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ABSTRACT 

The sOpdy of the behavio~of th~ chalcogen ~lements . , 

sulfur, selenium and tell~rium with the strong lewis acids 

SbFS and AsF S in, S0'2 solution has been continued., A large 

number oT new salts of .polyatomjc cations of the chalcogens 

have been prepared and characteri zed- by thei t X-ray crystal 

st-ructiJres" namely (Te 2Se S )(AsF 6) 2' (Te 4 .SSe S • S) (A-sF 6)2' 

(Te2Se6)(Te2SeS)(AsF6)4(S02)2' (Te6)(SeS)(AsF6~6(S02)' 

(Te 2Se 4 )(SbF 6 )2' '(Te2'.7s,e3.3)(SbF6)~' (~3.4se2.6HsbF6)2' 

(T~2Se4)(Sb3F14)(SbF6)' (Te2.1Se3.9)(SbF6)2 and' 
,. 

(S3.6Sel.-oJ2(Sb4F17)(SbF6)3. Many of the cat,~,o~s in these 

c~~pounds, those with non-integral subscripts, possess o~cu­

pational disorder with some or an of the c.ation s'ites 

partially occupied 

·pr.eviously- known, 

by two 7fferent chalcogen elements. The 

but incompletely churacterized compounds 

(Te2Se2~(Sb3F14)(SbF;; and (Te3.0Sel.O)(Sb3F14)(SbF6) were.i. 

reprepared from stciichiometric reactions and their 

tions. confirmed by 77Se and 12STe NMR spectroscopy 

crystallography. The new compoul!..ds (Te 3S3 )(SbF 6 )2' 
. ... 

c~Si­

and x->ay 
• 

(Te 2SeS )(SbF 6 )2 and (Te 2SeS )(SbF 6 )2'(S02) were prepared and . 

were found to be isomorphous with thet'~ '--;h'exafluo'r9arsenate 
:! 

analogues. 
. 2+ 

The new Te 2Se 6 cation, which co-cristallizes with 

2+ Te 2Se S in the compound (Te2Se6)(Te2SeS)(AsF6)4(S02)2' has 
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a n~vel cube-lik~ str~cture, from .... 2+ 2+ that of Ss and SeS the known of, hom~polyatomic cations 

The Te 2se 6
2+ st~u~ture is the same average oxidation s.ta;te. 

I 

compared with the structures of the otherpolyatomic cations 
, . 

3- 3 - . ' 12 S 
and with the Plllt> and, AS ll anions. Selenium-77 and, Te 

NMR studies indi"cate 'that the Te 2se6
2+ and ses

2+ cations 

retain 
, 2+ 
Te 2Se 6 
AA'X and 

their str~ctures in sol'ution. The spectra for ~ 

sample enriched 
\ ' 

AA'XX' satellite 

../ 

to '77.3'1. in ,1'2S Te ,are domi,nateifby 

subspectra. The compound 

(S3.6Sel.0)2(Sb4FI7)(SbF6)3 provides the first example of a 

m\xed Se-S cation as well as the only example of the mixed-
.... 

. vale~ce, ',Sb(III)-Sb(V), Sb 4F17 - anion.' The orientations of 
" Q 

'seconda(y bo~~s to Sb(III) atoms in the Sb 4F17 and Sb 3F14 

anions and ,to divalent and tri.valent chalcogen atoms of the 

cations are'described. These secondary bonds form in direc­

tions that cap faces or bridge edges of ~~IYhedra d~fined by 

the primary bonds and lone pairs of electrons. Unit cell 

~umes for the known structures of the polyatomic cations 

are compared to determine effective volu~es,for the ASF 6-, 

SbF 6- and Sb 3F14
r ,anions and the S, Se and Te atoms. These .. 

volumes have some predictive value in determining the compo-

sition of unknown compounds ,o,fknown cell volume. Selen­

ium-77 and 12S Te NMR data are presented for many of the 

cations, 

u reme'rit s 

• 

including ~yin-lattice relaxation time (T l ) 

for· the'S Se4 2+ cations. x -x 
Several new salts of MX + 

3" 

v 

cations (M = S, 

meas-
\ 

Se, Te; 



• 
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1 
X = F, Cl, Br, I) w~re prepared and crystal structures were 

determined for the compounds (TeC1 3 )(A1C1 4 ) - triclinic, 

(teC!3)(ASF 6 ), (TeC1 3 )(SbF 6 ) and (TeF 3 )2(S04)' The geomet-

,,,ries of t,hese and other MX/ cations are c~mpared with each 

other ,arid, with the isoelectronic neutral ,molecule1iol< Trends 

are expl ai ne'd ion terms of VSEPR 'arguments and the strengths 

uf anion-c~tj6n interactions {secondary bonds). The 19 F , 
. ' 

