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Polysulfide Anions. 1. Structure and Vibrational Spectra of the $2~ and S2~ Anions.
Influence of the Cations on Bond Length and Angle
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In a comprehensive study of the B} and MS, alkali (M) and alkaline-earth (M polysulfides, the alkali
polysulfides KkS,, NaxSs-NH3, and K:S; have been prepared by reaction of the metal with sulfur in liquid ammonia
and subsequent heat treatments. Their Raman spectra have been analyzed in relation to their known X-ray structures,
and that of Baghas been revisited. The structure ofS§ seems intermediate in the 8, M'S, series since it

has two slightly different anions in the unit cell. As for #g, K>S, has twoo. and 8 phases but with a much

higher transition temperature310 °C. These results, and those of the literature, allow tffe Bond length to

be related to the variation of its electronic structure with the cation electric field. The results obtained for the
M,Ss and M'S; polysulfides, and those of the literature, show the existence of a low- and a high-temperature
phase for KS; as for the other S; compounds. Thes3~ anion geometry, as for,%, is directly related to the

cation electric field. The opening of the SSS angle in BaSinked to the absence of cations at short distance

of both terminal sulfur atoms of thes anion. It is thus shown that the bond length decreases with the polarizing
power of the cations. The force field calculated for these anions are related to the SS bond length. The phase
transformations and the stability of these compounds is explained by the polarizing power of the cation, which
drives the volume left free for the anion in the crystal.

Introduction

The structure and reactivity of,% anions in solid metal
polysulfides are known to be strongly related to the nature of
the metallic cation. As an illustration of this influence, the phase
diagrams of alkali-sulfur systemd,which have been thoroughly
studied?~7 show the existence of various,8} compounds. The
usual preparation method for alkali polysulfides is the thermal
reaction between elemental sulfur and the alkali nre&lith
this procedure, it seems that only:8iand LyS, can be obtained.
For sodium, N&S, withn= 1, 2, 4, and 5 are known; N&; is
unstable and disproportionates at about 2@0into the 1:1
eutectic NaS;—Na$4.58 For potassium, rubidium, and cesium,
the MpS, polysulfides withn = 1—6 have been identifiedThe
absence of highn values for Li polysulfides, as well as the
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maximum value it = 5) for Na polysulfides, is probably due
to the size and to the charge of the cations as suggested by
Oei’

These polysulfides are usually very hygroscopic, and the
Raman spectroscopy which allows their study in sealed sample
tubes, is a very good tool to follow their thermal behavior. A
large number of studies of the vibrational spectra ofR,%10
Rb112Cs1112Ba 13 and St polysulfides have been published,
with the aim of characterizing the3 anion from their spectra.
Very few studie$>"17 have attempted to relate the vibrational
spectra and the X-ray structure. However these structures are
known for numerous polysulfidés: To get a better insight into
the structure of the various;3 anions, our main objective was
to relate the Raman spectra of the3fand MS, polysulfides
to their known X-ray structures through a force field analysis.
In the present paper, we consider thgSyland MS, polysul-
fides withn = 2 and 3. As a complement to the literature data,
we have examined the Raman spectra ofy&NH3, K>S, and
K>S; prepared from the reaction in liquid ammonia solution
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Polysulfide Anions

between the metal and sulfur. We have also reexamined the
Raman spectrum of Ba$repared from the reaction of BaS
with a stoichiometric amount of sulfur at 55€. The same
type of analysis fon = 4—6 will be given in a forthcoming
paper8

Experimental Section

Sodium and potassium (all Fluka99%) were cut and weighed in
a glovebox under a water-, nitrogen-, and oxygen-free argon atmo-
sphere. The weight of sulfur (Fluka,99.999%) was then adjusted in
order to have the stoichiometry corresponding to the alkali polysulfide
under preparation. Alkali metals and sulfur were weighed with an
accuracy oft+0.1 mg in order to synthesize alidug of apolysulfide
compound. The Pyrex cell containing the alkali metal and sulfur was
then transferred onto a vacuum line and pumped down to aboft 10
Torr, for several hours. Ammonia, dried over potassium, was then
distilled and condensed on the alkali metal and sulfur at the temperature
of liquid nitrogen. The amount of ammonia was not accurately
controlled. It was of the order of 50100 mL. The cell was closed
with a stopcock and was then slowly warmed @ The alkali metal
was solubilized much faster than sulfur in ammonia, and a blue solution
of alkali metal in ammonia was then obtained. When the solution was
progressively warmed, the alkalammonia solution reduced the sulfur
and the blue color disappeared. The solution was kept-f@r @ays at
0 °C in order to reach the completion of the reaction. The solution was
then cooled at ca-30 °C, and ammonia was then evaporated slowly.
The solution was progressively warmed while the ammonia was

