
2298 Inorg. Chem. 1993,32, 2298-2307 

Syntheses and Characterization of the First Thallium Polysulfide Anions 

Sandeep S. Dhingra and Mercouri G. Kanatzidis' 

Department of Chemistry and the Center for Fundamental and Materials Research, 
Michigan State University, East Lansing, Michigan 48824 

Received November 4. I992 

The reaction of potassium tetrasulfide with thallium chloride in dimethylformamide (DMF) was investigated. The 
addition of the cations Ph4P+, Et4N+, and Me4N+ to this reaction afforded six new soluble thallium(1) polysulfide 
complexes, a-(Ph4P)z[Tlz(SdzI (I), ~-(P~~P)z[T~~(S~)ZI.~DMF (10, ~ - ( P ~ ~ P ) z [ T ~ z ( S ~ ) Z I * ~ D M F  (111) y-(Ph,P)z- 
[T1z(S4)z]-DMF (IV), (Et4N)~[Tlz(S4)2] (V), and (Me4N)2[T12(S4)z] (VI). Compound I (pale yellow platelets) 
crystallizes in the triclinic space group Pi (No. 2) with unit cell dimensions a = 9.907(3) A, b = 11.014(3) A, c 
= 12.794(4) A,a  = 71.05(3)O,/3= 87.33(3)O,y = 68.79(2)O, V =  1227(1)A3 (at23 OC),andZ= 1 .  Single-crystal 
X-ray diffraction studies show that compounds I1 and I11 are isostructural and crystallize in the monoclinic space 
groupP21/c (No. 14). The unit cell dimensions of the pale orange crystals of I1 area = 10.815(3) A, b = 14.486(5) 
A, c = 18.281(5) A, /3 = 97.29(3)O, V =  2841(1)A3 (at 23 OC), and Z = 2, and the unit cell dimensions of the deep 
red crystals of 111 are a = 10.810(5) A, b = 14.480(8) A, c = 18.294(7) A, /3 = 97.37(3)O, V = 2839(2) A3 (at 
23 "C), and Z = 2. Compound IV (orange crystals) crystallizes in the monoclinic space group C 2 / c  (No. 15) with 
unitcelldimensionsa =26.324(6)A,b=9,269(10)A,c= 24.062(5)A,/3= 117.36(1)O, V =  5213(4)A3(at-120 
"C), and Z = 4. Compound V (orange crystals) crystallizes in the monoclinic space group P2,/n (No. 14) with 
unit cell dimensions a = 11.880(10) A, b = 17.202(6) A, c = 7.200(6) A, /3 = 97.29(3)O, V =  1457(2) A3 (at -100 
"C), and Z = 2. Compound VI (pale orange platelets) crystallizes in the triclinic space group Pi (No. 2) with unit 
cell dimensions a = 6.160(3) A, b = 9.683(6) A, c = 10.160(5) A, a = 66.05(4)O, / 3 =  84.88(4)O, y - 80.64(4)O, 
V =  546(1) A3 (at-100 "C), andZ= 1. Surprisingly,all thecomplexes (I-VI) stabilize thesame [Tl~(S4)~]~-anions, 
Despite their different colors I1 and I11 are structurally identical. The anion features two trigonal pyramidal T1+ 
centers each chelated by a tetrasulfide ligand and the third coordination site is satisfied by bonding a terminal sulfur 
atom of another TIS4 unit, forming a dimer. This bonding mode of the S42- ligands results in a new condensed 
inorganic ring system with a central, strictly planar, four-membered TlzSz rhombic unit and two five-membered 
T1S4rings in an envelopeconfiguration. The envelope configuration of the five membered TIS4 ring in the [T1z(S4)~]2- 
anions results in either the boat-boat or the chair-chair conformation. The reaction of potassium tetrasulfide with 
thallium chloride in acetonitrile afforded orange red crystals of K0.68T11.3~S~ (VII). Compound (VII) crystallizes 
in the orthorhombic space group P212121 (No. 19) with unit cell dimensions of a = 6.630(4) A, b = 16.989(6) A, 
c = 6.499(2) A, V =  727( 1) A3, and Z = 4. Compound VI1 is isostructural to the known K2S5 and T1& and consists 
of a Ss2- chain with T1+ and K+ as charge-compensating cations. VI1 can be considered as a solid solution of the 
two known compounds. All complexes show similar UV/vis spectra in DMF with two absorptions at -432 and 
-617 nm. The solid-state far-IR spectra of all compounds exhibit strong absorptions in the 500-100-cm-1 region 
due to the SS and M-S stretching frequencies; tentative assignments are reported. 

Introduction 

In recent years the synthesis, characterization, and reactivity 
of soluble metal polychalcogenides has become an active area of 
research.' These complexes have been studied as model com- 
pounds for industrial heterogeneous catalysts,2 biological ~ystems,~ 
and metal sulfur transport agents in geochemi~try.~ This class 
of compounds have exhibited a remarkably diverse structural 
chemistry which derives from the tendency of the chalcogens to 
catenate and to bind simultaneously to multiple metal centers. 
As a result, a number of polychalcogenide complexes with 
transition metals have been isolated and structurally charac- 
terized.14 In contrast, the preparation of soluble polychalcogenide 
compounds containing main-group elements has not been pursued 
to any considerable e ~ t e n t . ~  In our initial investigation of 
polychalcogenide chemistry of the main-group IIIA metals we 
successfully isolated and structurally characterized a number of 

( I )  (a) Kanatzidis, M. G. Comments Inorg. Chem. 1990, I O ,  161-195. (b) 
Ansari, M. A.; Ibers, J.  A. Coord. Chem. Rev 1990,100,223-266. (c) 
Kolis, J.  W. Coord. Chem. Rev 1990, 105, 195-219. 

(2) (a) Muller, A. Polyhedron 1986, 5, 323-340. (b) Draganjac, M.; 
Rauchfuss, T. B. Angew. Chem., Int. Ed. Engl. 1985, 24, 742-757. 

(3) (a) Coucouvanis, D. Acc. Chem. Res. 1981, 14, 201-209. (b) Cou- 
couvanis, D. Acc. Chem. Res. 1991, 24, 1-8. 

(4) Krauskopf, K. B. Introduction to Geochemistry, 2nd ed.; McGraw-Hill: 
New York, 1979. 
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new complexes :  [ G a z S e ~ ( S e 5 ) ~ 1 ~ - , ~  [Inz(Se4)4-  
(Se5)]4,7v8 [1n~Se~(Se4)~]~- ,~ [M3Se3(Se4),l3- (M = In,Tl), [T4- 
Se4(Se~)~(Se4)2]~-,~ [In(S4)(S6)XIZ- l o  (X = Br, Cl), [In2- 
(s4)Z(s6)Z(s7)]4~10 [ In2s(s5) (s4)~l~-~~~ and [I~ZS(SS)(S~)(SS)I z-.lo 
To further explore main-group chemistry and in an attempt to 
prepare the sulfur analog of the thallium polyselenide complexes, 
we investigated the corresponding thallium polysulfide chemistry. 
In addition, T1 is attractive for study because of its inert 6sz 
lone pair of electrons which may or may not be manifested 
structurally in a given compound. Whether the lone pair is 
stereochemically active or not affects both the lattice structure 
and thepropertiesoftheresultingcompounds. Thisissueis related 
to the larger question of stereochemical activity of a lone pair in 

(5) (a) Huang, S.-P.; Dhingra, S.; Kanatzidis, M. G. Polyhedron 1990, 9, 
1389-1395. (b) Banda, R. M. H.; Cusick, J.; Scudder, M. L.; Craig, 
D. C.; Dance, I. G. Polyhedron 1989, 8, 1999-2001. (c) Mfiller, A,; 
Zimmermann, M.; Biigge, H. Angew. Chem., Int. Ed. Engl. 1986, 25, 
273-274. (d) Miiller, A.; Schimanski, J.; Romer, M.; Biigge, H.; 
Baumann, F.-W.; Eltzner, W.; Krickemeyer, E.; Billerbeck, U.  Chimia 
1985, 39, 25-27. (e) Banda, R. M. H.; Cusick, J.; Scudder, M. L.; 
Craig, D. C.; Dance, I. G. Polyhedron 1989,8, 1995-1998. 

(6) Dhingra, S.; Kanatzidis, M. G. Unpublished results. 
(7) Kanatzidis, M. G.; Dhingra, S. Inorg. Chem. 1989, 28, 2024-2026. 
(8) Dhingra, S.; Kanatzidis, M. G. Inorg. Chem., in press. 
(9) Dhingra, S.; Liu, F.; Kanatzidis, M. G. Submitted for publication. 

