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A new polymorph of SrS; was obtained by a reaction of SrS and S with an atomic ratio of Sr:S = 1.5 under a
pressure of 5 GPa at 1200 °C. It crystallized in a tetragonal unit cell with a = 6.708(1) A, ¢ = 3.942(1) A, and
V = 177.36(6) A%. It was isotypic with BaSs, and contained S;2~ polysulfide ions. The product obtained from the
high-pressure synthesis contained an amorphous component. It was highly deliquescent and formed a yellowish
solution. A new layered polysulfide, Sr,(OH),S,4-10H;0, crystallized in the solution. The sulfide belonged to a triclinic
space group of P1 (No. 2) with lattice constants of a = 5.9107(5) A, b = 7.8682(6) A, ¢ = 9.4134(6) A, a. =
75.639(6)°, B = 73.824(3)°, y = 71.639(3)°, V = 392.83(5) A% and Z = 1. Each Sr ion was coordinated with one
OH ligand and eight H,0 ligands. Six H,O ligands out of the eight were bridging ligands to form two-dimensional
[Sr2(OH),(H20)16%"] cationic layers, between which S42~ tetrapolysulfide ions were situated. The S42~ anion had
a coplanar configuration with a dihedral angle of 180.0°. The stability of S42~ anions having different conformations
was discussed from a viewpoint of ab initio MO calculations on changing the dihedral angles of S,2~.

bound to their countercations through their terminal sulfur

No element shows as many different structures as sulfur. atoms, but in some cases they can be polydentate ligands.
It shows many types of allotropes, polyanions, and poly- There are some ways of preparing polysulfides other than
cations composed of rings or chains of sulfur atoms. the conventional way of solid-state reaction of metals and
Catenation of sulfur atoms is one of the most attractive SUlfur in sealed tubes. One is by using solutions of polysul-

themes in the chemistry of sulfur. The structural chemistry fide ions. Many polysulfides are hygroscopic and show high

of polysulfides, therefore, has been extensively studied (seeSClUbility in water:* Yellowish solutions containing,S"ions
for instance Muler et al® and references therein). Polysul- &€ obtained after the deliquescence. The solutions containing

fides of alkali and alkaline earth metals, especially, show a S’ 10ns are also obtained by digesting sulfur in aqueous

Introduction

variety of structures composed gfSions withn = 2—6.1713

solutions of sulfides. The3 ions (especially $~ and $2°)

The $# ions are usually monodentate ligands and directly are stable in the solutions if acids and oxidants do not coexist.

Many polysulfides are prepared from the solutions. Hydro-
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polysulfides. Other methods using £8nd HS gases or
liquid NH3 are also useful. Most of polysulfides were
synthesized by these methods under ambient pressure or
under 10 MPa. However, if the reaction conditions can
be drastically changed, new polysulfides would be expected
to be obtained.

In a previous study, we prepared new sulfides;B8&
and BaCr,Ss, under high-pressure and high-temperature
reaction condition? In the high-pressure synthesis, it is easy
to keep most excess sulfur in a reaction vessel at higher

(13) Jaroudi, O. E.; Picquenard, E.; Demortier, A.; Lelieur, J.-P.; Corset,
J. Inorg. Chem.1999 38, 2394-2401.

© 2004 American Chemical Society
Published on Web 08/07/2004

10.1021/ic0494612 CCC: $27.50



New Strontium Polysulfides, Sr$and Sk(OH),S,-10H,0

) EE 5 fs .

= J\ 21cir fe siERd
e l—.kr ?3&# pmrr JHL;L{VL JEZ.VN‘.A.J\J.‘:A]
10 20 30 40 50 60 70

260 /degree

Figure 1. Powder XRD pattern of the as-prepared sample after the reaction
of the mixture with SrS:S= 1:4 at 5 GPa and 120%C for 30 min. For
comparison, the calculated powder pattern of;Svith the tetragonal BasS
structure is also presented (bottom). In the calculation of the XRD pattern,
a pseudo-Voigt function with constant fwhm of 0.35 was used. The needle-
type preferred orientation alongeh0 0 1 direction was assumed and
simulated by using Toraya function with &2 0.9, 02= 0.05.

temperatures than the boiling point of sulfur. Reaction
conditions for this method are quite different from those of

the other methods mentioned above. Though the compoundé’v

obtained in the previous study were not polysulfides, the

study suggests that the high-pressure synthesis opens a ne

field for preparing new sulfides. In the present study, we
have examined reactions of Sr and sulfur under high-pressur
conditions to synthesize new strontium polysulfides.