77Se 'and ,12S Te + + • " NMR spectra of the SeF 3 and TeF 3 ' catlons 

were 'recorded and the re'lluced den'sity M-F coupl i n9 constants 

com~,ared and related to the probable geometries of the 

cations jn solution. " '\ ' . ~ t 

Solutions of the mixed F/OTeF S ,compounds 

TeF (oT'E!'F'&:)4 ' and [.}eF (OfeF S )3 ]+[AsF (OTeFst6 r were x -.. -x . x -x y -y 

prepared and charact·erized by 12S Te NMRspectros'Copy. 
, , 

Trends in the 19F_12STeIIV), 19 F_12S Te (VI) and 12S Te (IV)_ 
,A 

12St~(VI) scalar spin-spin coupling constadts ar~ explained 

in terms of the, greater ionic character of the Te--F bond 

compared to the Te--OTeF S bond. ,The As(OTeF
S

)6- anion was 

of sufficiently high symmetry 'for 7S As NMR spectra to be 

recorded in CH 3CN and S02 sol venti. The activation energy 

for Berry pseudorotation in Te(OTeF S )4 was determlned' fro~ 

vari,able temperature 19 F and 12S Te NMR measurements; 
~ 
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Tellurium was reported to produce a red solution 

with sulfuric acid as early as 1798 (1). Selenium and 

sulfur similarly were reported to produce colored solutions 

when ~i~solved in oleum (2, 3). rh~ nature of the speci~s 
producing these colors was unknown until fifteen years ago, 

'. 

however, when conductimetric and cryoscopic measurements 

indicated 

in Professor Gillespie's laboratory at McMaster 
. . ( 

that the colors were produced by pos.itivelY-Ch~rg\_,_,/ 

performed 

ed aggregates of chalcogen 

such as Te 4
2+ and se 8

2+. 

atoms, that,..is poly'atomic cations 
. 

At about the same time, Corbett 

and coworkers identified polyatomic cations of selenium and 

tellurium from phase diagram studies of the systems 

se-(SeC14~4A1C13) and !e-(TeC1 4-4A1C1 3 ) (4) J~d Bjerrum and 

Smith ~cluded that polycat.ions of tellurium were formed 'in 

reactions of tellurium with TeC1 4 in molten A1C1 3-NaCl (5, 

6). These early developments have been discussed in some 
J, 

detail in several re~w articles (7, '8, 9). 

The fortunate crystallization of Se 4 (HS 207 )2 from a 

solution of selenium in oleum allowed for the first X-ray 

crystal structure determination of one ~f these polyatomic 

cations and confirmed the square-planar geometry of se 4
2+ 

(10, 11). A short time later several other crystalline 

compounds were'isolated from A1C1 3 melts (12, 13), but the 

vast majority of compounds have been isolated as AsF 6 or 

'SbF 6 salts from S02 solution. All of the salts of the 

polyatomic cations that have been characterized by X-ray 
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crystallography pri or to, the present work, or by other 

research groups during this work, are listed in Table 1.1. 

A polyatomic cation of oxygen, has also been isolated 

as PtF 6-, ASF 6-, 5~F6~' PF 6 and ~F4- salts (7). 

The polyatomic cations are highly electrophilic, 

hence the need for 1 a rge anions such as, 50 3F-, A1C1 4 
- and 

5bF6 - which the , are ve ry weak conjugate bases of. very 

strong acids, and solvents of very low basicity such as 

H50 3 F, 5°2 or AsF 3 • None of the cations are stable, in 

aqueous media or even if exposed to moist air since dfspro: 

portionation~ occur, as in reaction 1.1. 

2 5 2+ 6 H ° e4 + 2 1.1 

The structures of these polyatomic cations provide ., 

us with important basic information on the nature of' the 
. .,. 

bonding in compounds. of-the main-group elements. Relation-

shi~s between these structures and a few basic cluster ,..,. 
'shapes have been developed by Gillespie (9). Comparisons of 

these relatively electron-rich compounds with the transition 

metal clusters ~nd the electron-deficient boranes have 'also 

been made. (9). 

The objective of.the present wo~k was to prepare new 

polyatomic cations of th'e chalcogen element~ a-nd to deter-

• 

mine their st~uctures so that a more comprehensive structur-. 

al model ~ith greater predictive value could be developed . 