(10) (a) Dhingra, S.; Kanatzidis, M. G. Polyhedron 1991, 10, 1069-1073. 
(b) Dhingra, S.; Kanatzidis, M. G. Inorg. Chem., in press. 
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compounds with sz configuration. In this paper we present the 
syntheses, structural characterization and solution properties of 
some new thallium polysulfide complexes: cu-(Ph4P)~[Tl~(S4),], 
8-(Phd') z [T1z(S4)z1*2DMFy @'-(PhJ')z [ ~ z ( S ~ ) Z I * ~ D M F ,  ~-(Phd- 
P) 2 [T12(S4) II-DMF, ( E t N 2  [T12(S4)2I9 (Me4N) 2 [T12(S4) 21, and 
K0.68Th ,3285,  

Experimental Section 
Reagents. The chemicals in this research were used as obtained 

commercially: sulfur, 99.999% purity, American Smelting and Refining 
Co., Denver, CO; potassium metal, analytical reagent, Mallinckrodt Inc., 
Paris, KY; thallium(1) chloride, 99.999% purity, Cerac Inc. Milwaukee, 
WI; tetraphenylphosphonium chloride (PhdPCI), 98% purity, tetraeth- 
ylammonium bromide (Et4NBr), 98% purity, and tetramethylammonium 
chloride (Me4NC1), 98% purity, Aldrich Chemical Company Inc., 
Milwaukee, WI. Dimethylformamide (DMF), analytical reagent, was 
stored over 4A Linde molecular sieves for over a weak and then distilled 
under reduced pressure at 25-30 O C .  The first 50 mL was discarded. 
Acetonitrile (analytical reagent, Mallinckrodt Inc., Paris, KY) was 
distilled after refluxing with calcium hydride for 8 h. Diethyl ether (ACS 
anhydrous, Columbus Chemical Industries Inc., Columbus, WI) was 
distilled after refluxing with sodium/potassium alloy, with benzophenone 
and triethylene glycol-dimethyl ether for 12 h. 

Caution! Extra precautions must be taken in these reactions to handle 
all thallium salts and complexes, as T1 is very toxic and appropriate waste 
disposal is absolutely essential. 

Physicochemical Studies. Infrared spectra of the complexes were 
recorded as solids in a CsI matrix on a Nicolet 740 FT-IR spectrometer. 
Each sample was ground along with CsI to a fine powder and a translucent 
pellet was made by applying - 15 000 psi pressure to the mixture. The 
spectra were recorded in the far-IR region (500-100 cm-I). UV/vis 
spectra of the complexes were measured on a Hitachi U-2000 spectro- 
photometer. Quantitative microprobe analysis of the compounds was 
performed on a JEOL JSM-35C scanning electron microscope (SEM) 
equipped with an X-ray microanalysis attachment fromTracor Northern, 
Model TN 5500, for energy dispersive spectroscopy (EDS). Single crystals 
of each sample were mounted on an aluminum stub using conductive 
carbon paint for adhesion to the stub as well as to dissipate the charge 
that isdeveloped on the sample under an electron beam. Energy dispersive 
spectra were obtained using the following experimental set-up: X-ray 
detector position, 55  mm; working distance, 39 mm; acceleratingvoltage, 
20 kV; take-off angle, 27'; beam current, 200 PA; Accumulation time, 
60 s; detector window, Beryllium. A standardless quantitative (SQ 
analysis) program was used to analyze the X-ray spectra obtained. The 
analysis could not be used for the atoms below atomic number 1 1 (sodium) 
due to the absorption of the low-energy X-rays by the Be window of the 
detector. The analyses reported here are an average of three to four 
individual measurements on several different single crystals of each 
compound. 

Syntheses. All the experiments and syntheses were performed under 
dry nitrogen in a Vacuum Atmospheres Dri-Lab glovebox. All the 
syntheses were carried out in the dark by wrapping the reaction flasks 
with aluminum foil, and the flasks were also stored in the dark during 
crystal growth. The isolated compounds were always kept under a nitrogen 
atmosphere, away from light. 

[Tl~(S4)2] (I). A 0.200-g (0.834-mmol) sample of TlCl was added to a 
80-mL DMF solution containing 0.172 g (0.833 mmol) of K2S4 and 
0.313 g (0.835 mmol) of Ph4PCI. The mixture was stirred for ca. 6 h, 
and the resulting blue solution was filtered to remove KCl. To the filtrate 
was added 60 mLof ether to incipient crystallization. When this mixture 
was allowed to stand for 24 h, pale yellow single crystals of a-(PhqP)2- 
[T12(S4)2] (I) were formed. They were isolated by filtration and washed 
with ether; yield 52%. A quantitative microprobe analysis performed on 
a number of crystals of I with the EDS/SEM system gave an average 
composition of T11.0S4.12P1 02. 

&BM( tetraphenylphosphonium) Bis(te~~ido)dithallate(I)-Bis(dim- 
ethylformamide), (Ph$)$Tl2(S4)2)2DMF (11). A 0.200-g (0.834-mmol) 
sample of TlCl was added to a 80-mL DMF solution containing 0.172 
g (0.833 mmol) of K2S4 and 0.313 g (0.835 mmol) of Ph4PCI. The 
mixture was stirred for ca. 6 h, and the resulting blue solution was filtered 
to remove KCI. To the filtrate was added 60 mL of ether to cause 
crystallization. When this mixture was allowed to stand for 3 days, pale 
orange crystals of @-(Ph4P)2[T12(S4)2*2DMF (11) were formed. They 
were isolated by filtration and washed with ether; yield 42%. A 

a-Bis(tetrapbenylphospbollium) Bis(tetrasutfido)ditte(I), a - ( W ) z -  

quantitative microprobe analysis performed on a number of crystals of 
I1 with the EDS/SEM system gave an average composition of 

8'-Bis(tetraphenylphosphonium) Bis(tetrasulfido)dithaUate(I)-Bis- 
(dimethylformamide), (Pk@)$TI2(S4)2)2DMF (111). A 0.200-8 (0.834 
mmol) sample of TlCl was added to a 80-mL DMF solution containing 
0.172 g (0.833 mmol) of K2S4 and 0.313 g (0.835 mmol) of Ph4PCI. The 
mixture was stirred for ca. 6 h, and the resulting blue solution was filtered 
to remove KCI. To the filtrate was added 60 mL of ether to cause 
crystallization. When the mixture was allowed to stand for 3 days, deep 
red crystalsof~'-(Ph4P)2[T12(S4)2]~2DMF(III) were formed. Theywere 
isolated by filtration and washed with ether; yield 38%. A quantitative 
microprobe analysis performed on a number of crystals of I11 with the 
EDS/SEM system gave an average composition of T11 &409PI IO. 

y-Bis( tetraphenylphosphonium) Bis( tetrasuJfido)dithaUate(I)-Dime- 
thylformamide, ( P ~ P ) $ T I ~ ( S ~ ) Z ) D M F  (IV). A 0.200-g (0.834-mmol) 
sample of TlCl was added to a 40-mL DMF solution containing 0.172 
g (0.833 mmol) of K2S4 and 0.313 g (0.835 mmol) of Ph4PCl. The 
mixture was stirred for ca. 6 hrs and the resulting blue solution was 
filtered to remove KC1. To the filtrate was added 60 mL of ether. When 
the mixture was allowed to stand for 3 days, pale orange crystals of 
y-(Ph4P)2[Tl2(S4)2].DMF (IV) were formed. They were isolated by 
filtration and washed with ether; yield 62%. A quantitative microprobe 
analysis performed on a number of crystals of IV with the EDS/SEM 
system gave an average composition of TI1 &4 14PO 98. 

Bis(tetraethy1ammonium) Bis(tetrasulRdo)dithaUate(I), (Et4N)flIZ- 
(S4)2] (V). A 0.200-g (0.834-mmol) sample of TlCl was added to a 
80-mL DMF solution containing 0.172 g (0.833 mmol) of K2S4 and 
0.175 g (0.833 mmol) of Et4NBr. The mixture was stirred for ca. 6 h, 
and the resulting blue solution was filtered to remove KCI. To the filtrate 
was added 60 mL of ether. When the mixture was allowed to stand for 
3 days, pale orange crystals of (Et4N)2[T12(S4)2] (V) were formed. They 
were isolated by filtration and washed with ether; yield 70%. A 
quantitative microprobe analysis performed on a number of crystals of 
V with the EDS/SEM system gave an average composition of T11 O s 4  02. 

Bis(tetramethy1ammonium) Bis(tetrasulfido)dithallate(I), (Me4N)2- 
[T1&)2] (VI). A 0.200-g (0.834-mmol) sample of TlCl was added to 
a 80-mL DMF solution containing 0.172 g (0.833 mmol) of K2S4 and 
0.091 g (0.831 mmol) of Me4NC1. The mixture was stirred for ca. 6 
h, and the resulting blue solution was filtered to remove KCI. To the 
filtrate was added 60 mL of ether. When the mixture was allowed to 
stand for 3 days, pale orange crystals of (Me4N)2[Tll(S&] (VI) were 
formed. They were isolated by filtration and washed with ether; yield 
74%. A quantitative microprobe analysis performed on a number of 
crystals of VI with the EDS/SEM system gave an average composition 
of T1i os4  38. 

PotassiumThallium Pentasulfide, &.aTl1.& (W). A 0.200-g (0.834- 
mmol) sample of TlCl was added to a 80-mL acetonitrile solution 
containing 0.172 g (0.833 mmol) of K2S4. The mixture was stirred for 
ca. 6 h, and the resulting blue solution was filtered. To the filtrate was 
added 60 mL of ether. When the mixture was allowed to stand for 4 
days, orange crystals of b68Tll &5 (VII) were formed. They were 
isolated by filtration and washed with ether; yield 58%. A quantitative 
microprobe analysis performed on a number of crystals of VI1 with the 
EDS/SEM system gave an average composition of KO 87Tll& 02. 