Experimental Section

Synthesis.Strontium sulfide, SrS (Alfa Aesar 99.9%) and sulfur
(Rare metallic 200 mesh 99%) were mixed with a molar ratio of
Sr:S= 1:5 in an argon-filled glovebox. The mixed powder was
put in a BN container with a 5-mm inner diameter and a 5-mm

Figure 2. Comparison of the crystal structure with two polymorphs of
SrS. (a) Tetragonal SrsSprepared by high-pressure synthesis. (b) Ortho-
rhombic SrS. Open and filled circles represent S and Sr atoms, respectively.
The S-S bonds in the & anions are shown as thick sticks while the
Sr—S bonds are shown as thin lines.

identified with any reported sulfide. Some single crystals
were found in the as-prepared sample. However, their quality
was not good enough for the single X-ray structural analysis.
e could only perform a preliminary structural analysis, and
we confirmed that it was a new strontium tripolysulfide, SrS

jsotypic with Bag,° though the reliability factors were rather

large R = 15.5%,Rw= 11.7%). A simulated XRD pattern

of SrS is presented in Figure 1 (bottom). It was calculated
using the Bagstructure with the cell constants and atomic
parameters obtained by the preliminary single-crystal analy-
sis. The observed and calculated peak patterns are quite
similar to each other. From these observations, it was
confirmed that the new tetragonal polymorph of Svés
obtained in the high-pressure and high-temperature reactions.

Lutz and co-workers'? reported the existence of two

depth. The container was placed in a carbon ring heater, and waspolymorphs of strontium tripolysulfide, Sg&) and

packed in a pyrophyllite cube as a pressure mediumx(20 x

20 mn¥). The details of the cell assembly are given elsewkere.
The cell was pressed at a pressure of 5 GPa by a multianvil
assembly, and heated at 690 for 30 min. After the reaction, the

Sr$(B). The crystal system and the structure of H&$are
still unknown. The XRD pattern of the newly prepared $rS
in this study is different from that of Sg&\). The structure
of Sr(B) was determined by Schnering et®aBr&(B)

cell was quenched to room temperature, and the pressure wag,q|ongs to an orthorhombic system, and its calculated density

gradually released. Another sample was prepared at 120@r
30 min at 5 GPa from the same starting mixture.
Characterization. Powder X-ray diffractions (XRD) of the
products were measured with a Mac Science M18X-HF diffracto-
meter with Cu Kx radiation. Single-crystal X-ray analysis was
performed using a Rigaku R-AXIS imaging plate area detector with
graphite monochromated Modkradiation. The structure was solved
using the Crystal Structure crystallographic software packéage.
Compositions of the crystals were analyzed with an energy-
dispersive X-ray microanalyzer (JED-2110).

Results and Discussion

The New Polymorph of SrS.The high-pressure reactions
under a pressure of 5 GPa at 600 or 12@ gave pale
greenish yellow products. The powder XRD pattern of the
sample prepared at 120C is shown in Figure 1 (top). It
could be indexed with a tetragonal cell wigh= 6.708(1)

A, c=13.942(1) A, andv = 177.36(6) &, but could not be

(14) Fukuoka, H.; Miyaki, Y.; Yamanaka, S. Solid State Chen2003
176, 206-212.

(15) Fukuoka, H.; Kiyoto, J.; Yamanaka, I8org. Chem2003 42, 2933~
2937.

(16) Crystal Structure 2.00Crystal Structure Analysis Package; Rigaku
and MSC, 2001.

is 3.07 g cn?, which is quite smaller than the calculated
density of 3.44 g cmt of the tetragonal SiS The larger
density of the tetragonal phase suggests that the tetragonal
SrS is a high-pressure form.

The structure of tetragonal % presented in Figure 2
(a). It is composed of t ions and &~ polyanions. Thick
and thin bonds in the figure show the-S bonds of &~
tripolyanions and StS bonds, respectively. For comparison,
the orthorhombic form of SkSs shown in Figure 2 (b). In
the orthorhombic form, Sr atoms are coordinated by seven
sulfur atoms with S¢S distances of 3.01 to 3.30 A. The
bond angle of the $ ion is 106.8. On the other hand, the
Sr atoms in the tetragonal (high-pressure) form are coordi-
nated by eight sulfur atoms with S6 distances of 2.97 to
3.29 A. The bond angle ofs% ions is 107.9. Note that the
coordination number increases from 7 to 8 in the ortho-
rhombic and tetragonal forms, respectively, though the bond
lengths and angles of;8 are not significantly different.

