfur in toluene (the accuracy

~ 1 at.% S). A small amount of some iodine-bearing prod-

ucts was also detected in the distilled phase. Most likely,
they appeared as by-products of the KI melt and silica
ampule interaction. Flux contamination is a common prob-
lem of crystal growth, and the growth of the PrS, crystals in
layers seems to favor this. That is why a minor amount of
KI unleachable by the cleaning procedure was sometimes
observed in the PrS, crystals. However, the crystals of
intermediate polysulfides were always free from KI, which
was removed from the crystals during their preparation.
This quality of the crystals was found to fit well for the
tensimetric study. Usually, 3-5 crystals of PrS, were taken
to measure the density with an accuracy of 0.5% by a micro-
burette in alcohol. For the tensimetric experiment 10-30
crystals were crushed just before being placed in the mem-
brane chamber.

Tensimetric Equipment and Procedure

The total vapor pressure, P = f(T), above solids of differ-
ent compositions was measured in the temperature range
350-1000°C by means of a quartz Bourdon gauge with
a membrane as a null-point instrument calibrated pre-
viously with metallic cadmium as described in (1, 10). Pres-
sure was measured only with increasing temperatures using
a step-by-step procedure (steps of 10-15 K, sometimes 6 K).
Equilibrium was established for about 5 days along lines
1-3 and 10-15 days along lines 4-5. We account that equi-
librium was achieved when it was keeping constant within
133 Pa for a day. Six runs marked as a, b, ¢, d, e, and f in
Fig. 1 were carried out with the PrS, o, composition, taking
the different ratios of its weight (m, mg) to the chamber
volume (¥, cm?). The runs g, h, and i were performed with
PrSy 94, PrSy 57, and PrS, ;5 compositions, respectively.
Using the ratio m/V given in Fig. 1, we tried to transform
these polysulfides to the sesquisulfide by limiting the sulfur
pressure to 200 kPa, a capability of the tensimetric equip-
ment. The tensimetric procedure consisted of registration of
transitions from the three-phase equilibrium, solid—solid-va-
por, to the two-phase equilibrium, solid-vapor. These
transitions, as the breaking points of the monovariant lines,
reflected changes in the number and composition of conden-
sed phases when one of them, evaporating sulfur in a closed
membrane chamber, turned into another. To calculate the
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composition of the solids formed at the breaking points of
the three-phase lines, the sulfur amount evaporated has to
be determined and subtracted from its initial amount.

Structure Study

The PrS, single crystals grown from flux were suited
for the X-ray single-crystal study. The crystal that was
0.165%x0.195x0.038 mm with large edges parallel to the
(001) was taken, and its structure was determined and re-
fined to final values of factors R = 0.0188 and R,, = 0.0202
for the 2134 symmetrical nonequivalent reflections
observed. Unfortunately, all intermediate polysulfides ob-
tained from single-crystalline initial PrS, were polycrystal-
line and the X-ray single-crystal study was impossible for
them. The X-ray powder diffraction patterns are found to
add little to the phase identification of the polysulfides, and
Raman spectroscopy was choosen to support structurally
the tensimetric results showing individual polysulfide
phases. Two findings established by us were taken into
account: the (S,)~ 2 layer, as a structural fragment of disulf-
ide, (PrS); - (S,) 2, was found to have its own spectroscopic
“fingerprint” (3); any sulfur loss from stoichiometric disulf-
ide changes the structure of the (S,) 2 layers and that of the
polysulfide itself (11). Therefore, a variation in the shape of
the (S,)~ 2 layer vibration band was taken as a tentative
phase characteristic of the intermediate polysulfides, even
without referring these Raman spectra to any structural
type. The profile of the band 380-420 cm ™! was recorded
only for single-phase samples rather than for their mixtures.
The Raman device consisted of a double monochromator
equipped with a standard photon-counting unit. The excita-
tion source was a He-Ne laser (line = 632.8 nm).

RESULTS AND DISCUSSION
Phase Relationship in the PrSi so—PrS;. 00 System

Figure 1 gives the P-T dependence measured over poly-
sulfides of different compositions and m/V ratios. The de-
pendence reflects the sulfur evaporation process and
successive transformations of the highest polysulfide to re-
duced polysulfides. It can be seen that all points of the
P = f(T) dependence measured above the polysulfides in-
dependent of m/V ratios fall well on appropriate straight
lines marked as 1-5. Every straight line corresponds to the
three-phase equilibrium of two adjacent polysulfides and
the sulfur vapor phase. Between each pair of monovariant
lines, divariant ranges appear where experimental points fall
on almost horizontal lines. The intermediate polysulfide
exists here in equilibrium with sulfur vapor. The view of the
P-T diagram shows that in the PrS,-PrS; s system, to-
gether with PrS,, four other polysulfides exist and they all
have no marked homogeneity regions. This finding seems to
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FIG. 1. Pg,~1/T dependence measured over PrS; o9, PrS; o4, PrS; gs, and PrS; ;5 solids of different m/V ratios, g/cm>: PrS, oo: a, 27.0; b, 12.0;

c, 7.0; d, 4.0; f, 3.7; e, 3.3. PrSy o4: g, 8.9. PrS; g5: h, 2.9. PrS, ;5 1, 4.5.