X-ray Crystallographic Studies. X-ray powder diffraction patterns 
were recorded with a Phillips XRy-3000 computer-controlled powder 
diffractometer. Ni-filtered, Cu-radiation was used. The d-spacings (A) 
for all materials were measured. The X-ray powder patterns obtained 
from the complexes were in good agreement with those calculated, from 
the atom coordinates obtained from the X-ray single-crystal diffraction 
studies, using the program POWD-IO." This confirmed the homogeneity 
and the purity of the complexes, assuming to amorphous phases were 
present. Calculated and observed d-spacings (A) for all the compounds 
are compiled in the supplementary material. All complexes are very air 
and moisture sensitive; thus the crystals of 1-111 were mounted inside 
glass capillaries and sealed, whereas the crystalsof IV-VI1 were mounted 
on the tip of a glass fiber with silicon grease and the data were collected 
at low temperature (-100 to -120 "C) .  The crystallographic data for I, 
111, and VI were collected on a Nicolet P3 four-circle automated 

TII Os4 06pI 06. 

(1 1) Smith, D. K.; Nichols, M. C.; Zolensky, M. E. POWD10: A Fortran 
IVProgram for Calculating X-ray Powder Diffraction Pattern, version 
10; The Pennsylvania State University: University Park, PA, 1983. 
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Table I. Summary of Crystallographic Data for a-(Ph4P)2[T12(S&] 
(I), E-(Ph4P)2[T12(S4)21.2DMF (111, and 8'-(Ph4P)2[T12(S4)21.2DMF 
(111) 

Dhingra and Kanatzidis 

I IV V 
~ 

VI 

cryst color yellow orange 
temp, OC 23 23 
a, A 9.907(3) 10.8 1 5(3) 
b, A 11.014(3) 14.486(5) 
c, A 12.794(4) 18.28 l(5) 
a, deg 71.05(3) 90.00 
8, deg 87.33(3) 97.29(3) 
7 ,  deg 68.79(2) 90.00 
z, v, A3 1; 1227(1) 2; 2841(1) 
space group Pi (No. 2) P2,/c (NO. 14) 
D,I,, g ~ m - ~  1.82 1.74 
p, cm-I 70.52 60.99 

crystsize,mm 0.16,0.32,0.50 0.18,0.30, 0.40 
28,,,deg 45 40 
no. of data 3538 3076 

no. of data 2341 1461 

(Mo Ka) 

collcd 

with I > 
341) 

abs cor 

no. of variables 271 196 
min/max 0.392/0.998 0.475/1.000 

final RIR,, % S . O / S . S  7.7/9.7 

deep-red 
23 
10.8 lO(5) 
14.480(8) 
18.294(7) 
90.00 

90.00 
2; 2839(2) 

97.37(3) 

P21/c (NO. 14) 
1.74 
61.13 

0.38, 0.43, 0.31 
43 
4017 

1821 

196 
0.847/0.998 

4.414.8 

diffractometer using a 8-28 step scan model2 and Mo K a  radiation. The 
data for the rest of the complexes were collected on Rigaku AFC6S 
four-circle automated diffractometer with w-28 scan technique and Mo 
K a  radiation. Accurate unit cell dimensions were determined from the 
28, w ,  6, and x angles of 15-25 machine-centered reflections. The 
intensities of three check reflections were monitored every 100-150 
reflections. The data for I1 showed 7% decay in their intensities over the 
data collection period; thus a decay correction was applied to the complete 
data set. An empirical absorption correction was applied to the data of 
all complexes based on # scans for three (x-90") reflections. The 
structures were solved with direct methods and differences Fourier 
synthesis maps and refined with full-matrix least-squares techniques. An 
additional absorption correction was applied before anisotropic refinement 
using DIFABS.I3 The structures of I-IV were solved with direct methods 
using SHELXS-8614 and were refined with the SDP15 package of 
crystallographic programs, using a VAXstation 2000 computer. The 
structures of V-VI1 were solved with direct methods using the TEXSAN 
crystallographic software package from Molecular Structure Corp., using 
a VAXstation 3100176 computer. In I, V, and VI all non-hydrogen 
atoms were refined anisotropically. In I1 and 111 all atoms of the anion, 
the phosphorous atom of the cation, and the atoms of DMF were refined 
anisotropically. The carbon atoms of the cation were refined isotropically. 
For IV all non-hydrogen atoms, except the atoms of DMF, were refined 
anisotropically. The hydrogen atom positions were calculated and included 
in the structure factor calculations but were not refined. All structures 
consist of discrete, well-separated cations and anions. In VI1 only the 
T1 atoms were refined anisotropically; the potassium and the sulfur atoms 
were refined isotropically. 

In IV the DMF molecule has an unusual disorder, with the nitrogen 
and oxygen atoms situated on a crystallographic C2 axis with half- 
occupancies. Due to the CZ axis, the carbon atoms of this molecule are 
positionally disordered over two sites with half-occupancy, thus giving 
rise to two different orientations of the DMF molecule in the crystal 
lattice. 

All examined crystals of VI were found to be twinned with two or three 
platelets stuck together along the flat face. The data was collected on 

formula 
fw 
cryst color 
temp, "C 
a, A 
b, A 
c, A 
a, deg 
8, deg 

space group 
D,I,, g cm3 
p, cm-I (Mo Ka) 
cryst size, mm 

no. of data collcd 
no. of data with 

no. of variables 
min/max abs cor 
final R/R, ,  '3% 

2ema,(7 

I > 341) 

Table 111. 
(VW 
form u 1 a 
fw 
cryst color 
temp, "C  
a, A 
b, A 
c, A 
a, deg 
8, deg 
Y. deg 
z v, A3 

CsiH47PzNOTlzSs 
1417.15 
orange 
-120 
26.324(6) 
9.269( 10) 
24.062(5) 
90.00 
117.36(1) 
90.00 
4; 5213(4) 
C2/c (No. 15) 
1.80 
66.434 
0.16,0.22, 0.40 
50 
5151 
3267 

287 
0.616/1.000 
3.614.6 

C I ~ H N N Z T ~ S ~  
925.78 
orange 
-100 
11.880( 10) 
17.202(6) 
7.200(6) 
90.00 
97.29(3) 
90.00 
2; 1457(2) 
P2l/n (No. 14) 
2.11 
117.20 
0.10,0.21,0.57 
40 
1550 
1120 

127 
0.263/ 1.000 
2.313.7 

~_____ 

CsHz4N2T1zSs 
813.57 
pale orange 
-100 
6.160(3) 
9.683(6) 
10.160(5) 
66.05(4) 
84.88(4) 
80.64(4) 
2; 546( 1) 
Pi (No. 2) 
2.47 
156.10 
0.04, 0.20,0.36 
60 
3542 
2397 

91 
0.033/1.000 
16.2/21.3 

Summary of Crystallographic Data for K0.68T11.32S~ 

K0.68T11.32S~ space group P212121 (NO. 19) 
456.69 daalc, g cm4 4.162 
deep-red p, cm-I (Mo Ka) 311.53 
-100 cryst size, mm 0.16,0.21, 0.31 
6.630(4) 28,,,, deg 50 
16.989(6) no. of data collcd 823 
6.499(2) no. of data with I > 3 4 4  563 
90.00 no. of variables 44 
90.00 minimax abs cor 0.563/1.000 
90.00 final RIR,, % 7.519.4 
4; 727(1) 

the major component of a twinned crystal. The minor twin had relatively 
weak diffraction intensity in the axial photographs. Our attempts to 
refine the structure did not give good results due to this problem. 

In K0.68T11.32S5 (VII) a thallium and potassium atom are disordered 
over the same crystallographic site and the occupancies of Tl(2) and 
K(2) were estimated as 0.5 and 0.5. They were then refined with the 
restriction that the sum of their occupancies be equal to unity. This 
refinement resulted in occupancies of 0.32 and 0.68, respectively. Thus, 
this compound represents a solid solution of KZs5 and T12S5. 

The complete data collection parameters and details of the structure 
solution and refinement for compounds I-VI1 are summarized in Tables 
1-111. The final coordinates, temperature factors and their estimated 
standard deviations (esd's) of all non-hydrogen atoms for the compounds, 
are shown in Tables IV-X. 

Results and Discussion 
Syntheses and Spectroscopic Studies. Prior to this work no 

thallium polysulfide complex had been reported. The syntheses 
of complexes I-VI are readily accomplished by a common reaction 
between TlCl and K2S4, in a 1 : 1 molar ratio in the presence of 
different quaternary phosphonium or quaternary ammonium 
cations in DMF as represented by eq 1. 

2TlCI+ 2K2S4 + 2R4EX-(R4E),[Tl2(S,),] + 
DMF 

2KC1+2KX (1) 
(1 2) Dota Collection Operation Manual; Nicolet XRD Corporation: Madison, 

WI, 1982; part no. 10062. 
(13) DIFABS: An Empirical Method for Correcting Diffractometer Data 

for Absorption Correction. Walker, N.; Stuart, D. Acta. Crystaffogr. 
1983, A39, 158. 

(14) Sheldrick, G. M. In Crystallographic Computing 3; Sheldrick, G. M., 
Kruger, C., Doddard, R., Eds.; Oxford University Press: London, 1985; 
pp 175-189. 

(1 5) Frenz, B. A. The Enraf-Nonius CAD4 SDP System. In Computing in 
Crystallography; Delft University Press: Delft, Holland, 1978; pp 64- 
71. 