evaporating. When most of the ammonia had evaporated, the cell was

transferred onto a vacuum line and pumped down while being heated
at a given temperature. For the preparation ofS¥&Hs, the cell was
heated at ca. 60C; for K,S;, it was heated under various conditions
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Figure 1. Raman spectrum of the compound,S8aNHs. XY DILOR

given in Experimental Results. The pressure reached at the end of thismicrospectrometerd = 514.5 nm, integration time 300 s; between 30

step depended on the heating temperature. The cell was then transferre
in the glovebox and opened under an argon atmosphere. The alkali
polysulfide was ground and introduced in a suprasil quartz tube of 3

mm external diameter. This tube was transferred onto a vacuum line
and sealed under vacuum.

The Bag compound was prepared according to the method used by
Schnering and Gof?. Barium sulfide BaS (Alfa,>98%) and sulfur
were weighed in the glovebox, in the stoichiometry required for the
trisulfide, and finely ground together. This mixture was introduced in

gnd 750 cm?, P = 0.3 mW, slit width 14Qum, spectral slit 4.3 crTt;

between 640 and 1700 cth P = 1.1 mW, slit width 20Qum, spectral
slit 6.2 cnT!; between 3050 and 3550 ciy P = 1.2 mW, slit width
300um, spectral slit 9.3 crm.

Sg in liquid ammonia shows that an almost pure compound is
formed (Figure 1). Only a small component (shoulder at 452
cm™1) due to $%~ is observed with an intensity varying along

a quartz cell, which was sealed under vacuum and then heated at 55¢11€ Sample region examined with the Raman microscope. The
°C for 2 days. The cell was then opened in the glovebox and the BaS ¥s(SS) andvy(SS) stretching vibrations are observed at 479 and
compound ground and introduced in a suprasil tube, which was sealed460 cn1?, respectively, in good agreement with those observed

under vacuum.

An XY multichannel Dilor instrument equipped with a double
monochromator as filter and with a liquid nitrogen cooled Wright CCD
mosaic detector (120€ 300) was used to record the Raman spectra
of polysulfide anions at room temperature. At liquid nitrogen temper-

ature, the Raman spectra were recorded on a triple monochromator

RTI 30 Dilor spectrometer with a spectral resolution better than 22cm
below 1300 cm*. An Olympus microscope was coupled with the XY
spectrometer, and a long front objective of magnificatiet8Q) was

by Janzet al® for a probably hydrated sample. The spectrum
published by Janet al8 is indeed that of a compound prepared
through a double displacement reaction from BaS$his
procedure leads to a mixture of pfa and NaS,, and it seems
that in water solution thes3~ anion disproportionates t0,5

and §2- as observed when heating #$3 above 130°C.% The
bendingv,(SS) vibration is observed at 256 tiin contrast
with the assignment of this mode at the band observed at 238

used to observe the different phases formed in the sealed sample tubecm™ by Janzet al® which may be due t@-NaS,; or BaS.

Under these conditions the laser power was kept below 1 mWw.
The Raman spectra were excited by 457.9, 488.0, or 514.5 nm
radiation from a Spectra Physics argon ion laser.

Experimental Results

Sodium Polysulfide: NaSz*NH3. The Raman spectrum of
the compound Nz53-NH3 prepared by reacting Na metal with

(18) El Jaroudi, O.; Picquenard, E.; Lelieur, J. P.; Demortier, A.; Corset,
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(21) Steudel, RAngew. Chem., Int. Ed. Endl975 14, 655.

(22) ). Foppl, H.; Busman, E.; Foroth, F. KZ. Anorg. Allg. Chem1962
314, 13.

(23) Schnering, H. G. V.; Goh, N. KNaturwissenschafteh974 61, 272.

Bands observed at wavenumbers lower than 186'are due

to lattice vibrations. The solvating ammonia molecule is
characterized by its stretching vibratiomsandv; at 3335 and
3239 cntt and its bending vibrations, and v, at 1630 and
1163 cnt?, respectively. The band observed at 953 ¢&ris
due to the harmonic of the(SS) mode, and the components at
815 and 969 cm! probably are due to rocking modes of the
ammonia moleculé? The band wavenumbers of the ammonia
molecule are very close to those observed for the solvate NaBr
5%7 NH3.1° This seems to indicate that the ammonia molecule,
in agreement with the NaN distances 2.56 and 2.70 A found
in the structuré?is bonded by its nitrogen lone pair to the Na
ions and forms hydrogen bonds with the?Sanions such as
with the Br~ anion in the NaB#!/; NHz ammoniate.
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Table 1. Structure and/(SS) Wavenumbers of theyS lons in the MS, and MS; Polysulfides. SS Bond Lengthssg) from X-ray Data and
from Vibrational Wavenumbers, Volume Left Fre¥sf-) for S;2~ Anions, Sum of Crystal lonic Radii of M Cation and % Anion, and
Cation Polarizing Power