Characterization and the Crystal Structure of Sr,-
(OH),S410H,0. The as-prepared samples prepared by high-
pressure and high-temperature conditions contained tetra-
gonal Srg and an amorphous component. The amorphous

Inorganic Chemistry, Vol. 43, No. 18, 2004 5781



Suga et al.
Table 1. Crystallographic Data of ${OH)Ss10H,0

formula weight 517.64
space group P1 (No. 2)
a(A) 5.9107(5)
b (A) 7.8682(6)
c(A) 9.4134(6)
a (deg) 75.639(6)
B (deg) 73.824(3)
y (deg) 71.639(3)
V (A3) 392.83(5)
z 1

Dealc (g-cm3) 2.19
Dobs(g-cm3) 2.22

R, Ry® 0.032, 0.043

3R (Fo)= Y (IIFol — IFcll)/Y|Fol, RMFo) = [SW(|Fo| — |Fe)YwWFs?Y2
(W = 1/o(Fo)?).

Table 2. Atomic Parameters and Thermal Vibrational Parameters of

Sh(OH)Ss#10H:0
atom X y z Bq(A%)?
Sr(1) 0.15641(8) 0.20685(6) 0.04368(5) 1.158(9) Figure 3. (a) Crystal structure of ${OH),S4-10H,0. The Sr layers are
S(1) 0.4016(3) 0.2039(2) 0.5343(2) 2.32(3) shown using a polyhedral model. The coordination polyhedra are connected
S(2) 0.3250(3) 0.4820(2) 0.5107(2) 2.48(3) with each other through their edges to form the cationic({3),-
O(1)  —0.2328(6) 0.4733(5) 0.1293(4) 1.52(7) 10H,0%"]., layers, between which the® anions are situated. (b) Structure
0(2) —0.2049(6) 0.0449(5) 0.1301(4) 1.66(7) of the [Sp(OH)210H0?*], layer. The Sr atoms are represented with black
0(3) 0.5908(7) 0.1290(5) ~ —0.1485(4) 1.62(7) circles. The oxygen atoms in the;@ ligands are shown as open circles.
O(4) 0.4033(7) 0.3261(5) 0.1596(4) 1.69(7) The hatched circles are OH ligands.
O(5) —0.1122(7) 0.3429(5)  —0.1651(4) 1.78(7)
0(6) 0.0091(8) 0.1333(6) 0.3464(5) 2.67(9) S~ tetrapolysulfide anions. Figure 3(a) shows the Sr layers
2 Beq = 8/3 1%(Un(aa*f + Uga(bb*)? + Uss(cc*)? + 2Uy(aa*bb*)cos using a polyhedral model. Each Sr ion in the layer is
7 + 2Uiy(aa*cc¥)cosf + 2Uzs(bb*cc*)cos o). coordinated with nine oxygen atoms, and forms a ¢SrO

coordination polyhedron with 14 triangular faces. The

part showed a hygroscopic property, and formed a yellow polyhedra are connected with each other through their edges
solution when it was kept in air. A few days later many to form the cationic layers, between which thé Sanions
orange transparent single crystals were found in the yellow are situated. Among the nine oxygen atoms around the Sr
solution. To confirm the reproduction of crystals, we did the ion, three are terminal and the others are bridging ligands.
same experiments several times, and obtained single crystaldhe structure of the layer projected on taeb plane is
in every trial. The sample prepared at 600 was more presented in Figure 3(b). The bond distance between a
hygroscopic than the sample prepared at 1200 and terminal oxygen atom (O4) and strontium was 2.541 A. The
produced many large crystals. The crystals were stable indistance was much smaller than the otherSrdistances
the solution, but once they were taken out of the solution, ranging from 2.660 to 2.707 A. Since the distance of Sr
they were slowly decomposed. O4 is comparable to the average-®¥H bond distance of

A single crystal with 0.4x 0.2 x 0.1 mnf was selected ~ 2.569 A in a strontium hydroxide, Sr(Okfy’ the O4 atom
for single-crystal X-ray analysis. The crystal was mounted should be assigned as an OH ligand. The other oxygen atoms
on the top of a glass capillary, and coated with a thin epoxy were assigned to #D ligands. The oxygen atoms in.€&l
bond to avoid decomposition. Structural analysis revealed and the OH ions are shown by open and hatched circles in
that the crystal was a new layer-structured strontium polysul- Figure 3(b), respectively. Among the eight® molecules,
fide, SE(OH),Ss10H:0, having $%~ polysulfide ions. The  six are bridging, and two are terminal ligands. The OH
crystallographic data and atomic parameters are listed inligands are terminal, and are situated in open spaces in the
Tables1 and 2, respectively. In the refinement, the positions layer.
of hydrogen atoms were not determined. EDX analysis on In most alkali and alkaline-earth polysulfides, the polysul-
several crystals showed that the atomic ratio of Sr to S wasfide anions are directly connected with their countercations,
1 to 1.9-2.0. The ratio showed a good agreement with the such as in the tetragonal and orthorhombics3n®ntioned
composition determined from the X-ray analysis. The density above. For example, in cesium pentasulfide hydratgS£s
of Sr(OH),S,+10H,0 was measured on several crystals by H20, Cs atoms are bonded with both sulfur and oxygen
picnometer method using benzene-diiodemethane solutionsatoms'® The S2- anions in S{OH),S,*10H,0, however,
The observed density of 2.22 g cfrshowed good agreement ~ are situated in interlayer regions of cationic Sr layers, and
with the value of 2.19 g cn# calculated from the composi-  have no direct bonds with 8r cations. The dihedral angle
tion of SK(OH),S4+10H,0. of the S?~ anion is 180.0(T) This is the first example of