The preparation of mixed, or heteropolyatomic cations was of 
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•. particular interest since the homopolyatoMic cations had al-

ready been studied in great dep~h and/it was cl ear that new 

structural types could result from the mixed systems~ The. 
\ 2+ . Te 2Se4 cation, for example, has no isostructural homopoly-

at~mic M6 2+ analogue. Selenium-77 and 125 Te NMR ~pectros­

copy were used to examine the species in solution, ~hile 

. X-ray crystallography proved to be invaluable in determining 

the solid-state structures of the new ~ompounds. 
. + + . 
A few TeC1 36 and TeF 3 .salts were isolated as bypro-

• ducts in reactions designed to prepare new chalcogenpolyat­

omic cations; Salts of these MX 3+ cations (M = S, Se, Te; 

X = F, Cl, Br, I) were of interest in terms of both the cat­
. ; 

ion geometry and the strong interactions between the anions 

and cations in the structures. Several additional salts ~ere 

prepared to further investigate these features. The 19 F, 
77 125 + + Se and Te NMR spectfa of the SeF3 and TeF3 cations 

were recorded .'.to.de.termine if trel)ds in the' ca'tion geometry 

observed in .the soJHl·state could also be observed insolu­

tion. A number of Te(IV) F/OTeF 5 derivatives were also ex­

amined in solution utilizing 19 F and 125Te NMR sp~ct!oscopy. 

These subje~ts are explored in more detail at the beginning 

of each chapter. 

• 
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Table 1.1 Salts of the Polyatomic Cations of the Chalcogens 
.Characterized by X-Ray Crystallography. 

M 2+ 
19 

M 2+ 
10 

M 2-+: 
S 

M 2+ 
6 

M 2+ 
4 

M 4+ 
6 

Compound 

SI9(AsF 6 )2 

SI9(SbF6 )2 

Se IO (AsF 6 )2 • 

Se IO (SbF 6 )2 

Te 2SeS(AsF 6J2 (S02) 

Te3.7Se6.3(AsF6)2 

SS(ASF 6)2 

SS(Sb 3FI4 )(SbF 6 ) 

SeS(A1C1 4 )2 

Te 3S3(AsF 6 )2 

Te 2Se 4(AsF 6)2 

T~2se4(SbF6)2a 

S4(AsF6 )2(S02)0.6 

S4(S7 Br )4(AsF 6 )6 

S4(S7 1)4(AsF6 )6 

,Se4 (HS 207 )2 

Ref. 

(14 ) 

(15) 

( 16 ) 

( 16 ) 

(17) , 

( 17) 

(IS) 

(19 ) 

( 12) 

( 2 0) 

( 21 ) 

(20) 

(22 ) 

(22) 

(22 ) 

(10, 11) 

Se 4 (A1C1 4 )2 (23) 

se4(Sb9~39) (23) 

Te 4 (SbF 6)2 (23) 

Te 4 (A1C1 4 )2 (13) 

Te 4(A1 2Cl'7)2 (13) 
b Te2Se2(Sb3FI4)(SbF6) (24) 

b 
Te3.3SeO,7(Sb3F14)(SbF6) (24) 

Te 6(AsF 6)4(AsF 3 )2 

Te 6(AsF 6)4(S02)2 

(25, 26) 

(26 ) 

(a) Composition suspect - see chapter V. (b) Incompletely 
characterized pr~or to present work. 

5: ./ 

) 
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CHAPTER II 
EXPE RIMENTAL 



7. 

11.1 Preparation and Rurification of Hat~rials. 

Acetonftrile. CH 3CN (Caledon Laboratories) was tri~ly dis­

tilled onto and then stored over P4010 • .. 
Aluminum Trichloride. A1C1 3 (McArt~ur Chemical Co.) was 

vacuum sublimed (dynamic vacuum) at 380 K through ~ layer of 

aluminum pellets to remove any iron chlorides • 
. 

Antimony Pentachloride. SbC1 S .(J.T. Baker) was used direct-
.1 

1y from the bottle. 
• 

'. Antimony Pentaf1uorlde •. SbFS (Ozark~Mahoning) was distilled 
I 

under vacuum and stored in a.n F:".E.P. bottle in a dry box. 

Arsenic. Arsenic metal powder (A1fa Inorganics, 99.S%) was 

heated to 470 K under vacuum to remove arsenic()II) oxide by 

sublimation. 

Arsenic Trifluoride. AsF 3 was p·re·pared by direct fluorina­

tion of the metal at 77K in anicke'l can and ~he produc.~was 

stored in a nickel can .QYer sodium fluorige. An alternative 

ro~te from As 203, CaF 2 and H2S04 .was:,.also followed (27+.· 
. ',.,,,. 