CsS, RS, o-K2S, B-K2S a-NaS, B-NaS, BaS SIS
cryst syst orthorhombic hexagonal hexagonal hexagonal monoclinic tetragonal
ref 26 22 22 22 23 23
space group Immm B2m P62m P6;mmc Qlc 14/mcm
, D3 D3, D3, Dgn G Din
dss(X-ray), A 2.107 2.10 2.15 2.15 2.126 2.083
spectra 11 11 a a 24 8 25
»(SS), cntt 472 473 469 476 473

462 454.5 454 451
dsscalcPA 2.123 2.122 2.126 2.119 2.122

2.132 2.140 2.140 2.143
Vs, calc, A3 136.5 101.8 82.9 81.8 79.3 65.2
P + re-¢ A 3.52 3.32 3.18 2.82 3.19 2.97
polarizing power, 0.57 0.74 0.90 1.72 1.80 2.58

ne/(ry+)?, 1 C cnr?
aThis work.? From the Steudel relatiot:log (f/mdyn AY) = 2.66— 7.26 log ¢lsdA). ¢ Reference 39.

Potassium Polysulfides: kS, K»Ss. To check the relation K S
between bond length and wavenumbers, for tife #n 2! we 4545
have tried to prepare8,. A bond length of 2.10 &is expected
intermediate between those measured fosf3 and Bas?3
(Table 1) and close to that found for £55.26 According to the
potassium-sulfur phase diagrad?as shown by DSC measure-
ments?” two formso andp exist for K;S, with a phase change
temperature of 148C. A similar transition exists for N&, at
170°C.12The structure determined by Bl et al. for K,S,%?
is that of a product prepared from potassium metal and sulfur
in liguid ammonia as previously done by Fetetral2® This
product had a density of 1.79 g/émafter heating at 60C
during 4 days. It was further heated at 3ZDunder a nitrogen iy s
atmosphere. The product obtained after this treatment had a i
density of 1.89 g/cth The authors pointed out that the two
products, before and after heating at 38) showed the same
X-ray diagram. Nevertheless, they reported that some lines
which appeared diffuse before heating became sh_arp. ThiSFigure 2. Raman spectrum of the compound of stoichiometppK
compound had a hexagonal structure with the space ¢*62m, (a) dried at 80°C. XY DILOR microspectrometeri = 514.5 nm,P

D3, and is isomorphous of the-N&S, phase. The unit cell =3 2 mw, integration time 900 s, slit width 8om, spectral slit 2.5
contains three formula unit&Z(= 3), two sulfur atoms S(1) cm L.

forming an S(1)S(® anion are located in sites (e) with =
0.320 and four sulfur atoms S(2) forming two S(2)$(2nions shoulders on the low wavenumber side of these two components.

469

476

RELATIVE INTENSITY

T T T T T T T v
200 400 cm-!

are located in sites (h), wit = 0.180. The relatioz; = Y, These shoulders have first been assumed to be due to isotopic
— 2, proposed by the authors implies that the thrg& @nions components belonging to the speciedSPSP- since its
have the same bond length. abundance is 8% compared to the 90% abundance of the

The spectrum of the product we have prepared from liquid (°?S*?Sy~ species. The poor agreement of the summation
ammonia and heated to 8@ under high vacuum is shown in  spectrum with the observed one (Figure 4a) implies the existence
Figures 2 and 3a. This spectrum contains four main lines at of a hot band, distant from the main band by twice the
454.5, 462, 469, and 476 crhin the »(SS) stretching vibration anharmonicity constanbexe = 2.1 cnt?l, deduced from the
region and three lattice vibrations at 87, 118, and 148%cm  observation of theiZSS) harmonic of the main band. This value
This spectrum changed only slowly when the product was heatedhas a good order of magnitude compared tocpe values of
to 210°C during several hours (Figure 3b). When the product 2.852 and 2.5 cmt measured for Sand $-, respectively?®
was heated above 32@, the two central lines disappeared more The good agreement of the summation spectrum with the
rapidly (Figure 3c). Finally the spectrum of the compound heated observed one (Figure 4b), and the spectrum observed at liquid
to 320°C for 30 h under a 0.5 atm pressure of Nibs recorded nitrogen temperature (Figure 4c), confirm the assignment of the
(Figure 3c and Figure 4). This spectrum, recorded at room intermediate component to the transitigr= 1 — v = 2. Indeed
temperature, has two main lines at 454 and 476 ¢rwith this hot band is not observed in the liquid nitrogen temperature

spectrum which allows observation of the isotopitS{2Sy -
(24) Eysel, H. H.; Wieghardt, G.. Kleinschmage, H.; Weddigen,zs. ~ COmponents in the expected intensity ratio with S¢Sy~
Naturforsch.1976 B21, 415. components. We can conclude that the spectrum of the phase

(25) Steudel, RZ. Naturforsch.1975 30b, 281. obtained by heating above 32@ corresponds to a crystal
(26) Bdtcher, P.J. Less Common Mel979 63, 99.