be less reliable for PrS; ;4 since few points might be ob-
tained in the appropriate narrow divariant range. The
breaking points of the three-phase lines were taken to deter-
mine the upper boundary composition of the intermediate
polysulfides. The compositions were calculated as the differ-
ence between the number of moles of sulfur and Pr of the
initial disulfide (Ng, Np,) and those in the vapor phase, (Ng,
Np, which is zero) by the equation

x, at.% S = 100 {Ns — V/RTms* Y m," (Ps,/P)}/
(Np, £ {Ns - V/RTms'Zmn'(PSn /P)}, [1]

where P and T are coordinates of the phase transition
points, V' is the chamber volume, m, is the molecular weight
of the sulfur species, Pg, is the partial pressure of the sulfur
species, and Ng = V/RTmS-Zm,, (Pg,/P). The partial pres-
sures of the sulfur species at the breaking points were

determined using the set of equations P =) Pg, and
K, = (Ps,)"?/Pg, for n = 1-8. The equilibrium constants of
polymerization for a wide temperature range are given in
(8). Results of the calculation are given in Table 1 where runs
are marked as in those Fig. 1.

Error of the Composition Calculation

In the tensimetric experiment the error for the composi-
tion of the intermediate polysulfides must be about 0.06
at.% S, if the other errors of the measurements are +2 K
for temperature, +0.00005 g for sample weights, + 1 x
10~* cm? for the chamber volume, and + 133 Pa for the
pressure. There was such an accuracy for the compositions
of line 1, where all the points were below or near 975 K
(melting point of KI). For the points at or above 1100 K the
composition error was more than that required since the
scatter in the pressure values of lines 2-5 was more
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TABLE 1
Compositions of Intermediate Polysulfides Calculated
in Breaking Points

1 2 3 4 5

Run at.% S T (K) at.% S T (K) at.% S T (K) at.% S T (K) at.% S T (K)

a 65.54 1030 64.75 1139 6390 1215 — — — —
b 6556 980 64.79 1075 63.90 1134 6296 1157 60.02 1183
c 6558 975 6501 1066 64.02 1130 6299 1166 — —
d 6554 957 6475 1052 6390 1136 6293 1183 60.00 1210
e 65.54 927 6494 1017 63.66 1075 63.09 1123 60.04 1160
f 6551 901 6479 970 6390 1028 — — — —
g 6558 961 6487 1048 63.79 1139 63.06 1183 5998 1212
h — — 6512 961 63.89 1069 6296 1099 60.01 1126
i — — — — 6383 935 63.00 1111 60.03 1149
PrS, .900(2) Prsl.846(6) PrS, .766(8) Prsmozm Prsl.SOOM]

apparent. The appearance of uncontrolled volatile species
was a reason for the scatter. These volatile species remained
in the gas phase after the membrane chamber was cooled to
300 K. The residual pressure of ~100 Pa is common for
a tensimetric experiment, especially one carried out over 2-3
months (10, 12, 13). However, in runs a-c the residual
pressure was as great as 2 kPa. The largest weights of PrS,
were taken in the runs where the quantity of KI impurity
may also be large. The melt of KI attacking the quartz
chamber begins to produce volatile by-products. We found
that the rates of by-product formation were < 133 Pa/h at
temperatures near 1100 K and <260 Pa/h at or above 1200
K. Of course, in the treatment of the tensimetric experiment
results, preference was given to the runs with small residual
pressure, i.e., to d, e, f, g h,and i. Results of the a—c runs were
needed to correct the total pressure by means of extraction
of pressure produced by the by-products. For temperatures
above 1200 K the by-product pressure was directly extrapo-
lated from the room temperature to the appropriate temper-
ature; for temperatures below 1200 K it was calculated on
the basis of the rate of formation of the by-products and the
duration of this run. The maximum value of the corrections
was about 8 kPa, ie., 4-8% of the total pressure. The
corrected values of runs a-c are plotted on the graph, Fig. 1,
where one can see the good repeatability of all runs. This
fact allows one to consider that a minor inclusion of KI flux
does not affect the formation of the intermediate polysulf-
ides. And no KI dissolved in PrS, was found by a structural
study of the crystals. Nevertheless, a new effective cleaning
procedure is desirable to get the polysulfide crystals free
from flux impurity. It is now in progress.