R = Ph, E = P ;  R = Me, Et, E = N; X = C1, Br 

Initially, the reactions between TlCl and  K2S4 were run in a 
1:2 ratio in order to get a polysulfide complex analogous to the 
known polyselenide [T13Se3(Se4)3] 3-,1.8 where we had observed 
an unusual two-electron oxidation of T1+ to T13+. Instead, we 
isolated the [T12(S4)2l2-anion, which wascontaminated withsome 
( R4E)2Sx crystals. Subsequently, we adjusted the  TlCl:K& ratio 
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Table IV. Fractional Atomic Coordinates and Bq Values for 
a-(Ph4P)2[T12(S&] with Their Estimated Standard Deviations in 
Parentheses 

Inorganic Chemistry, Vol. 32, No. 11, 1993 2301 

Table V. Fractional Atomic Coordinates and B,  Values for 
fl-(Ph4P)2[T12&)2].2DMF with the Estimated Standard Deviations 
in Parentheses 

atom X Y Z B,." A2 
~~~ 

0.30760(8) 
0.4731(4) 
0.4878(4) 
0.3462(5) 
0.4646( 5) 
0.0482(3) 

-0).050( 1) 
0.079( 1) 
0.081(2) 

-0.055(2) 
-0.184( 1) 
-0.184(1) 
0.120(1) 
0.1 30( 1) 
0.259(1) 
0.385(1) 
0.379(1) 
0.249( 1) 
0.073( 1) 
0.181 (1) 
0.208(2) 
0.125(2) 
0.01 9( 1) 

-0.007(1) 
0.192( 1) 
0.226(1) 
0.330(1) 
0.397(1) 
0.366(2) 
0.264( 1) 

-0.00291(7) 
-0).1529(4) 

0.3314(4) 
0.3354(4) 
0.189 l(4) 

-0).2180(3) 
1.051 (1) 
0.941(1) 
0.814(1) 
0.802( 1) 
0.908( 1) 
1.035(1) 

0.219(1) 
0.207( 1) 
0.169(1) 
0.152(1) 
0.167(1) 
0.684( 1) 
0.685( 1) 
0.607( 1) 
0.526(1) 
0.524(1) 
0.600( 1) 
0.698( 1) 
0.771(1) 
0.699(2) 
0.560(2) 
0.486(2) 
0.556(1) 

0.201(1) 

0.45678(5) 
0.3200(3) 
0.5495(3) 
0.4360(4) 
0.3633(3) 
0.87 13(3) 
0.2068(9) 
0.252(1) 
0.325( 1) 
0.352(1) 
0.305( 1) 
0.233( 1) 
0.0666(9) 

-0.045(1) 
-0).094( 1) 
-0.027(1) 
0.084( 1) 
0.133(1) 
0.7808(9) 
0.706( 1) 
0.637(1) 
0.640( 1) 
0.71 3( 1) 
0.786(1) 

0.038( 1) 
0.129(1) 
0.1 59(1) 
0.1 OO( 1) 
0.010( 1) 

-0).022( 1) 

5.72(2) 
5.00(9) 
5.9(1) 
6.3(1) 
6.2(1) 
3.29(7) 
3.2(3) 
4.1(3) 
6.5(5) 
5.7(4) 
5.2(4) 
4.6(3) 
3.2(3) 
4.3(3) 
5.5(4) 

4.9(4) 
3.9(3) 
3.5(3) 
4.9(4) 
5.8(4) 
5.5(4) 
5.3(4) 
4.6(3) 
3.5(3) 
5.0(4) 
5.7(4) 
6.1(5) 
6.4(5) 
5.1(4) 

5.2(4) 

Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as Be, = (4/3) [o2Bl I + b2B22 
+ c2B33 +  COS 7)B12 + UC(WS fl)Bii + ~ C ( C ~ S  a)&]. 

to a 1:l ratio and obtained (R4E)2[T12(S4)2] as a single phase 
product, in high yield. The results reported here show that the 
[T12(S4)~] *- anion displays considerable stability in the solid state 
and crystallization tendency. Slight variations of the composition 
of KzS, (x = 4-6) did not affect the final product. 

Often the structure of metal polychalcogenide complexes is 
highly influenced by the nature of the counterions. This has 
been seen in the Ag/Sex2-,I6 C U / S ~ ~ - , ~ ~  and Mo/Sx2- I8 systems, 
to name a few. This dependence on counterion was probed but 
not observed in this study as the same [T12(S4)2]2- complex was 
isolated with three different cations (Ph4P+, Et4N+, and Me4N+) 
from DMF. 

It is interesting to note that complexes I-IV are isolated from 
the same stoichiometric ratio of Tl+/S42-/Ph4P+. The [Tl~(S4)2]~- 
anion has crystallized in four different crystal systems or colors 
depending on its conformation and the amount of solvent included 
in the crystal lattice. The pale yellow platelets of I are obtained 
within 6 8  h after reaction. Once I is isolated by filtration, the 
solution upon further standing at room temperature for 2 days 
affords a mixture of orange crystals of I1 and deep red crystals 
of 111. The different crystal colors suggested to us that we were 
dealing with two different compounds. Surprisingly, single-crystal 
X-ray diffraction analyses of I1 and I11 found they were 
isostructural with essentially no discernible structural differences 
in the two compounds. The difference in colors is perhaps due 
to some impurities acting as dopants. In order to be sure that 

(16) (a) Kanatzidis, M. G.; Huang, S.-P. J .  Am. Chem. SOC. 1989, I l l ,  
760-761. (b) Kanatzidis, M. G.; Huang, S.-P. Angew. Chemie. Int. Ed. 
Engl. 1989,28, 1513-1514. (c) Huang, S.-P.; Kanatzidis, M. G. Inorg. 
Chem. 1991, 30, 1455-1466. 

(17) (a) Miiller, A.; Baumann, F.-W.; Bbgge, H.; Remmer, M.; Krickemeyer, 
E.; Schmitz, K. Angew. Chem., Int. Ed. Engl. 1984.23, 632-633. (b) 
Miillcr, A.; Rbmer, M.; Bagge, H.; Krickemeyer, E.; Schmitz, K. Inorg. 
Chem. Acta. 1984, 85, L39-L41. 

(18) Hadjikyriacou, A. I.; Coucouvanis, D. Inorg. Chem. 1987, 26, 2400- 
2408. 

atom X Y I Bq,a A2 
T1 1.1214(2) 0.5743(1) -0.0576(1) 

i.o78(i). 
0.978(1) 
1.098(1) 
1.143(1) 
1.4856(9) 
0.732(4) 
0.900(5) 
1.366(3) 
1.252(3) 
1.160(4) 
1.18 l(3) 
1.289(4) 
1.380(3) 
1.614(3) 
1.734(3) 
1.834(3) 
1.8 13(3) 
1.691(3) 
1.592(3) 
1.440(3) 
1.349(3) 
1.320(3) 
1.373(4) 
1.461(4) 
1.497(3) 
1.520(3) 
1.453(3) 
1.475(4) 
1.566(4) 
1.638(3) 
1.614(3) 
0.836(7) 
1.030(6) 
0.858(5) 

0.451(i). 
0.3619(9) 
0.3070(9) 
0.410( 1) 
0.5 146(7) 
0.395(3) 
0.426(4) 
0.594(2) 
0.587(3) 
0.660( 3) 
0.723(3) 
0.725(3) 
0.660( 3) 
0.582(2) 
0.572(3) 
0.627(3) 
0.699(3) 
0.7 12(2) 
0.655(2) 
0.437(2) 
0.376(3) 
0.310(3) 
0.310(3) 
0.379(3) 
0.444(3) 
0.445(2) 
0.458(2) 
0.398(3) 
0.339(3) 
0.321(3) 
0.374(2) 
0.370(4) 
0.389(4) 
0.515(5) 

-0.1793i6j 
-0.1222(7) 
-0.0389(7) 

0.0347(6) 
-0).2474(6) 

0.478(2) 
0.563(3) 

-0.236(2) 
-0.288(2) 
-0.280(2) 
-0.23 l(2) 
-0.181(3) 
-0.1 88( 2) 
-0).265(2) 
-0.226 (2) 
-0.237(2) 
-0.290(2) 
-0.329( 2) 
-0.3 18(2) 
-0.322(2) 
-0.317(2) 
-0).376(2) 
-0.438(3) 
-0.447( 2) 
-0.387(2) 
-0.165(2) 
-0.107(2) 
-0).046( 2) 
-0.043(3) 
-0.105( 2) 
-0.166(2) 

0.518(4) 
0.595(3) 
0.579(4) 

4.4(1) 
5.6(7) 
4.9(7) 
6.2(8) 
4.6(6) 
2.1(5) 
8(3) 
7(3) 
1.4(7) 
3.4(9) 

3.3(9) 

2.3(8) 
1.4(6) 
2.2(7) 
3.4(9) 
2.6(8) 
2.4(8) 
2.3(8) 
1.6(7) 
3.0(9) 
3.4(9) 
4.0(9) 
4(1) 
3.1(9) 
2.1(8) 
1.8(8) 
4(1) 

2.2(8) 
7(4) 

11(4) 

5 ~ )  

5 ~ )  

5 ~ )  
3 ~ )  

~ 4 )  
Anisotropically refined atoms are given in the form of the isotropic 

equivalent displacement parameter defined as Bq = (4/3)[a2B1 I + b2B22 

I11 was not a different compound, we performed the crystal 
structure analysis on two different dark red crystals obtained 
from different batches with nearly identical results. 

I seems to be a metastable compound as it is the first to 
crystallize out of solution. It has been observed to slowly convert 
to I1 and 111 upon standing in solution over a period of 2 weeks. 
1V was obtained as a single phase product when the reaction was 
carried out in 40 mL of DMF, that is half the usual amount of 