(27) Janz, G. J.; Rogers, D.J.Chem. Eng. Datd983 28 (3), 331.
(28) Feher, F.; Berthold, H. Z. Anorg. Allg. Chem1953 274, 223. (29) Clark, R. J. H.; Cobbold, D. Jnorg. Chem.1978 17, 31609.
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Figure 3. Raman spectrum of the compound of stoichiometppK
after heating at different temperatures: (a) dried at@0(b), heated
at 200 °C for 86 h; (c), heated at 330C for 20 h. XY DILOR:

spectrometed = 514.5 nm,P = 3.2 mW, slit width 80um, spectral
slit 2.5 cn1?, integration time 900 s; (b) = 488.0 nm,P = 0.3 mW,

slit width 120um, spectral slit 4.2 crit, integration time 600 s; (¢)

= 488.0 nm,P = 3.3 mW, slit width 100um, spectral slit 3.5 cr,

integration time 180 s.

having two types of $~ anions in the unit cell. The small
wavenumber shift between the tw{SS) vibrations at 476 and
454 cnt! with an intensity ratio ofca. %/, suggests that the
crystal structure corresponds to the hexagdh§l one pro-
posed by Fppl et al?? In fact, these authors have determined

Inorganic Chemistry, Vol. 38, No. 10, 1992397
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Figure 4. Raman spectrum of the ;& compound (a, b) at room
temperature and (c) at liquid nitrogen temperature. Comparison with
the summation spectrum of a two- or three-component analysis,
assuming (a) isotopic components or (b) isotopic components and hot
bands. (a, b) XY DILOR spectrometef: = 488.0 nm,P = 0.3 mW,

slit width 50 um, spectral slit 1.8 crit, integration time 1800 s. (c)
Spectrometer triple monochromator RTI DILOR:= 514.5 nmP =

60 mWw, slit width 200um, spectral slit 1.4 crt.

these spectra can be due to the formation gdsKhrough the
disproportionation of KS, along the reaction

2M,S, — M, S+ M,S;

the unit cell parameters with an accuracy of 0.01 A. This low where M is K, Rb, or Cs. The polysulfide €% has indeed
accuracy did not allow them to distinguish a slight bond length been shown to undergo such a disproportionation at° Tt

difference of the &~ ions, formed respectively by atoms in

The bands observed at 441 and 476 tnare assigned

sites (e) and (h). The SS bond length estimated using the Steudetespectively to thay(SS) andvy(SS) vibration modes of the

relatiorttis 2.120 A for S(1)S(® and 2.140 A for S(2)S(2).

Ss2~ anion. The harmonics are observed at 874 and 954 cm

Thez andz, coordinates of the S(1) and S(2) atoms should be and the band observed at 130 chis due to a lattice mode.
0.318 and 0.183, respectively, compared to 0.320 and 0.180 Barium Polysulfide: BaSs. The Raman spectrum of the BaS

for the three equivalent bond lengths assumed TppFet al.??
The two components at 462 and 469 ¢mwhich disappeared
by heating of the compound above 310 (Figure 3) are due
to an a phase of KS, with a structure very close to the
preceding oné? In this hexagonal structure the?S types of
anions are still slightly different with SS bond lengths of 2.123
and 2.126 A according to the Steudel relattén.
Two samples of KS, which have been heated at 320 for
30 h and at 330C for 20 h show some small crystals with
spectra different from those of the,& high-temperatures
phase. These spectra have been distinguished from thos&of K

sample prepared from the reaction of BaS with a stoichiometric
amount of g (Figure 6) shows only the two stretching vibrations
at 479 and 458 cni. They are assigned to thrg(SS) and/«(SS)
vibrations, respectively, in good agreement with the observation
by Janzet all3 at 476 and 458 cmi, with a shoulder at 412
cm! and a band at 402 crh, the last two components being
not observed here (Figure 6 and Table 3). (®SS) bending
mode observed at 229 crhis superimposed on a broader
component ata. 239 cnt! assigned to a combination of lattice
modes (156+ 85 = 241 cntl). The harmonics 2(SS) and
2v4(SS) at 955 and 917 cm and the combinationss + ¢ and

with a Raman microscope and are shown in Figure 5. The first va+ 0 at 690 and 710 cnt are observed as single bands. This

one (Figure 5a) shows one stretching vibration band at 466 cm
and a bending vibration band at 238 thhand it is the KS;
spectrum already observed by Jagizall® The second one

(Figure 5b) has two stretching vibration bands at 441 and 476

cm™! and one bending vibration at 219 cin like the high-
temperature phase of £% and RbS; (Table 3). It also contains
the low-temperature phase 0$%; as traces. We thus think that

confirms the existence of only one type offSanion in this
compound.