The character of the divariant lines was found to resemble
that of lines from thermal expansion of ideal gas combined
with dissociation of gaseous sulfur polymers. No sulfur
evaporated from the condensed phase was observed at the
points of the lines. Further evidence is that if there is
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a homogeneity range for the intermediate polysulfides, it
must be very narrow, within the error limit, i.e., < 0.5 at.%
S. These fractional compositions, being stoichiometric
phases, must be converted to the rational formulas, for
instance, Pr,(S;9, Pr,S;3, Pr,S,;, and Pr3Ss. They are
shown in the P-T-x diagram in Fig. 2. The equilibrium
diagram shows that in the PrS, ¢o-PrS; s, system the
stoichiometric PrS, coexists together with the sulfur-defi-
cient phases, PrSy 900, PrS; s46, PrS; 766, and PrSy 545, in
that range where previously one grossly nonstoichiometric
phase, PrS, _ . was shown. As one can see, the stability fields
of the polysulfides are rather narrow, and thus, there is
a severe problem in preparing single-phase polysulfides if
the sulfur pressure is uncontrolled. As a result, previously
multiphase samples prepared by direct synthesis were very
often taken as single-phase ones, which led to a mistake in
the composition determination. We succeeded here in com-
positional identification of the closely spaced phases by
using the proper tensimetric procedure, where the formation
of single-phase polysulfides was controlled by a given equi-
librium sulfur pressure.

Thermodynamics of the Evaporation Reactions

Each polysulfide evaporates incongruently, and polysac-
charides take part in the appropriate monovariant reactions
[2-7] written below per 1 mol of S, as the main gaseous
species. Thermodynamic parameters of the reactions were
determined from the In Ps,—1/T lines 1-5 constructed from
40, 21, 20, 22, and 15 points, respectively. The partial pres-
sures of S, were calculated from the total pressure using the

5,0 1 2/3 ]
4,54
= 1 PrS,
&'/ 4’0 T
o 2 P8y
o 3 Pr,S,;
3,54 4 P‘4S'1
5 Pr,S,
6 Pr,S,
3,0
25 T T T T

T T 7
500 600 700 800 900 1000 11007 (°C)

FIG. 2. The solidus portion of the pressure-dependent diagram of
phases detected in the present study, P, = 350 Pa. Phase stability fields
are marked as 1-6.
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TABLE 2
Thermodynamic Parameters of the Evaporation Reactions [2-7]

Reaction In Pg, (atm) + 20 a? A H7 (kJ/mol) A ST (J/mol-K)
[2] 19.31 —20328/T 44869/T* — 94.4/T + 0.05 169.0 + 1.2 161.0 + 1.2
[3] 17.15 —19311/T 70811/T* — 134.8/T + 0.06 160.5 + 2.2 1425 + 2.1
[4] 17.60 — 20582/T 27293/T? — 51.0/T + 0.02 1711+ 14 146.4 + 1.3
[5] 16.37 — 19669/T 37103/T* — 65.6/T + 0.03 168.8 + 1.6 1410+ 1.4
[6] 16.80 — 20401/T 442935/T* — 772/T + 0.34 169.6 + 5.5 139.7 + 4.8
[7] 423+ 13

“1 atm = 101.3 kPa.

sulfur constants of molecular gas reactions (8). The least
squares treatment (95% confidence limit) gave the temper-
ature dependence of the equilibrium pressure, standard dis-
persion, the enthalpy, and the entropy calculated from the
second law, Table 2.

20 PrS; 000(s) = 20 PrS; 900(s) + S»(g) + A Hy

(800-1052K) [2]
37PrSy.900(s) = 37 PrSy g46(5) + S2(g) + A, H7
(952-1110K)  [3]
25PrS; g46(s) = 25 PrSy 166(s) + Sa(g) + A H7
(909-1220K)  [4]
30 PrSy 766(s) = 30 PrS; 702(s) + S,(g) + A Hy
(980-1220K) [5]
10PrS; 792(5) = 10 PrS; 500(s) + Sa(g) + A Hy
(909-1220K) [6]

Z20PrS;.000(8) = 20 PrSy 500(s) + 5S,(8) + XA 2-61Hr
or PrSZ.OOO(S) = Prsllsoo(s) + 025 Sz(g) + ArH;"

(800-1220K) [7]

These data were then used in the appropriate thermo-
chemical cycles to determine the standard heats of the PrS,
formation. The required thermodynamic parameters of Pr,
S, Pr,S;, and the values of the heat capacity of PrS, at 298
and 800 K taken from (14, 15) are given in Table 3.