solvent employed in the other reactions. 

Complexes I-VI are extremely air, moisture, and light sensitive 
even in thesolid state. Thesolutionsof (R4E)~[Tlz(S4)2] in DMF 
are deep greenish blue and are air sensitive. 

Since the [T12(S4)2]2- anion was the only complex isolated 
from DMF, we changed our approach and used acetonitrile as 
solvent. The reaction of TlCI, K2S4, and Me4NCl in acetonitrile 
resulted in a different than anticipated complex, &.asTI, ,3zS5 
(VII), and was subsequently prepared by mixing TlCl and K2Ss 
according to eq 2. 

+ c2B33 + &(COS 7)B12 + UC(WS @ ) B I ~  + ~ C ( C O S  a)B23]. 

CH$N 
0.68TlC1 + 1.32K2S, - &,68Tll,32S5 (2) 

VI1 is a solid solution between K2S519 and T12SS2O to which it 
is isostructural. The single crystals of VI1 by EDS/SEM 
microprobe analysis showed a slight variation of the K to T1 ratio 
and a more appropriate representation of the formula for this 
compound is K,Tl2-& (x = 0.35-0.75). 

(19) Kelley, B.; Woodward, P. J .  Chem. SOC., Dulton Trans 1976, 1314- 

(20) Leclerc, B.; Kabre, T. S. Acta Crystollogr., Section 8 1975,831,1675- 
1316. 

1677. 
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Table VU. Fractional Atomic Coordinates and B, Values for 
y-(Ph4P)2[T12(S4)2].DMF with Their Estimated Standard Deviations 
in Parentheses 

Table VI. 
p-(Ph,P)2[Tl2(S4)2]-2DMF with Their Estimated Standard 
Deviations in Parentheses 

Fractional Atomic Coordinates and Be, Values for 

atom X Y 2 La A2 atom X Y Z A2 
0.12148(7) 
0.0780(5) 

-0.0223(4) 
0.0988(5) 
0.1422(5) 
0.4865(4) 
0.383( 1) 
0.402( 1) 
0.308(1) 
0.188(1) 
0.169( 1) 
0.264( 1) 
0.48 1 (1) 
0.388( 1) 
0.363( 2) 
0.430(2) 
0.524(2) 
0.554( 1) 
0.443( 1) 
0.497( 1) 
0.463(2) 
0.372(2) 
0.3 19(2) 
0.352( 1) 
0.363( 1) 
0.253( 1) 
0.166(2) 
0.18 2(2) 
0.293(2) 
0.385(1) 
0.107( 1) 
0.272( 1) 
0.145(2) 

0.17 l(2) 
-0.010(2) 

0.07437(5) 
-0.0506(4) 
-0.1374(4) 
-0.1932(3) 
-0.0897(4) 
0.0142(3) 
0.583(1) 
0.652(1) 
0.710( 1) 
0.700( 1) 
0.630( 1) 
0.572( 1) 
0.4439(9) 
0.379( 1) 
0.322(1) 
0.33 1 (1) 
0.396( 1) 
0.453( 1) 
0.564( 1) 
0.556( 1) 
0.6 18( 1) 
0.684(1) 
0.689(1) 
0.630(1) 
0.4056(9) 
0.408( 1) 
0.341( 1) 
0.275( 1) 
0.271( 1) 
0.336( 1) 
0.426(1) 
0.393( 1) 
0.5 15(2) 
0.396(2) 
0.377(1) 

0.44236(4) 
0.3204(3) 
0.3771(3) 
0.461 l(3) 
0.5357(2) 
0.2521(2) 
0.2646(7) 
0.3175(8) 
0.3298(8) 
0.2894(8) 
0.2381(8) 
0.2234(7) 
0.1672(7) 
0.1648(8) 
0.1026(9) 
0.0449(9) 
0.0475(9) 
0.1092(8) 
0.6760(7) 
0.6116(8) 
0.5541(9) 
0.56 1 9( 9) 
0.6252(9) 
0.6835(8) 
0.7609(7) 
0.7128(8) 
0.72 1 O(9) 
0.7712(9) 
0.8212(9) 
0.8 149(8) 
0.4380(7) 
0.5234(9) 
0.422(2) 
0.404( 1) 
0.486( 1) 

4.77(1) 
5.9(1) 
5.4(1) 
5.9(1) 
5.4(1) 
2.3 3 (8) 
2.1(3) 
3.1(3) 
3.2(3) 
3.2(3) 

2.9(3) 
2.0(3) 
2.9(3) 
4.0(4) 
3.8(4) 
3.8(4) 
3.1(3) 
2.9(3) 
3.4(3) 
4.1(4) 
3.8(3) 
4.1(4) 
3.2(3) 
2.1(3) 
3.1(3) 
4.1(4) 
4.1(4) 

3.2(3) 

8.9(5) 
10.5(8) 
10.1(8) 
7.0(6) 

3.4(3) 

4.5(4) 

5.4(3) 

0.24124(1) 0.98529(4) 
0.2169( i) 
0.2962( 1) 
0.3631(1) 
0.33 18( 1) 
0.1261 (1) 
1 .oooo 
1 .oooo 
0.1065(3) 
0.0558(3) 
0.0417(4) 
0.0773(4) 
0.1281(4) 
0.1432(3) 
0.2009(3) 
0.2204(3) 
0.2768(4) 
0.3152(4) 
0.2970(4) 
0.2399(4) 
0.1 137(3) 
0.1209(4) 
0.1155(4) 
0.1028(4) 
0.0954(4) 
0.1005(3) 
0.0830(3) 
0.1040(4) 
0.0687(4) 
0.01 29(4) 

4 .008  7 (4) 
0.0260(4) 
0.975( 1) 
1.053(1) 
0.971( 1) 

0.9588(3) 
0.7597(3) 
0.8034(3) 
0.77 1 8 (2) 
1.1038(2) 
0.328(2) 
0.094( 1) 
0.919( 1) 
0.875( 1) 
0.73 1 (1) 
0.629(1) 
0.672(1) 
0.8 16( 1) 
1.117(1) 
1.054( 1) 
1.063(1) 
1.127( 1) 
1.187(1) 
1.183( 1) 
1.1595(9) 
1.303(1) 
1.345(1) 
1.244(1) 

1.059(1) 
1.21 57(8) 
1.277(1) 
1.357( 1) 
1.379(1) 
1.320( 1) 
1.238( 1) 
0.223( 3) 
0.060( 3) 

4.033(3) 

1.102( 1) 

-0.1318( 1) ' 
0.1439( 1) 
0.1252(1) 
0.0302( 1) 
0.101 8( 1) 
3 14 
314 
0.1002(4) 
0.0999(4) 
0.0940(5) 
0.0883(4) 
0.0886(4) 
0.0962(4) 
0.1572(4) 
0.2 164(4) 
0.2571(4) 
0.2421(5) 
0.1837(5) 
0.141 8(5) 
0.0251(3) 
0.01 38(5) 

-0.0429(5) 
4.0898(4) 
-0.079 l(4) 
-0.0230(4) 

0.125 3(4) 
0.1844(4) 
0.1992(4) 
0.1582(5) 
0.0989(4) 
0.08 16(4) 
0.756(1) 
0.746( 1) 
0.759( 1) 

2.44(1) 
3.4(1) 
2.7(1) 
2.6(1) 
2.13(9) 
1.54(8) 
8.8(4) 
4.0(3) 
1.7(3) 
1.9(3) 
2.5(4) 
2.2(3) 
2.1(4) 
2.1(3) 
1.6(3) 
2.4(3) 
2.7(4) 
3.2(4) 
2.9(4) 
2.5(4) 
1.3(3) 
2.3(4) 
2.6(4) 
2.6(4) 
2.5(4) 
1.9( 3) 
1.7(3) 
2.0(4) 
2.2(3) 
2.5(4) 
2.4(4) 
1.9(3) 
6.3(7) 
5.0(6) 
6.2(7) 

a Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as Be, = (4/3)[a2B1 I + b2B22 

The UV/vis spectrum of all complexes in DMF and acetonitrile 
solution show similar spectra with two absorptions at -432 and 
-617 nm. The spectra of I in the two solvents are shown in 
Figure 1, as representativeexamples, and are similar to the spectra 
observed for (Ph4P)2S,or K2S4. This indicates that all complexes 
dissociate in DMF solution and give rise to SX2- species. These 
absorptions have been observed previously in various polysulfides 
solutions and had been studied extensively.2i The UV/vis, Raman, 
and resonance Raman spectroscopic studies on polysulfides in 
liquid ammonia or polar solvents such as DMF suggest that 
different SX2- ligands are in equilibrium with the radical anion 
&*-and other species such as S2'-.21 These studies have concluded 
that the absorption at -620 nm is due to the presence of the S3'- 
species which also confers the blue color to these solutions and 
the band at -450 nm is due to the S2'- species. All the complexes 
I-VI1 dissociate in DMF as depicted in eq 3. This is not entirely 
surprising if we consider that monovalent metal ionsdo not usually 
form complexes with high stability constants. 

+ +  COS y)B12 + UC(COS o)B13 + ~C(COS (~)B23]. 

[T12(S,),]'- * 2[Tl(DMF),l+ + 2S4'- (3a) 

2s42- Q s3*- + s2- + s32- 
In the far-IR region all complexes reported here exhibit a 

complicated set of spectral absorptions characteristic of S S  and 
M-S stretching vibrations as shown in Figures 2 and 3. Observed 

(21) (a) Dubois, P.; Lelieur, J. P.; Lepurte, G. Inorg. Chem. 1988, 27.73- 
80. (b) Clark, R. J. H.; Walton, J. R. J .  Chem. SOC., Dalton Trans. 
1987, 1535-1544. (b) Clark, R. J. H.; Dines, T. J.: Proud, G. P. J .  
Chem. SOC., Dalton Trans. 1983, 2299-2302. 

Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as Be, = (4/3)[a2B1 I + b2B22 

Table VIII. Fractional Atomic Coordinates and B, Values for 
(Et4N)2[T12&)2] with Their Estimated Standard Deviations in 
Parentheses 

+ c2B33 + ab(cos y)Bi2 + UC(COS @ ) B I ~  + ~C(COS (~)Bzj]. 

atom X Y z Be,." A2 
~~~ 