Discussion

Bond Length Dependence of the £~ Anion on the Cation
Electric Field. We have summarized in Table 1 th€SS)
wavenumbers and the structures known for th&sMand MS;



2398 Inorganic Chemistry, Vol. 38, No. 10, 1999

Jaroudi et al.

Table 2. Short MS Distances (A) and MSM Angles (deg) in the Cationic Environment of tfie/ion in the CsS,, N&S,, BaS, and Sr$

Crystal Unit Cells

C$SZZG NaQSZZZ

Ba323

SrSZ3

Distances
Ba(1)S(1> Ba(6)S(2)= 3.167
Ba(1)S(2¥ Ba(6)S(1)= 3.220
Ba(2)S(1> Ba(5)S(2)= 3.236
Ba(4)S(1)= Ba(3)S(2)= 3.241

Cs(1)S= Cs(3)S= 3.645
Cs(1)S= Cs(3)S= 3.645
Cs(2)S= Cs(2)S= 3.518

Na(1)S= 2.827
Na(2)S= 2.966

Angles
Cs(1)SCs(2F 95.8
Cs(3)SCs(2F 130.1
Cs(1)SCs(3F 75.9

Na(2)SNa(2F 92.9
SNa(1)$= 44.6

Ba(1)S(1)Ba(2F 97.6
Ba(2)S(1)Ba(4¥ 121.5
Ba(4)S(1)Ba(1¥ 109.8

Sr(1)S= Sr(2)S= 3.088

Sr(1)SSr(2¥ 76.5
Sr(2)SSr(2¥ 88.6
Sr(1)SSr(1¥ 88.6

Table 3. Structure and Vibrational Wavenumbers of thd~SAnion in the MbS; and MS; Polysulfides. Volume Left Freevg2-) and Valence

Force Field for the $~ Anion

cryst syst orthorhombic orthorhombic orthorhombic monoclinic tetragonal orthorhombic
ref 37 37 38 20 23 23
space group Ccm&; Cm, Cm, C2/m PA2;m B2cb

Cy Cy C; Con D34 Co
A 4 4 4 2
d(ss), A 2.122 2.102 2.083 2.078 2.074 2.050
o(SSS), deg 106.03 106.59 105.4 106.5 114.8 106.6
Vs,2-, A3 132.0 124.8 115.7 97 88.8 93.5
spectra a b a b c,d e f g i j
v4(SS), cnTt 467 492 465 487 466 476 476 479 476 (472) 479 491
v4SS), cnt 467 476 465 475 466 441 458 460 458 458 478
o(SSS), cmt 235 219 236 219 238 219 238 256 227 (238) 229 (219)
force field
f,, mdyn A? 1.940 2.078 2.219 2.259 2290 2.493
fr, mdyn A2 0.135 0.295 0.413 0.517 0.527  0.506
rfr, mdyn 0 0.191 0.440 0.439 0.449  0.662
r%f,, mdyn A 1.540 1.369 1.345 1.518 1.139 1.198

aReference 11. Low-temperature phasBeference 11. Phase appearing under heatiRgference 10%¢ This work low- and high-temperature
phase! Reference 89 This work." Reference 13.This work.! Reference 15¢ This volume was measured assuming for thezNiblecule its

volume in the liquid state.

polysulfides. It can be noticed that the calculated bond lengths
dssfor the $2~ anions from the observed wavenumbers, using
the Steudel relatiof are in relatively good agreement with the
X-ray measured one. From these observations, only two types
of bond lengths are found for,%: 2.12 A for CsS;, RS,

and Ba$ and 2.14 A fora-NaS, andf-NaS,. KoS, seems to

be an intermediate case, showing the two types of bond lengths
with two nonequivalent anions in the unit cell. The various
cationic environments for the;% anion in the crystal unit cell

are shown in Figure 7, and the short MS distances found for
the closest cations surrounding thg Sanion are reported in
Table 2. The SS bond length observed does not vary simply
with the cation polarizing powere/(ry~)2 whereneis the cation
charge (Table 1). Although it is difficult to describe precisely
the influence of the polarizing power of the cations on the
electronic distribution inside the% anion, some remarks could

be made on the arrangement of the neighboring cations at short
distances from the sulfur atoms of th&Sanion. Three of these
structures exhibit cations that are at an almost equal distance
from both sulfur atoms, bridging the,S anion. The MS
distances of these bridging cations are the shortest and are very
close to the sum of the crystal ionic radii of the caffband of

(30) Herzberg, GMolecular Spectra and Molecular Structure, Vol. 1,
Spectra of Diatomic Molecule2nd ed.; D. van Nostrand Co. Inc.:
Princeton, Toronto, New York, London, 1950; p 134.