Arsenic Pentaf1uoride. 
," ' .... '. . , 

After firs~preparing AsF 3 as des-

cribed above, a 10% excess of fluorine (for the production 

of ASF S) was added and the nickel can heated to 470 K over-.. 
night. The product was then cooled to 77·K and the excess 

fluorine pumped off ·through a soda lime trap. AsF S was 

stored ina nickel cylinder f.itted with an Aut'oc1ave valve 

(E n!ii nee rs+X nc .1.. 

Boron 

pared 

tris (Pentafluoroorthote11urate) •. B(OT.eF5)~ was pre­
) 

from BC1 3 (Matheson) and HOTeF S as previously drib-

• 
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ed (28). 
• 

Bromine. Bromine (Fisher Scientific Co.) was kindly sup-

pli~d by Dr. B.H. Christian. It"was stored over anhydro~s .. 
calcium chloride for 1 week and 'then distilled' obto and 

stored7.4010 • "" 

Chlorine. Chlorine (Canadian Liquid Air~ 99.51) was passed 

through sulfuric acid and P4010 suspended
r 
in, glass wool 

before use. 

Fluorine. Fluori~e (Matheson, 981) was passed t~rough 

sodium fluoride before use • 

Fluorosulfuric Acid .• HS0 3F (J.T. Baker Co.) which had been 
."' '- .. . " 

purified by standard procedures (29) "was kindly donated I:]y 
J 

." ,. 
Drs. J.E. Vekris and G.J. Schrobilgen •. .. 
"Heptasulfurt!!llurium dich~oride. S7TeCltwas pr:epared in 

~'-..---

scal ed,.down ·version of th"e publ i sh-ea procedure (3.0) • ... 
/ 

a 

Methylene Chloride. 
• 

CH 2Cl 2 (Fisher Scientific Co.) was 

stored over anhydrous calcium chloride for one week and then 

disti.lled onto and stored over P4010 • fJ' 

Pentafluoroorthot~lluric Acid. 'HOTeF S was prepared from 

telluric acid (BOH) and HS0 3F by standard procedures ~140). 

PhosJ)horus Pentoxide •. P4010 (British Drug House) was used 

directly from the bottle. 

Sodium Fluoride. NaF (J.T. Baker) ~as dried under vacuum at 

420 Kfor 48 h before use. 

Sulfur, Selenium and Tellurium. Sulfur (BOH), selenium 

" 
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(Koch-Light Laboratories Ltd., 99.95%) and tellurium (Koch-

1Li9ht Laboratories Ltd., 99.7%) were dried under vacuum at 
~ 

room temperature overnight before u~e • 
i 

Sulfur Dioxide. S02 (Canadian liquip Air) waos stored o'ver 

P4010 for at least 24 h before use. 

Hexafluoroarsenate Salts of Sulfur Polyat~micc Cations. 

S19(AsF 6}2' .SS(ASF 6)2 and S4(ASF 6 }2 were prepared using 

standard .procedures (14, IS, 22). S4(ASF 6}2 was pumped 

under vacuum ov~rhight at room,temperature to remove 'SO 2 

initially trapped in the lattice and stored in the dark at 

250 K •. 

Sulfuric Acid. 100% H2S04 was prepared from 96% H2S04 and 

30% oleum (Fisher Scientific Co.) followi~g the previously 

established procedure (301). 

Sulfuryl Chlorofluoride. SO'2C1F (Columbia Organic Chemicals 

Ltd.) was distilled onto crude SbF 5 to remove S02 impurity 

before distilling onto and storing over NaF. 

Tellurium Tetrachloride. I TeC1 4 was prepared by the reactlon 

of chlorine'gas with hot tellurium {33} • 

Tellurium Tetrafluoride. 'TeF4 was prepared by the method of 
" Lentz et ale (3~) and kindly supplied by Dr. G.J. 

Schrobil gen. 

11.2 General Experimental Technique. 

Manipulation of Materials. Mos~ of the compounds studied 

were moisture-sensitive and had to be handled in dry 
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- - nitrogen 

-,-,' -.- . ~. 

,:",. .... 
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atmosphere or under 

10 
I 

vacuum. Solids were 

transferred inside a glove box equipped with an evacuable 

port (S. Blickman). When not in use the box was 
• 

continuously flushed with nrtrogen·that ori.ginated as the 

boil-off of a liquid nitrogen tank and was subsequently 

passed through 

level was ca; 

~ dehumidifier (Lectrodryer). The mOistu~ 
0.1 ppm H20 or less.~ Gases,and liquids off 

high vapor pressure were tra.nsferred uSi.ng a calibrated 

Py rex vacuum 1 i ne fi ~ed wi th Rota fl 0 v,a 1 ves ",and a me rcu ry' 

manometer. Reactio~ vessels and reagent storage v~ssels 
'-

were attached to~ line using 1/4" o.d. Teflon unions 

(Swagelok) and Teflo~ valves (32). Other liquids were trans-. 
f~rred in a glove bag or ~ the glove box: ' 100% H2S0 4 was 

a transferred with Pasteur pipettes; 'SbC1 5 with.a glass syr~ 

inge e\uiJl"ped with' a long stainless ste~l needle; and SbF 5 
with an all-glass syringe with a 3 mm o.d. ,:glass'tube exten-, 
sion as the "needle". All glassware.wasd~ied before use in 

I 

an oven set at 450 K for at least one half-hour and/or under 

vacuum overnight. 