TI(1) 0.091 15(4) 0.02951(2) 0.28027(6) 2.06(3) 
S(1) 0.2826(3) 0.0517(2) 0.5739(5) 2.9(2) 
S(2) 0.1976(3) 0.0482(2) 0.8009(5) 2.6(2) 
S(3) 0.0872(3) 0.1408(2) 0.7730(4) 2.3(1) 
S(4) -0.0319(3) 0.1145(2) 0.5438(4) 2.0(1) 
N( l )  0.6696(8) 0.1832(5) 0.821(1) 1.5(4) 
C( l )  0.661(1) 0.1 3 14(6) 0.647(2) 2.1(6) 
C(2) 0.563(1) 0.1475(7) 0.493(2) 3.0(6) 
C(3) 0.773(1) 0.1549(7) 0.950(2) 2.1(6) 
C(4) 0.798(1) 0.2003 (7) 1.1 3 3 (2) 2.9(6) 
C(5) 0.681(1) 0.2672(6) 0.769(2) 2.0(6) 
C(6) 0.784(1) 0.2876(7) 0.679(2) 2.7(6) 
C(7) 0.562(1) 0.1761(7) 0.912(2) 2.0(6) 
C(8) 0.532(1) 0.0949(7) 0.972(2) 2.6(6) 

Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as Be, = (4/3)[u2Bl I + b2B22 
+ c2B33 + ab(cos ?)BIZ + UC(COS p)B13 + bc(cos (~)B23]. 

absorption frequencies of all the complexes are given in Table 
XI. Compounds I1 and I11 exhibit identical spectra. All 
complexes show three spectral absorptions in the vicinity of 487, 
460 and 448 cm-1. Complexes V-VI1 show an additional 
absorption at 533 cm-I. These bands can be assigned to S S  
vibrations by comparison with the spectra of other known 
polysulfide complexes.2 For example, the YM stretchingvibrations 
in this region has been observed previously in various polysulfides 
and some representative examples are [Fe&2l2- 22 at 474 cm-I, 
[Pd2S28I4- 23 at 482 and 453 cm-I, [Cu3SI8l3- at 468 and 455 



Thallium Polysulfides Inorganic Chemistry, Vol. 32, No. I I, I993 2303 

Table IX. Fractional Atomic Coordinates and B ,  Values for 
(Me4N)~[T12(S4)2] with Their Estimated Standard Deviations in 
Parentheses 

X 

0.2374(4) 
0.521(3) 
0.531(3) 
0.764( 3) 
0.622(3) 
0.978(6) 
0.88(1) 
1.1 11 (9) 
1.13(1) 
0.80(1) 

Y 
0.0793(3) 
0.061(2) 
0.29 l(2) 
0.314(2) 
0.259(2) 
0.296(5) 
0.154(7) 
0.275(6) 
0.330(7) 
0.432(7) 

z 

0.43 1 5(3) 
0.199(2) 
0.131(2) 
0.249(2) 
0.454(2) 
0.783(4) 
0.815(7) 
0.925(6) 
0.657(7) 
0.751 (7) 

Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as Bq = (4/3) [a2B11 + b2B22 
+ c2B3s + &(MS y)B12 + UC(COS @)Bi3 + bc(ms (~)B23]. 

Table X. Fractional Atomic Coordinates and B ,  Values for 
&.6BT11.32S5 with Their Estimated Standard Deviations in 
Parentheses 

X 

0.9031 (4) 
1.258(3) 
1.25(1) 
1.244(2) 
1.327(2) 
1.107(2) 
0.86 l(2) 
0.924(2) 

Y 
0.0134(1) 
0.160( 1) 
0.148(3) 
0.3395(7) 
0.3492(7) 
0.3010(6) 
0.3766(7) 
0.4777(6) 

Z 

0.8716(4) 
0.583(2) 
0.551(8) 
0.455(2) 
0.761(2) 
0.947(2) 
0.923(2) 
1.081(2) 

~~ ~ ~ 

Bqla A2 
2.6( 1) 
1.7(5) 
3(1) 
0.1(2) 
OS(2) 
0.3(2) 
0.3(2) 
0.4(2) 

a Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as B ,  = (4/3) [a2Bll + b2B22 
+ C2B33 + ab(cos y)B12 + ac(cos B ) B I ~  + bc(cos a)&]. 

I \  
i 

m a 

300 400 500 600 700 800 
1 I 1 

300 400 500 600 700 800 

300 400 so0 600 7 0 0  

I (nm) 
Figure 1. Typical UV/vis spectra of a-(PhqP)2[Tl2(S&] in (A) DMF 
solution and (B) acetonitrile solution. 

cm-I, [Cu2S20I4- l7  at 484 and 456 cm-l, and [Bi&I2- 24 at 500, 

(22) (a) Strasdeit, H.; Krebs, B.; Henkel, G. Inorg. Chim. Acto 1984, 89, 
L1-L13. (b) Coucouvanis, D.; Swenson, D.; Stremple, P.; Baenziger, 
N. C. J. Am. Chem. SOC. 1979, 101, 3392-3394. 

(23) Muller, A.; Schmitz, K.; Krickemeyer, E.; Penk, M.; Bogge, H. Angew. 
Chem., Int. Ed.  Engl. 1986, 25, 453-454. 

(24) Muller, A.; Zimmermann, M.; BBgge, H. Angew. Chem. In?. Ed.  Engl. 

(25) (a) Muller, A.; Krickemeyer, E.; Zimmermann, M.; Romer, M.; BBgge, 
H.; Penk, M.; Schmitz, K. Inorg. Chem. Acta 1984, 90, L69-L71. (b) 
MBller, A.; Rdmer, M.; Bogge, H.; Krickemeyer, E.; Baumann, F.-W.; 
Schmitz, K. Inorg. Chem. Acta 1984, 89, L7-L8. 

(26) (a) Kanatzidis, M. G.; Huang, S.-P. Inorg. Chem. 1989,28,4667-4669. 
(b) Huang, S.-P.;Kanatzidis, M. G. Inorg. Chem. 1991,30,3572-3575. 

1986, 25, 273-274. 

470 405 340 275 210 145 80 

WAVENUMBER 
Figure 2. Far-IR spectra (CsI pellet) of (A) a-(Ph4P)~[Tlz(S4)~], (B) 
@- and B ' - ( P ~ ~ P ) ~ [ T ~ z ( S ~ ) ~ ] . ~ D M F  and (C) y-(PhaP)z[T12(S4)2].DMF. 

I 
600 535 470 405 340 275 210 145 

WAVENUMBER 

465,456, and 448 cm-I. An additional strong band around 257 
cm-I is observed in all Tl+/Sx2- complexes. This is a possible 
candidate for the T I S  stretching frequency. The  three strong 
absorptions in 11,111, and VI around 400,350, and 3 17 cm-I are 
due to the DMF molecules in the crystal lattice. 

Our  initial attempts to make a T13+ polysulfide complex 
analogous to the thallium polyselenide, [T13Se3(Se&l3- * were 
unsuccessful. In the Tlf/Sex2- system, we had observed two 
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Table XI. Frequencies (cm-I) of the Spectral Absorptions of I-VI1 

Dhingra and Kanatzidis 

frequencies, cm-I complexes 

TI(1‘ )  

Figure 4. ORTEP representation of two views of the [T12(S4)2I2- anion 
in I with labeling scheme. 

electron oxidation of T1+ to T13+. Thus far, we have not 
encountered any T1+ polyselenide complexes but the results 
reported here show that redox chemistry is not favorable with the 
polysulfide ligands. This sharp contrast in Sx2-vs. Sex2- chemistry 
bears considerable resemblance to the Au/Sex2- system which 
also displays Au+/Au3+ behavior with Sex2- but not with Sx2-. In 
the gold system, only short Sex2- chains (e.g. x I 3) stabilize Au+ 
c~mplexes .~~-~*  

Description of the Structures 
Structure of U - ( P ~ ~ P ) ~ [ T I Z ( S ~ ) Z ]  (I). Figure 4 shows the 

structure of the [T12(S4)~]~- anion in I. The anion is assembled 
from two TIS4 five-membered rings. It features two trigonal 
pyramidal T1+ centers each chelated by a tetrasulfide ligand, and 
the third coordination site is satisfied by coordination to one of 
the terminal sulfur atom of another TlS4 unit, forming a dimer. 
This bonding mode of the S42- ligands results in a condensed 
inorganic ring system with a central, strictly planar, four- 
membered T12S2 ring and two five-membered rings of TIS4. The 
Tl& rhombus, has a center of inversion halfway between the 
T1- -T1 vector (4.047A). It is in approximately a squaregeometry 
with slightly longer TlS(4)  bond distances of 2.981(3) and 
2.944(3) A (averageT1-S bond is 2.926 A in I and S(4)-Tl-S(4) 

(27) Janiak, C.; Hoffmann, R. J .  Am. Chem. Soc. 1990, 112, 5924-5946. 
(28) Marback, G.; Striihle, J .  Angew. Chem., Inr.  Ed. Engl. 1984, 23, 246. 