(31) Cotton, F. A.; Horman, J. B.; Hedges, R. MAm. Chem. Sod976
98, 1417.

(32) Walsh, A. D.J. Chem. Socl953 2260.

(33) Salahub, D. R.; Foti, A. E.; Smith, V. H., Jr. Am. Chem. Sod978
100, 7847.

(34) Meyer, B.; Spitzer, KJ. Phys. Chem1972 76, 2274.
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Figure 5. Raman spectrum of the two forms 0% obtained after
heating of KS, at 330°C during 20 h. XY DILOR microspectrom-
eter: (a)A = 514.5 nm,P = 0.9 mW, slit width 80um, spectral slit
2.5 cn1?, integration time 600 s; (b) = 457.9 nmP = 0.25 mW, slit

width 120um, spectral slit 4.8 crt, integration time 600 s.
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Figure 6. Raman spectrum of Ba®btained by reaction of BaS and

Sg at 500°C. XY DILOR microspectrometerd = 514.5 nmP = 2.8

mW, spectral slit 6.2 crri, integration time 30 s between 50 and 930

cm ! and 60 s between 580 and 1400 ¢m
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Figure 7. Neighboring cations at short distance of th& Sanion in
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Figure 8. Neighboring cations at short distances of th& @inions in
the unit cell of the MS; or M'S; polysulfides. For the MS distances
see Table 4.

For the Srgstructure, where no bridging cations are observed
(Figure 7), the SrS distances are longer than the sum of the
ionic radii by 0.11 A. This is probably due to the catiecation
repulsion, while the cation polarization of the electronic charge
of the anion induces a shortening of the SS bond.

The comparison of the electronic structure of ther®lecule
having theX;~ electronic configuratiof? { KKLL ( a4 3s¥ (o
3sY (0g 3p) (77w 3p)* (77 3p)} to that of the $~ and $2~ anions
having the electronic configuratioABly and'=4", respectively,
shows that the antibonding orbitat{3p) is successively filled
by one and two charge electrons. This induces a lengthening of
the SS bond, as already noticed by Chiveéend Clark?® and
is confirmed by a SCF X calculation by Cottoret al3! for
the S~ anion. Thus, the influence of the cation electric field
on the electronic charges located in thig Bp) antibonding
orbital explains the observed bond length change observed. The
strong polarizing power of the Br cation induces a displace-
ment of the electronic charge toward the sulfur atoms, depleting
the (ry 3p) antibonding orbital population. This explains the
short SS bond observed, 2.08 A. At the opposite fos3ahe
three bridging cations, which prevent the depletion of the
antibonding orbital population, are responsible for the unex-
pected long SS bond observed, 2.15 A, compared to that of
CsS,, 2.10 A. This shows that the variation of the filling of
the (rg 3p) antibonding orbital with the cation polarizing power
and the position of the cations which may bridge the SS bond
or mainly interact with a sulfur atom explains the observed bond
length variations.

Structure and Force Field Dependence of the £~ Anion
on the Cation Electric Field. The various cationic environments
of the $?~ anions of the MS; and M S; polysulfides are shown
in Figure 8, and the short MS distances for the closest cations
surrounding the §~ anion are reported in Table 4. Four types
of cations may be distinguished in these environments. The two
first species are similar to those observed fg#~Scations
interacting with one terminal S(2) atom only, as K(1), K(2),
K(3) or K(4), K(5), K(6) for K;Ss, and cations bridging the
S(2)S(1) bonds as K(8) and K(9). Two other types of cations
of importance for the $~ structure may be distinguished:
cations interacting at an equal short distance from both S(2)
terminal atoms as K(7), Sr(2), and K(8), K(9), Na(7), Na(8)
which also interacts with S(1), and cations interacting with S(1)
only. The shortest MS distances close to the sum of the ionic
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Table 4. Short MS Distances (A) in the Cationic Environment of thé& SAnion in the KSs;, RbSs, C$Ss, N&:S:*NHs3, BaS, and Sr$ Crystal
Unit Cells