Reac(ion Vessels. A typi.cal react.ion vessel'is shown in 

figure ILL Bulbs A and B were both eq~ipped with 1/4" 

o.d. glass·tubtng for , 
flame-sealed ·after 

atfacpment t~e vacuum 1 i ne alTd were 

all the .reactants had.been transferred 

into the ve~sel. Rotaflo valves 0 and E and sidearm C were 
(' ' 

,t,ptional depending on the c;:omplexit.;Y of. th\ reaction. 

• 
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Reactions w~re generally carried out in bulb A"~ith " mixing 

of reagents accomplished with the magnetic stirring bar and 
," 

an externa'l magnetic;· stirrer. 
• 

After completion of the 

reaction th~,solution was filtered through a medidm porosity 

glass frit into bulb B and the products allowed to 

crystall ize. Crystallization was usually prompted by slow 

distillation of the solvent back into bulb A, accomplished 

by slowly dripping cold water onto bulb A. The remaining 

solution was then poured back into bulb A,. residual solvent 

distil)edoff of Hie product by' freezing bulb A .in 'liquid N2 ' 

_ and the product isolated by f1ame:..sea1ing. Several crops, of 

J 

" o 

crystais could be obtained by repeated f1 arne-seal i ng in 
. /' 

,segments of °sidearm C. If a crystalline product was suspec-

ted to tfaveS02 (solvent.) mo1ecu1~s inc"orporated in the 

lattice, the solution in ampoule A was 0601edto 24S K only 

in. a dry ice / acetone bath so that if pressure in the vessel 

was maintained 
"­

could still be 

, 
(just under 1 atmosphere) and the 1/4" tubing 

Rotaf10.va1ve D was required 

for reactions invo1~ing SbF S• The SbFS wa~ introduced into 
. ~ 

bulb' B with" valve D closed. The ves.se1 was weighed before 

and after this addition and quantities of the other reagents 
. I 

were then, based on the "weight of. SbFS and were transferred 

into bulb A. Va1v~ E.was required 1f the solvent or inso1-

ub1e reaction recovered. Sidearm C 

.could b
O

erep1aced with an NMR tube··to monitor ·the reaction 

solution • 

. '~ .. 

, 
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NHR Samples. Samples were pr~pared in 5 mm and 10 mm o.d. 

precision glass, round bottom NMR tubes (Wilmad) joined to 

1/4" o.d. standard wa'il tubing.' The appropriate solve 

either pipetted (100% H2S0 4 , oleum) or vacuum 

(ASF 3 , CH 3CN, S02' SO~C1F) onto the,solute before flame 
"-

sealing. Sampl~s from reaction mixtures were obtained using 

the apparatus as described above. R e.a c t ion s des i g ned • for 

NMR analysis only were performed using a scaled-down versioo 

of the apparatus in Figure 11.1 with bulb. B removed so that 

the solution was poured directly through the frit into an 

NMR tube. 

Crystal Hounting. Samples to be e.xamined by X-ray crystal-·~· 

lography were handled in a dry box equipped with a stereo- I 

scopic microscope (Bau~ch and Lom~). The crystals were 

manipulated under the microscope using an iridium wire probe 

and cut to size, if required, with a stainless steel SfalPel. 

With the aid of the probe they were placed inside 0.2 mm and 

0.3 mm o;d. Lindemann glass capillaries {Wolfgang Mueller). 

that had previously been dried under vacuum at 470 K for at. 

least three days. The crystals were pushed into the capil-

laries with thin glass fibres until wedged and the capillar­

ies sealed inside the dry box with a stainless steel wire 

that was heated until red hot by passing an electric current· 

through it. The capillaries were cut to size outSide the. 
. 