(b) Muller, A.; Rdmer, M.; Bagge, H.; Krickemeyer, E.; Schmitz, K. 
Inorg. Chem. Acta 1984, 85, L39-L41. 

(29) Kanatzidis, M. G. Chem. Mater. 1990, 2, 353-363. 

254 (m) 167 (w) 150 (w) 
401 (m) 347 (s) 318 (s) 292 (s) 257 (s) 194 (w) 140 (w) 
396 (w) 350 (s) 316 (m) 259 (s) 210 (m) 171 (s) 155 (s) 
445 (w) 417 (w) 257 (s) 246 (w) 202 (m) 147 (w) 
454 (w) 432 (w) 266 (w) 254 (m) 246 (s) 200 (w) 
474 (w) 447 (w) 267 (m) 257 (m) 238 (w) 184 (m) 

and TlS(4)-Tl angles of 93.84(7) and 86.16(7)O, respectively. 
The chelating S42- ligands adopt an envelope configuration. In 
the five-membered TIS4 metallacycle, the TIS( 1)S(3)S(4) atoms 
lie on a least-squares plane and do not deviate more than 0.084 
A; the S(2) atom is tipped away from the central four membered 
T12S2 ring. The overall geometry of the [T12(S4)2I2- anion could 
thus be considered as two metallocyclic “chairs” fused together 
along their square “backs”. Selected bond distances and angles 
for the anion in I are given in Table XII. The position of the S(2) 
atoms results in a so-called chair-chair conformation for the 
[T12(S4)#- anion. 

Structure of B-(PW)$I’ IZ(S~)Z~~DMF (II). The [T12(S4)2] 2- 

anion in I1 is similar to that in I, and it is shown in Figure 5 .  The 
difference between these two anions lies in their conformation. 
The central T12S2 rhombus in this anion is almost in a square 
geometry with slightly longer TlS(4)  bond distances of 2.90( 1) 
and 2.95( 1) A (average T I S  bond is 2.90 A in I and S(4)-T1- 
S(4‘) and TlS(4)-TI’ angles of 89.2(3)” and 90.8(3)O, respec- 
tively. The chelating Sd2- ligands adopt an envelopeconfiguration 
in the five-membered TIS4 ring with TIS( 1)S(3)S(4) atoms lying 
on a least-squares plane and do not deviate more than 0.069 A. 
However, the S(2) atom is tipped toward the central four 
membered ring by 1.138 A. The position of theS(2) atoms results 
in the so-called boat, boat conformation for the [T12(S4)2I2- anion 
in 11. The overall geometry of the [T12(S&I2- anion could be 
thus considered as two metallocyclic “boats” fused together along 
their square “backs”. A comparison of some selected bond 
distances and angles for the anion in I1 are given in Table XII. 
Due to crystal decay during the singlecrystal X-ray data collection 
the standard deviations on the bond distances and angles are 
high. I1 has two noninteracting DMF molecules cocrystallized 
in the crystal lattice. 

Structure of E’-(PbP)$I’lz(S&].2DMF (III). The anion of 
I11 is identical to that of 11, as the twocompoundsareisostructural. 
A comparison of some selected bond distances and angles for the 
anion in I11 are given in Table XII. The only reason this compound 
is differentiated here from I1 is its different color. 

Structure of ~ - ( P W ) ~ T I Z ( S ~ ) Z ] . ~ D M F  (IV). The anion 
moiety of IV is similar to that of I1 as it contains a similar structural 
unit as [T12(S4)2I2- in the same boat, boat conformation. Figure 
6shows thestructureofthe [T12(S4)2I2-anionin IV. Thechelating 
Sd2- ligands adopt an envelope configuration in the five-membered 
TIS4 ring with TlS(l)S(3)S(4) atoms lying on a least-squares 
plane and do not deviate more than 0.08 A, and the S(2) atom 
is tipped toward the central four-membered ring by 1.066 A. IV 
has one DMF molecule co-crystallized in the crystal lattice and 
is disordered as mentioned earlier. A comparison of some selected 
bond distances and angles for the anion in IV are given in Table 
XII. 

Structure of (Et4N)fllz(S4),] (V). The anion moiety of V is 
similar to that of I1 as it contains a similar structural unit as 
[Tl2(S4)2I2-and isalsoin thesame boat-boat conformation. Figure 
6 shows thestructureof the [Tl~(S4)2]~-anion inV. Thechelating 
S42- ligands adopt an envelope configuration in the five-membered 
T1S4 ring with TlS( 1)S(3)S(4) atoms lying on a least-squares 
plane and do not deviate more than 0.012 A, and the S(2) atom 
is tipped toward the central four membered ring by 1.091 A. A 
comparison of some selected bond distances and angles for the 
anion in V are given in Table XII. 
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Table W. Comparison of Selected Bond Distances (A) and Bond Angles (deg) of the [Tl~(S4)2]~- Anion in I-V with Standard Deviations Given 
in Parentheses 

I I1 I11 IV V 

4.168 4.381 4.204 

S( l ) -TIS(4)  
S( l)-TlS(4’) 
S(4)-TlS(4’) 
TIS(4)-TY 
T I S ( l ) S ( 2 )  
T I S  ( 4 ) s  (3) 
T I S ( 4 ’ ) S (  3’) 
s ( 1 ) ~ ( 2 ) ~ ( 3 )  
S ( 2 ) 4 3 ) 4 ( 4 )  

4.047 
2.852(2) 
2.98 l (3)  
2.944(3) 
2.926 
2.045 (4) 
2.044(4) 
2.084(4) 
2.058 

85.32(7) 
87.14(7) 
93.84(7) 
86.2(1) 
88.8(1) 
95.8(1) 

107.2( 1) 
106.4(2) 

100.0(1) 

4.17 
2.85(1) 
2.90(1) 
2.95(1) 
2.92 
2.05(2) 
2.03(2) 
2.03(2) 
2.032 

86.1(4) 
9 5 * 3 (4) 
89.2(3) 
90.8(3) 
92.4(5) 

102.9(5) 
89.8(5) 

107.3(7) 
106.5(7) 

Structure of (MedN)fllz(S4)~] (VI). The anion moiety of VI 
is similar to that of I as it contains a similar structural unit as 
[T12(S4)2I2- in the chair-chair conformation. The chelating Sd2- 

ligands adopt an envelope configuration in the five-membered 
TIS4 ring with TIS( 1)S(3)S(4) atoms lying on a least-squares 
plane and do not deviate more than 0.27 A, and the S(2) atom 
is tipped away from the central four-membered ring by 1.25 A. 
Due to the poor quality of this structure no meaningful metric 
parameters could be obtained. 

Structure of i(o.~Tll .&~ (W). VI1 is a three dimensional 
array of discrete Ss2- chains with T1+ and K+ ions (as shown in 
the packing diagram in Figure 7). The S52- chain has five 
covalently linked sulfur atoms in an unbranched and nonplanar, 
helical conformation. The anion possesses no crystallographic 
symmetry; however, it does have an approximate 2-fold symmetry, 
passing through the central S(3) atom bisecting the S(2)4(3)- 
S(4) angle, as shown in Figure 8. The polysulfide chain assumes 
a right-handed helix conformation with an average SSS angle 
of 108.1O. The T1+ and K+ ions have several contacts with the 
individual sulfur atoms of the chain, and it is observed that the 
closest contacts of ca. 3.2 8, occur between the terminal S atoms 
with their nearest neighboring cations. A comprehensive list of 
the bond distances and bond angles in the anion as well as the 
cationfanion contacts are compiled in Table XIII. 

Comparison of the Structures 

The [T12(S4)2I2- anion was found to crystallize in six different 
environments and in two different conformations. In a-(PhlP)z- 
[T12(S4)2] (I) and (Me4N)2[Tl~(S4)2] (VI) it prefers the chair- 
chair conformation and it is pale-orange to yellow in color. In 
~ - ( P ~ ~ P ) Z [ ~ Z ( S ~ ) Z I . ~ D M F  (II), ~’-(P~~P)Z[T~Z(S~)Z].DMF, (111) 
Y - ( P ~ ~ P ) ~ [ T ~ Z ( S ~ ) Z I . D M F  ( W ,  and ( E ~ ~ N ) z [ T ~ z ( S ~ ) ~ I  (V) it 
adopts the boat-boat conformation and it appears orange to dark 
orange. There appears to be a mild correlation between color 
and conformation, but there seems to be no correlation between 
the TI-TI distances in these dimers and their respective confor- 
mations. TheTl-Tldistancein the a-form is the shortest 4.047( 1) 
A while it is the longest in the Et4N+ salt at 4.381(1) A. This 
short distance is also reflected in the T14(4)-Tl’ angle which is 
only 86.2(1)O in the a-form while it opens up to 96.95(8)O in the 
Et4N+ salt. Thus the origin of the different colors remains, at 
this stage, a mystery. 