The heat of formation of the PrS, phase from Pr(s) and
S(s) was calculated to be A¢Hgoo = — 598.3 kJ/mol at 800
K and A{H595 = — 586.6 kJ/mol at 298 K (accuracy of
about 7%). The last value is close to that, 589.9 kJ/mol,
estimated from those in the series LaS,-NdS,, based on
some calorimetrical measurements. Good agreement of

both values means that there were no substantial errors in
our experiments (the procedure of measurements and purity
of crystals), and therefore, the heat of formation of the
PrS, oo obtained here tensimetrically may be recommended
as a reliable value.

Structural Characterization

The intermediate polysulfides can be described by a
homologous series of the generic formula, Ln,S,,_,, with
n = 3,4,7, 10, and structures of these chemical homologues
should be close to each other. However, the structural
problems in the Pr polysulfides, except PrS,, arise since
single crystals suited for single-crystal X-ray studies have
not been obtained up to now. The structure of PrS, was
determined to be monoclinic with unique axes along the
[100] direction and a = 0.4054(1), b =0.8058(1), ¢ =
0.8079(1), a = 90.0°, V = 0.264 nm?>, space group P2,/b11,
Z =4, dey. = 5160, and d.,, = 5160 & 20 kg/m>. Special
attention was given to assigning the structure as having
monoclinic rather than pseudo-orthorombic symmetry, and
these detailed structural data will be published elsewhere.
The room-temperature Raman spectrum of the structure of
the type, given in Fig. 3, spectrum 1, shows two resolved
bands near 400 cm ~ !, typical for the (S3 ) layer as expected
according to the symmetry analysis (3, 16). The single band
of the PrS, ¢, polysulfide (Fig. 3, spectrum 2) was found to
be identical to that of the SmS, o, polysulfide (3), the struc-
ture of which was recently solved by us (1). Therefore, one

TABLE 3
Thermodynamic Properties of Substances Taking Part
in the Reactions [2—7] (kJ/mole)

Substance C, 208 C,.500 AsH50g
Pr(s) 0.0276 0.0356 —
S(s) 0.0226 0.0309 —
S,(g) 0.0324 0.0364 127.5
Pr,Ss(s) 0.1226 0.1431 — 11422
PrS,(s) 0.0744 0.0766 —
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FIG. 3. The profile of the S; 2 layer band at around 400 cm ! in the
room-temperature Raman spectra of the Pr polysulfides of different com-
positions: 1, PrS, oo; 2, PrSy g¢; 3, PrS; s5; 4, PrSy 76; 5, PrS; 70.
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can accurately describe the PrS; ¢ polysulfide structure by
the tetragonal space group P4,/n. The Raman spectra of the
other reduced polysulfides differ from the PrS, spectrum as
well from that of PrS; ¢o. They demonstrate a shoulder
(Fig. 3, spectrum 3) or a band (Fig. 3, spectrum 4) at about
376 cm !, reproducing well from sample to sample and
broadening the main band at about 400 cm ™! with a de-
crease in the S/Pr ratio. The Raman spectra of the reduced
Pr-polysulfides are not available in the literature and their
interpretation is not easy, as the main peak is broad. The
broadening may result from disorder in the anionic frag-
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ment of the (S3 ) layer or from an order leading to superla-
ttice cells. The latter assumption is best suited here when it is
considered that the reduced Dy-polysulfides, DyS; g5 and
DyS; 76, really show close superlattice cells of the PbFCl
type (P4/nmm) according to our recent structural study (17).
If this is the case, only the single-crystal X-ray study may
give reliable structural information for the new Pr—polysulf-
ides identified compositionally in the paper. Fortunately,
now we have the P.—-T-x diagram of the PrS,-PrS, 5 sys-
tem, which provides information on how to grow single-
phase crystals of the reduced Pr—polysulfides. The process of
crystal growth of the Pr-polysulfides is now in progress.
In summary, we clearly confirmed the existence of new
sulfur-deficient polysulfide phases PryS;9, Pr;S;3, PryS,,
and Pr3Ss in the PrS, 4o—PrS; 5o system. They appear to be
intermediate between PrS, ,, and PrS; 5, in structural re-
spects, in particular regarding the anion (S% ) layer arrange-
ment. The stoichiometry of the title phases, the absence of
a homogeneity range, and their evaporation parameters
were determined by the static tensimetric study. We have
found that this technique is an excellent tool for composi-
tional characterization of the intermediate polysulfides.
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