dry box with a micro torch • 

• 
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11.3 Instrumentation 

Laser Raman Spectroscopy.· The spectrometer was a Spex 

Industries Model 14018 double monochromator equipped· with 

1800'-grooves/mm Holographic gratings. An RCA C31034 

phototube detector in conjunction with a pulse count system 

consisting of pulse amplifier, analyzer and rate meter (Ham-

ner NA-11, NC-11 and N-780A respectively) and a .Texas In-

struments Model FSOZWBA strip-chart recorder were used to 

record the spectra. Two choices of exciting radiation were 
o 

available: the green 5145 A argon ion laser (Spectra-

Physics Model 164, adjustable to 900 mW, or a Coherent Model 
o 

Innova 90, giving up to 3.5 WI; and the red 6328 A helium-

neon laser (Spectra-Physics Model 125, with a fixed, pO,wer .of 

65 mW).Samples were run in their' reaction vessels (Pyrex 

glass) or in ~ylindrical Pyrex glass or F.E.P. tubes. The 

sample tubes ~ere mounted vertical'ly, at 45 0 to the incident 

laser beam and the Raman ~cattered radiation was 'observed at 

45° to the laser beam or 90° to the samp"le tube direction. 

Low temperature spectra were recorded at 77 K by submer~ing 

the sample in an unsilvered Pyrex glass Dewar filled, with 

liquid ni'tr'ilgen. S~mple tubes could be spun up to 1000 rpm 

by means of a Variac-controlled eleGtric motor. Slit widths 

depended on· t.he scattering efficiency of the' sample, laser 

power, 
• 5145 A, 

etc. ,with 

'1.8 cm- 1 
150 pm being tlpical (spectral band pass: 

o -1 6328 A, 1.2 cm ). The scanning rate was 
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169 cm- 1 

-1 -1 0.5 cm s • 

14 

All spectra were referenced to the 

band of Hg 2C1 2 (35) and Raman shifts quoted are 

estimated to be accurate to ± 2 cm- 1 • 

Nuclear Magn~tic Resonance Spectroscopy. Spectr~ were re­

corded using a Bruker WH-90 Spectrometer equipped with a 

Ni'tolet 1080 compu,ter and Bruker WM-250 and WM-400 Spectro-

meters equipped with Aspect 2000 computers. The 400 MHz 

spectra were recorded at the'South Western Ontario NMR 

Center, Guelph. Acetone d-6 was used to tune the shim coils 

in all cases· and as the low. temperature lock substance with 

the WH-90. Deuterated water was the room temperature lock 

substance in the latter case. Spectra were recorded unlock-

ed on the superconducting WM-250 and WM-400 instruments. 

Field drift was < 0.1 Hz/h on the WM-250 and somewhat larger 

-on the WM-400. For variable temperature measure~ents, samp-

les were allowed to equilibrate for at least 15 min after 

each temperature change and the temperature was monitored by 

placing a copper-constantan t~ermocouple within a genitron­

filled NMR tube into the sampling region of the probe. 

Temperatures were considered to be accur~te to within ± 1 K. 

Typical aquisition parameters arefo·und in Table ILL The 

pulse widths correspond to nuclide tip angles of approximate-
. 0 

ly 90. No relaxation delays were applied. Line broadening 

parameters used in exponential multiplication of the free 

induction decays were generally less than or equal to the 

data point resolutions. Flu 0 r i n e - 19 s p e c t r a w'e reo b t a i ned 



IS 

on the WM-2S0 in S mm o.d. sample tubes with a combination 

I H/19 F probe and a ffxed frequency transmitter, or in 10 mm 

o.d. sample tubes using the IH dec,.pupler cojls of a broad 

band probe retuned to 23S.361 MHz as the observe coils. All 
o . 

other nuclei were recorded in 10 ~m b.d. sample tubes, with 

the exception of 12S Te on the WH-90. The 125 Te probe on 

this instrument was not eq·uipped with an internal locking 

substance and 12S Te samp;e~ were run in 8 mm o.d. NMR tubes 

inside 10 mm o.d. NMR tubes with the~space between the tubes 

-filled with D20 for room temperature spectra or acetone-d6 

for low temperature spectra. 

X-Ray Crystallography. Prelimina""'precession photographs 

were' used to check crystal qual ity and to obta"in cell and 

symmetry i~formation. X-ray measurements were made on a 

Syntex P2 1 'or a Nicolet P3 diffractometer using graphite 

monochromatized MoK5<radiation ("A.= 0.71069 
o 
A) • Accurate 

unit cell dimensions for each compound were ,obtained by a 

least-squares fit of 29, wand X. for IS ,high-angl.e reflec­

tions. The X-ray crystallographic analysis ~as performed in 

coll~boration with Dr. J.F. Sawyer, who collected inten~ity 

--­'data for twelve of the compounds reported here and solved 

th;"rteen of the structures (see·Appendix). ORTEP drawings 

of the fjnished structures .are to the SO% probability level 

unless otherwise indicated. 



1/4· o.d. 