The structure of $(OH),S4+10H;0 is shown in Figure 3 the polysulfide having coplanar® anions.
and the selected bond distances and angles are listed in Table - -
3. The S§(OH),S:+10H,0 has a layered structure composed 7 %gesng'ﬁ%elr_' H. W.; Baighausen, HZ. Anorg. Allg. Chem1969
of two-dimensional [SXOH),-10H,0%"]., cationic layers and  (18) Bitcher, P.; Trampe, GZ. Naturforsch.1985 B40, 321-325.
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Table 3. Selected Bond Distances (A) and Angles (deg) o{GH),S;:10H,0?

Sr—01 2.666(4)x 2 —04 (in OH) 2.541(4) S1S2 (terminal) 2.058(2)
-02 2.660(4)x 2 -05 2.675(4) S2S2 (center) 2.123(3)
-03 2.685(4)x 2 -06 2.707(4)

S1-S2-S2 101.69(11) dihedral angle of’S 180.0(1)

a-NapSs BaS-H0

S-S (terminal) 2.074 SS (terminal) 2.069, 2.079

S—S (center) 2.061 SS (center) 2.063, 2.062

dihedral angle of $~ 97.81 dihedral angles of,5 76.2,76.5

aFor comparison, SS bond distances (A) and dihedral angles (degx-®a:S; and Bag-H,O are listed.

The S-S bond distances of 2.058 and 2.123 A were
observed for the terminal and central bonds of tkfe &nion,
respectively. Some tetrapolysulfides, such as¥faand
BaS;-H,0,'*?°were analyzed by single-crystal X-ray struc-
ture studies. In these compounds, theSSbond distances
are 2.069-2.079 A for the terminal bond and 2.062.063
A for the central bond. While the distance of the terminal
S—S bond in S{OH),S,-10H,0 is similar to those of the
Na and Ba sulfides, the centrat-S bond in Sf{OH),S,-
10H,0 is 0.06 A longer than those of the Na and Ba
compounds. A detailed discussion about theSSbond
distances is given below.

Configuration of the S42~ Anion in Sr(OH),S;-10H,0.
Hordvik?! reported the relationship between the bond length
and the dihedral angle of-S5 bonds in polysulfides. He
made a curve for predicting the centratS bond distance
from the dihedral angle. The observed value of 2.13 A for
S(OH),S,-10H,O showed a good agreement with the
predicted value of 2.10 A from his curve. More recently,
Jaroudi et af? discussed the relation between the bond
distance and torsion angle of?S anions in BagH,0 and
a-NaS,. The bond distances and angles of these compounds
are also listed in Table 3. The dihedral angles gf $ons
in these compounds were much smaller than those 4n Sr
(OH),;S4+10H,0 as shown in the table.

Jaroudi et af2 also pointed out that the central bonds were
shorter than the terminal ones in Ba3,0 and a-NaS;.

This is not true in the case of $OH),S,+10H,0. Molecular
orbital calculations of $~ anions with different dihedral
angles, 8, would be helpful in explaining the different
structural features of these sulfides. Ka@ported ab initio
studies of ¥ having the special geometries of syn-,
gouche-, and antistructures using Gaussian 70 with the 44-
31G basis set, and concluded that the anti-type conformation
(6 = 180°) was most stable among them. However, most
S,2~ anions in reported crystal structures have gouchetype
conformations with dihedral angles around 90he antitype
conformation withf = 180 was first observed in Sr
(OH),S,-10H,0 as mentioned above. For detailed studies of
the effect of9 on the bond distance and total ene@é{al of Figure 4. (a) Structure and geometrical parameters of thfe 8ianion.