C&Ss37 RbZSG37 K28338 N&Ss’NHgZO Ba%23 Sr&23

M(1)S(2)= M(4)S(2) 3.604 3.423 3.292 Na(1)S@)Na(5)S(2)=2.921 Ba(1)S(LF Ba(2)S(1)=3.205 Sr(1)S(L} 3.304
M(2)S(2)= M(5)S(2) 3.617 3.454 3.329 Na(2)S(2)Na(6)S(2)=2.901 Ba(5)S(LF Ba(6)S(1)=3.205 Sr(2)S(2} 3.041

M(3)S(2)= M(6)S(2) 3.448 3.306 3.178 Na(7)S(2)2.912 Ba(1)S(2F Ba(2)S(2)= 3.205 Sr(3)S(2F Sr(6)S(2)= 3.006
M(7)S(2) 3.658 3.504 3.367 Na(8)S(®)2.910 Ba(5)S(2) Ba(6)S(2)= 3.205 Sr(4)S(2F Sr(5)S(2)= 3.030
M(8)S(2) 3.657 3.502 3.347 Na(3)SE)2.960 Ba(3)S(2F Ba(4)S(2)= 3.242

M(8)S(1) 3.534 3.389 3.247 Na(4)S()2.884 Ba(7)S(2¥ Ba(8)S(2)= 3.242

M(9)S(2) 3509 3.350 3.231 Na(7)SE#)3.451

M(9)S(1) 3.448 3.234 3.105 Na(8)S()3.286

radii of the metal cation and the?Sanion do not correspond 3,0 1.00

to a particular type of interacting cations such as the bridging o £,/ mdyn A" o £, /mdyn A

cations for the disulfides. Distances shorter than the ionic radii u 1°f, /mdyn A o 1T,/ mdyn

sum may even be found for M(3)S(2), M(6)S(2), and M(9)S(1)
in the three isotype compounds S5 RbS; and KSs,
indicating a strong polarization of the sulfur electronic sur-
roundings. The importance of the cations interacting with both
S(2) terminal atoms may be noticed since for the three structures
shown in Figure 8, namely, a, b, and d, that exhibit such cations,
three, two, and one, respectively, the S(2)S(1)S(2) angle remains
close to 108. The lack of such cations in the BaStructure
(Figure 8c) seems thus responsible for the opening to 194.8

the S(2)S(1)S(2) angle.

We observe that the SS bond length in thg Sanion
decreases from 2.12 to 2.05 A as the polarizing power of the
cationné/(ry)? increases (Tables 1 and 3). According to the
Walsh diagram for the orbitals of a bent ABnolecule, the
lowest unoccupied molecular orbital is of symmetry and is
antibonding along the AB bond and slightly bonding along the

BB direction3? As it was already noticed from a molecular AN
bital study of the structural changes afd reductior?? goin 10 ' T ' ' 0,00
or y 9 : - going 2,04 2,06 2,08 2,10 2,12
from the S molecule to the $ and $2~ anions, the () level d /A
SS

of Sz is successively occupied by one and two electrons,
decreasing thus the SSS angle from 120 S; and increasing Figure 9 Force constant variations_ with the bond lengths of tife S

the SS bond lengths according to the antibonding character of2Mons in the MS; and MS; polysulfides.

this orbital3* The bridging cations and those interacting with

mainly the S(1) central atom both contribute to maintain the noticed by Janet al,’®we have taken fof; the value calculated
electronic charge in this;br) antibonding orbital. In contrast,  from the Steudel relatiof. Thef,; bond-bond interaction force

the cations interacting with only one or symmetrically with both constant is then calculated from thg(SS) antisymmetric
S(2) terminal atoms contribute to the depletion of the antibond- stretching vibration. The two other force constarifs andrf;,

ing orbital, the electronic charge being then localized on the are then calculated from the two symmetric vibrationgSS)

S(2) terminal atoms. The progressive balance of the electronicand 6(SSS), with the symmetric force constdptt f,, fixed.
charge from the S(1)S(2) bond to the S(2) terminal atom, which The force fields, calculated for each compound, are summarized
increases with the polarizing power of the cations, explains the in Table 3, and the force constants were plotted versus the SS

shrinkage of the SS bond. bond length in Figure 9. In the bond length region considered,
We have summarized in Table 3 our results and those of thea straight line approximates well the Steudel relation for the
literature for the Raman spectra of the differeniSyland MS; stretching force constant. It is also seen that the points for the