E 

magnetic 
stirring bar 

16 

c 

,neun!:: II.' A Typical reaction vessel. ) 

Table 11.1. Typical HHR Aqu1sttton Parameters. 

Nucleus F - 19 As - 75 Se-77 1e-125 

Fie I d (T) 5,8719 5.8719 9.3950 2.1139 5.8719 9.3950 2.1139 5.8719 9.3950 

Frequency (HHz) 235.361 42.83 68.52 11 .19 47.77 76.41 28.43 78.97 126.33 

Pulse width it' r 5 30 70 20 30 '0 20 20 20 

Receiver gain • 64 800 '00 

Oelay t fme (}I' ) 2 8 150 5 5 150 5 2 

Spectral width (K Itz ) 50 100 31 50 50 50 50 50 100 

Memory (' ) 32 32 8 16 32 16 16 16 16 

Resolution (Hz/,t) 3.0 6.1 7.6 6.1 3.0 6.1 ) 6.1 6.1 12.2 

Number of scans (K) 2 )0 20 300 100 10 )00 20 20 . :' 
Reference (ext. ) CFel) AsF 6 

- • sat'd aq H SeQ b. s.t'd T'(OH)6 
b 

2 3 a q. 

(. ) Saturated solution of NaAsF 6 In eH 3eH. 

(b) Conversions to chemical shirts (pplII) with resp'ect to neat HeZS.e and He 2le at 299 K are 
. I ... given by b(HeZSe] • 5[H25,03) , 1302.6 ,"d S[H'2Te} ·H~(OH)6) , 710.9. 
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111.1 Introduction. 
. 2+ 2+ 2+ 

~ Although no S10 or Te 10 salts are known, Se 10 

has b~en isolated as Se10 (A1C1 4)2' Se 10 (AsF 6 )2' Se 10 (SbF 6 )2 
, 2+ 

(16) and Se10(S03F)2 (36). The mixed Te2 Se 8 cation in 

Te 2Se 8 (AsF 6 )2(S02) is isostr~itural with se10
2+ (17). An­

other comp9und, Te 3 •7se 6 .i(AsF 6 )2 apparently contains~ a 
2+ disordered mixture of Te Se10 cations (17). In all x -x 

cases the cation has a bicyclo (4.2.2 de cane structure 

(Fig. 111.1). It can alternatively be thought of as a six-

membered, boat-shaped ring linked across the mid~le by a 

four-atom chain. This structure can be derived from 'the 

basic cuneane or pentagonal prism clusters by adding bridg­

ing atoms across' the edges and/or removing certain bonds 

(9, 16) • As the two thr~e-coocdinate positions must 

carry a formal positive charge, i-t is not surprising that 

they are occupied by the more electropositive tellurium 
, ' 

atoms in Te 2se 8
2+ (Fig. 111.1). 

The sole example of a cation of 10we~Verage oxida-
2+ , 2+ tion state than M10 1S S19 (14). Attempts to produce 

2+ the analogous Se19 cation or salts of S 2+ ( ex x > 10) have 
2+ produced only Se10 (16), although the results of a poten-

tiomet~3c and sp~ctrophotometric study' of'selenium in NaCl­

A1C1 3 melts have been interpreted as indicating the presence 
2+ 2+ . 

of the Se12 and ~e16 cations (37). Selenium-77 NMR 

studies also 'indicate a Se 2+ species where x > x ' 10 ' (see 

section 111.8). In many of the pre'parations described in 

\ - • 
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the following sections the reagent stoichiometries were such 

that they could, in principle, have produced mixed cations 

of average oxidation state < 0.2. In all cases, however, 

the resulting crystalline compounds contained only the M2+ 10 
cation. 

Using the procedure outlined in chapter II, 0.S002 g 

(6.33 mmol) Se and 0.1148 g (0.900 mmol) Te were. reacted 

with 0.243 g (1.43.mmol) AsF S in 2S mL of S02' The initial 

green solution turned brown after 1 h. The mixture was 

sti rred for 4 days and then r::.i 1 red' and left to stand for 1 

week. The resulting shiny b atk needles were separated from 

the solution and a subsequen X-ray crystal structure deter­

mination identified the compound as (Te 2Se8 )(AsF 6 )2 (Fig. 

IIL1). 

111.3 .Preparation of (7e4.SseS.S)(AsF6)2' 

Following the procedure outlined in chapter lI, 

• 

. . 