. . Dependence of the total energy (b) and optimized bond distance (c) on the
the $2~ anion, we performed the MO calculation of thg¢'S dihgdm anglep. oy () P ©

anion l?y changing@_ stepwisg from 70 to_ 180 All packagé* at the MP3/6-31G level. The distanaglsandr2,
calculations were carried out using the Gaussian 03 program, - the anglex of the S2~ anion, shown in Figure 4 (a)

were optimized on each step 6f

(19) Abrahams, S. CActa Crystallogr.1954 7, 423.

(20) Abrahams, S. C.; Bernstein, J.Acta Crystallogr.1969 B25, 2365. The changes Ot and the optimized bond distances as
(21) Hordvik, A.Acta Chem. Scand.966 20, 1885-1891. a function of6 are shown in Figures 4 (b) and (c). The total
(22) fn%r%edéhg%lgéﬁquggégggfzgggort'e“ A Lelieur, J.-P.; Corset, J. oo rgve . showed the minimum value ft= 100°, which

(23) Kao, J.J. Mol. Struct 1980 63, 293-300. was set to zero in Figure 4(b). This angle was close to the
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observed dihedral angle of 97:8h a-N&Ss. As 6 increased
from 100 to 180, the Eqa increased and showed almost a
constant value above 1%50This calculation shows that the
S2~ with 0 = 180 is 6.2 kJ/mol higher (or more unstable)
in total energy than that witl@ = 100°. However, the
difference of theE between these two configurations is
not so large. The dihedral angles of th@ Sanions in Bag
H,0 are 76.2 and 76°5which are much smaller than 100
The calculatedEia's of the S~ in BaS-H,O are 4 kJ/mol
higher (more unstable) than the minimig,, and are only
2 kd/mol lower than that of 3~ in S(OH),S;10H,0.

The optimized bond distancesl(andr2) vs 6 are shown
in Figure 4 (c). Although the optimized values are about 0.04
A longer than the observed onesoirN&S,, BaSH,0, and
Sr(OH),S,-10H,0, the curves in Figure 4(c) well explain
the difference betweerl andr2 values in these polysulfides.
The optimized terminal bond distancesl) are slightly
shorter than central bond distance®)(in the region of) <

Suga et al.

tion among the four sulfur atoms. K&gpointed out that the
two electron charges were not localized on either the terminal
or the central atoms. We also obtained the same result. The
charge densities of the two extra electrons gf $hdicated

that the electrons were distributed on all atoms in all
configurations. For the /& anions with® around 100,
higher electron densities were observed on the terminal sulfur
atoms than on the center atoms. This is the case-fdg.S,

and Bag-H,0. On the other hand, for thg® anion with

= 180, higher electron densities were observed on the center
sulfur atoms. The high electron densities on the central sulfur
atoms induces a strong repulsion between them, which would
be responsible for the quite long distance of the centréb S
bond in Sp(OH),S;-10H0.

Conclusion

Two new polysulfides, Srsand Sg(OH),S,-10H,0, have

10C¢°. These results Correspond with the observation of the been obtained by the high-pressure and high-temperature

terminal and central bond distancesoifNa,S, (6 = 97.8)
and BagH,O (0 = 76.2 and 76.9. On the other hand, when
the 6 value reaches around 1832 becomes much larger
thanrl. This explains the largar2 value in Sg(OH),S,
10H;0. The difference between the optimizedandr2 is
0.08 A atf = 18C°. It shows a good agreement with the
observed difference of 0.07 A in the strontium compound.
The elongation of2 is explained by the electron distribu-

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev,
0.; Austin, O.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P.
Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
0.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.
B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. Saussian 03Revision
B.05; Gaussian, Inc., Pittsburgh, PA, 2003.
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treatment of Sr and S mixtures. Sr8rystallized in a
tetragonal form composed of8rand 3%~ polysulfide ions.
This phase is the third and high-pressure polymorph of
strontium trisulfides. The products obtained by the high-
pressure synthesis contained a highly deliquescent amorphous
phase; S{OH),S,-10H,O was obtained from the deliquescent
solution. The S(OH),S,-10H,0 contained coplanar tetra-
polysulfide ions, $~, which were packed in the interlayer
regions of cationic [S{OH),-10H,O?']., sheets. Each Sr
atom in the sheet is coordinated with one OH ion, six
bridging HO ligands, and two terminal 40 ligands. The
MO calculation of the $~ anion explained the longer central
S—S bond distance rather than the terminal bond distance
in Sp(OH),S,-10H,0. This is the first example of the
compound containing the;5 anion with coplanar and anti
geometry.

Supporting Information Available: Crystallographic data in
CIF format. This material is available free of charge via the Internet
at http://pubs.acs.org.

1C0494612