polysulfides with their known crystallographic structures. Most other force constants may be gathered around straight lines. The
of these polysulfides exhibit two phases, one at low temperatureforce field calculated for Sssassumes a bending wavenumber
and the other at high temperature. The structure of the low- similar to that observed for the high-temperature phase §8:Cs
temperature phase was determined, but the structure of the highand RBS;, which have close stretching wavenumbers. As we
temperature phase is unknown. It is indeed surprising to find have seen before, when the polarizing power of the cation
very similar spectra for the low-temperature phase of the three increases, the electronic charges of tg& @nion are localized
isotype compounds GS3, RS;, and KSz, while the bond onto the S(2) terminal atoms, decreasing the bond length and
length decreases from 2.122 to 2.083 A. To understand theincreasing thé constant. This electronic displacement increases
spectra of theses® anions, we have calculated a valence force the bond polarity and increases, in the approximation of a
field for these anions, using their known geometry. We have dipole—dipole interaction, thd, bond-bond interaction con-
assumed theC,, symmetry for the §- anion. Four force stant. In the approximation of uncoupled symmetric stretching
constants were considered in this valence force field calculation: and bending vibrations, the equality of thgSS) andv(SS)

two diagonal constanfsandr?f, respectively for the stretching ~ wavenumbers, called accidental degeneracy, leads to the fol-
and bending motions, and two off-diagonal ofieandrf,, for lowing relation betweefy andf,; for the S~ anion: coso =
bond-bond and bonégangle interactions, respectively. As we —2f./f,. This simple relation confirms that in the series&s
have only three observed wavenumbers, the valence stretchindgRb,S;, K»S;, for which an accidental degeneracy is observed,
vibrations being sometimes accidentally degenerated, as already,, must increase witli; sinceo. does not vary. The. angle,
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Figure 10. Volume left free for the &, S,*~, and $?~ anions in the
unit cell versus the polarizing power of the cation.
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calculated from our force field with the crude approximation
of uncoupled symmetric bending and stretching vibrations, is
of the order of magnitude expected for an accidental degeneracy
The general increase of the bendirf, force constant with
the bond lengthening is mainly due to the interactions between
the electron-bond. This is confirmed by the la&f, value
calculated for Bagwhere the angle is much more opened:
114.8 compared to 106

Influence of Phase Transformations and CationsFrom
the known X-ray structure of the compounds, we can deduce
the volume left free for the polysulfide anion in the unit cell,
assuming an ionic character for these compounds. They hav
been summarized in Tables 1 and 2 and in Figure 10, where
they are plotted versus the polarizing power of the catiwats
(rmm)2 We have also plotted the volume left free for the sulfide
anion for the known alkali and alkaline-earth sulfides which
crystallize in the face centered cubic syst&nilthough the

€
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metat-sulfur distances remain close to the sum of the cation
ionic radius and the atomic sulfur radius, we can notice (Figure
10) that the volume available for the*Sanion decreases
strongly with the polarizing power of the cation, tending for
Mg?* toward the volume of the sulfur atom as calculated from
the rhombic sulfur gstructure, 25.8 A The increase of the
volume available for the £ anion follows also that of the
sulfide S~ anion from the more polarizing cations to the
potassium, which we have shown to be intermediate between
sodium and rubidium, since for this cation two types of anions
with different bond lengths exist in the unit cell. From this point,
the S?~ anion available volume increases steeply, becoming
larger than that of § in CsS;. This is probably the reason
why CsS, becomes unstable under a slight heating and
transforms to CsS and CsS; around 100C as shown by Bues

et al* As it is known that the small sulfur dianion clusters in
the gas phase are very unstaBl¢hese results show that their
instability is coming from their bond dissociation due to the
filling of their (;rg 3p) antibonding orbital. Their stabilization

in the solid state results, as we have shown it, from the attraction
of the electron charge onto the terminal atoms under the cationic
electric field.

The low-temperature phase of the alkaline trisulfides seems
to behave as the sulfide anion with regard to the cation polarizing
power. However, N&5; seems only to exist at low temperature
and disproportionates giving the eutectic,8at NaS, as soon
as heated at 130C.8 The peculiar structure of Ba®ehaves
also as the low-temperature phase of the other alkaline trisul-
fides. The known structure of SySorresponds to an3%
available volume higher than that expected from the other
trisulfides (Figure 10). Its spectrum, reported by Chivérs,
seems to indicate a similarity to the high-temperature phase of
the other trisulfides. Thus, at least two types of structures of
the $2 anion should exist for the trisulfides. One metastable
structure for the alkali cations, where the electronic charges are
strongly polarized by the cations and localized on the terminal
atoms, has short bonds. The other structure corresponding to
the low-temperature phase is also stabilized by the partial
localization of the electron charge on the S(2) terminal atoms.
In this structure the bond length varies with the polarizing power
of the cation. The SrSstructure could then be a stable form
corresponding to the metastable high-temperature phase of the
alkali trisulfides.
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