The structures of compounds I-VI suggest that in the solid 
state the [Tl&34)212- anion has considerable stability, as it 
crystallizes in six different crystal morphologies depending on 

2.860( 1) 
2.917(1) 
2.940( 1) 
2.906 
2.028(2) 
2.055(2) 
2.039(2) 
2.041 

86.13(3) 
95.03(3) 
89.25(3) 
90.75(3) 
92.42(5) 

90.04(5) 
102.3(1) 

106.9(1) 
1 0 6 3  1) 

2.840(3) 
2.942(3) 
2.909(3) 
2.897 
2.053(4) 
2.048(4) 
2.065(3) 
2.055 

84.30(7) 
89.91(7) 
8 3.05 (8) 
96.95(8) 

100.3(1) 
103.8( 1) 
94.4( 1) 

105.6(2) 
105.6( 1) 

2.903(5) 
2.943(4) 
2.914(3) 
2.920 
2.040(5) 
2.056(4) 
2.066(5) 
2.054 

82.8( 1) 
90.4(1) 
88.3( 1) 
91.7(1) 
98.8(2) 

106.1 (2) 
91 . l (  1) 

106.3(2) 
105.3(2) 

T 

Figure 5. ORTEP representation of the [T12(S4)2]2- 
B’-(P~~P)~[T~Z(S~)~].~DMF with labeling scheme. 

S ( 4 )  

anion in 4- and 

the conformation of the anion, the extent of solvent in the crystal 
lattice, and the countercation employed. This was a little 
surprising at first, as often the monovalent metals have exhibited 
a rich structural diversity with polychalcogenide ligands e.g. 
C U / S , ~ - , ~ ~  Ag/S,2-,25,AgfSe,2-.16 and Au/SeX2- 26 systems.The 
stability of the [T12(S4)2I2- anion can be rationalized if we ascribe 
the T1+ a tetrahedral coordination environment, comprising of 
three sulfur atoms and the inert electron pair. The inert electron 
pair dictates this molecular arrangement as in this overall geometry 
of the anion the lone pair of the two T1+ are the farthest apart. 
The long T1-TI distances in these complexes (4.047(1) A being 
the shortest) rule out any dlO-d10  interaction^.^' In fact, any 
other structural modification would be hindered due to the 
Coulombic repulsions from the electron pair which are rather 
diffused in space. The influence of the inert electron pair on the 
structure of the anion is also evident through the inspection of 
the S-TIS angles, which are ca. 88.4O (see Table XII). This 
effect is consistent with the predictions based on the valence shell 
electron pair repulsion (VSEPR) theory. 

The coupling mode of the two five-membered T1S4 rings in the 
[T12(S4)2I2- anion resembles that of [Re2(C0)6(Q4)2I2- (Q = 
S30a, Se30b) and [Mn2(C0)6(Se4)2]2-.1C Thesecompounds contain 
two Qd2- ligands (Q = S, Se) bridging as well as chelating the 

(30) (a) Hor, T. S. A.; Wagner, B.; Beck, W. Organometallics 1990,9,2183- 
2185. (b) O”ea1,S. C.;Pennington, W. T.;Kolis, J. W. Can.J. Chem. 
1989, 67, 1980-1983. 
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'L 

Figure 6. ORTEP representation of the [T12(S&l2- anion (A) in 
y-(Ph4P)2[Tl2(S4)2]-DMF and (B) in ( E ~ ~ N ) I [ T I ~ ( S ~ ) ~ ]  with labeling 
scheme. 

S ( 4 )  

W 
S(2) 

Figure 7. ORTEP representation of the Ss2- anion in &.68T11.3& with 
labeling scheme. 

two Re and Mn atoms. If we omit the three CO ligands the 
structures are very similar to the [Tl2(S&l2- anion with the 
[Rez(S4)2]2- fragment adopting the boat-boat conformation, 
whereas [Re2(Se4)2]2- and [Mn2(Se4)2I2- adopt the chair-chair 
conformation. The [Tl2(S4)2]2-anionalsobearscloseresemblance 
to [Ag2(SS)2]2-q25 which consists of two Ss2- ligands bridging and 
chelating symmetrically the two trigonal planar Ag+ atoms. To 
the best of our knowledge complexes I-VI are the first molecular 
thallium polysulfides known to date. 

The structure of VI1 is isotypic to a number of compounds 
such as K2S5,I9 T12Ss120 Rb2S5,31 and C S Z S ~ . ~ ~  The most 
noteworthydifference between thiscompound and the [T12(S4)2I2- 
anion is the significantly longer T I S  bonds in the former. This 
derives from the considerably lower degree of covalent bonding 
in VI1 than is present in the [T12(S4)2]2- anions. In fact, the T 1 S  
bonds in VI1 can be mostly described as ionic. Unlike in 
[T12(S4)2I2-, T1+ in VI1 does not display a stereochemically active 
s2 lone pair, but it behaves more like an alkali-metal ion. The 
right-handed helical conformation of the S52- anion has been 
observed in all the isotypic compounds and in various other 
~ 

(31) Bbttcher, P. 2. Kristallogr. 1979, 150, 65-13. 
(32) Bbttcher, P.; Kruse, K.  J .  Less-Common Met. 1982, 83, 115. 

Figure 8. ORTEP representation of the unit cell of &.68T11,3& 

Table XIII. Selected Bond Distances (A) and Bond Angles (dcg) 
for &.68Tl1.3& (VII) with Standard Deviations Given in Parentheses 

3.43(1) 
3.30(1) 
3.37(1) 
3.28( 1) 
3.39( 1) 
3.20( 1) 
3.47(1) 
3.22(1) 
3.15(2) 
3.23 (2) 
3.44(2) 
3.858(4) 
3.90(2) 
3.94(2) 

68.86 
73.16 

3.41(2) 
3.34(1) 
3.37(1) 
3.47( 1) 
3.30(5) 
3.40(6) 
3.25(6) 
3.49(6) 
3.19(5) 
3.39( 6) 
3.23(5) 
3.87( 6) 
3.74(6) 
4.83(8) 

polysulfide chain lengths e.g. S62-,33 S72-,34 and S S ~ - . ~ ~  It has 
been suggested by H ~ r d v i k ~ ~  that the SS bond lengths vary 
according to the dihedral angle, being a maximum (ca. 2.10 A) 
for a cis planar disulfide and a minimum (ca. 2.03 A) when the 
dihedral angle is 90°. Our results agree with the expected values 
for the SS bonds ca. 2.07 A for a dihedral angles ca. 70°. 
However, we do not see any significant shortening of the terminal 
S S  bonds as observed in the K2S5 structure but found a rather 
high standard deviation in the bond distances and angles, similar 
to those observed in the Tl2Ss structure. 

(33) (a) Teller, R. G.; Krause, L. J.; Haushaltcr, R. C. Inorg. Chem. 1983, 
22, 1809-18 12. (b) BBttcher, P.; Buchkremer-Hermanns, H.; Baron, 
J. Z .  Nafurforsch. 1984, 39B, 416. (c) mttcher, P.; Flamm, W. Z .  
Naturforsch. 1986, 418,  405. 

(34) (a) Kanatzidis, M. G.; Baenziger, N. C.; Coucouvanis, D. Inorg. Chem. 
1983,22,290-292. (b) Mttcher, P.; Flamm, W. 2. Naturforsch. 1986, 
41B, 1OOO. 

(35) Schliephake, A.; Fallius, H.; Buchkremer-Hermanns, H.; Bbttcher, P. 
2. Naturforsch. 1988, 438,  21. 

(36) Hordvik, A. Acta Chem. Scand. 1966, 20, 1885. 



Thallium Polysulfides 

In summary, the reactions of the tetrasulfide anion, S42-, with 
T1+ in the presence of different quaternary phosphonium or 
quaternary ammonium cations in DMF, affords several new 
compounds: (Y-(P~~P)Z[TI~(S~)Z],  B-(P~~P)z[T~~(S~)~].~DMF, 8’- 
(Ph4P)z[Tlz(S4)2].2DMF, ~ - ( P ~ ~ P ) ~ [ T ~ ~ ( S ~ ) Z ] . D M F ,  
(Et4N)z[T12(S4)2], and (Me4N)~[Tlz(S4)2] all of which contain 
the [Tlz(S4)2I2-anion inoneof twodifferent conformations: chair- 
chair for I and VI and boat-boat for the rest. The influence of 
the inert electron pair of the T1+ on the structure is profound. The 
[T12(S&lZ- does not retain its structural integrity in polar solvents 
such DMF and CH3CN. This study has indicated that the T1+ 
does not posses sufficient reducing power to reduce polysulfides, 
and thus the Tl/Sx2- chemistry does not parallel that of the 
Tl/SexZ- chemistry, which favors T13+ chemistry. The reaction 
of thallium chloride and potassium tetrasulfide in acetonitrile 
afforded &.68Tl1,32S~, a solid solution of KzSs and T12S5. 
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