0.4804 g (6.08 mmol) Se and 0.7786 g (6.10 mmol) Te were -

combined with 0.607 g (3.S8 mmol) AsFS"in 40 mL of S02' The 

initial brown solution color persisted for the course of the, 

reaction. After 24 h of stirring a large quantity of dark 

brown powder had precipitated. Since the solubility of many 
\ 

of the salts of the polyatomic cations in S02 increases at 

depressed temperatures, i.e. the h~~t of solution isposi-
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tive, the reaction mixture was cooled in liquid N2 to just 

above the freezing point of the solution before filtering • • 

The solution bulb was placed in a dry ice/acetone bath, 

which was slowly warmed to 295 K ove~ a period of 4S h. The ,. 
resulting brown-black crystals ~nd powder were then isolated 

arid a subsequent X-ray crystal structure determination iden-

~ified the crystals as (Te4.5se5.5)(AsF6)2' These crystals 

are isomorphous with (Te3.7se6.3)(ASF6)2 (17) and the atomic 

coordinates of this latter compound were used in the initial 

refinement of the structure. The cation of these compounds 
• 

is occupationally disordered with several of the atomic 

sites occupied by both selenium and,~ellurium. 
, •••• 0.. ". 

11l.4 Preparation.of Te 2Ses(AsF6)ii(S02) -'Alternative Route. 

The published preparation 6f (Te 2Se S}(AsF6 )2(S02) 
• 

involves the reaction of elemental Te with SeS(AsF6i2 (17). 

In the present preparation elemental Te and Se are reacted 

with AsF 5 ' (compare reactions 111.1 ~nd 111.2). 

S02 I 
2Te + Ses (AsF 6)2 • Te 2Se S(AsF 6 )2(S02) II 1.1 

2Te + SSe '+ 3AsF 5 
S02 

~ Te2Se S(AsF 6)2(S02) + AsF 3 I II.2 

Following the procedure as outlined in chapter 1'1, 0.5114 g 
\ 

(6.4S mmol) Se and 0.20S0 g (1.63 mmo"p Te were reacted with 
. \ 

0.415 g (2.44 mmol) AsF 5 in 30 ~L of S~2' The initial green 
\ 

~olution turned deep brown after severa1 min. Stirring was 

continued for 96h before filtering the solution. Within 24h 

. -

j 
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a large number of dark brown. needle-like crystal s had 

formed. ' After pouring off the solvent it was observed that 
.... 

the crystal s turned a bright red color upon cooling in 

liquid N2, allowing a Raman spectrum to be recorded with the 
• red, He-Ne laser. Raman spectrum (77 'K, 6328 A, spinning 

sample, 'values are em-I. with relative intensities in paren-

theses): 80(22) , 87(22) , 106(32) ,1112(56), 122(16),. , 

130(11), 141(11), 192(32), 197(26), 204(sh), 208(100), 

217(13), 253(12), 280(37), 288(21), 340(6,br), 381(6). Pre-

cession photographs revealed that the crystals were 

111.5 Preparation of (Te 2Se8 )(SbF6 )2. 

Following ~he procedureQu~lined in chapter 'tI, t 

2.0256 g(25~65 mmol~ Se and 0.6572 g (5.15 mmol) Te were 

·reacted with 1.668 g {7.70 mmol) SbF 5 in 40 mL of S02. The 

initial green solution turned brown during the fir~t hour of 

stirring. After. heating at 330 K for12 h most of the 

product had pre~ipitated leaving a pale gre~n solution. The 

reaction mixture ~as th.n stirred ~t 295 K for a ~urther 

24 h, cooled in liquid N2 until close to the freezing point 

of the solution and filtered. A large number of shiny black 
,7 

needles f.ormedfrom this brown sol.ution during the following . 
24 h. These cr~slals w.re allowed to grow for 1 week before 

isolating them from'the soluti6n. Precession photo.graphs 

revea led that the were isomorphous with 

\ -
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(Te 2Se8)(AsF 6 )2 and their composition was then presumably 

(Te 2Se8)(SbF 6)2· 

on a Syntex P2 1 
describes the 

Accurate cell dimensions were determined 

diffractometer (Appendix). Reaction III.3 

reagent stoichiometry used·to prepare this 

compound 

pared in 

selenium 

as described above. (Te 2Se8 )(SbF 6 )2 was also pre­

a room temper~ reaction using considerably less 

(haction IV.5). 

2Te + lOSe + 3SbF 5 - (Te 2Se8 ) (SbF 6)2 + 2'Se + SbF 3 I I I. 3 

I II.6 Preparation of (Te2Se 8)(SbF 6 )2(SOi) 

Following the procedure as outlined in chapter II, 

Te (0.7515 g, 5.89 mmol), Se (1.3959 g, 17.68 mmol), and 

SbF 5 (1.916 g: 8.84 mmol) were c6mbined in 45 mL of . S02. 

The initial green solution ~urned dark brown within 1/2 h 

and large Q'Uantities of finely-divided brown p'recipitate 

formed. No further change was observed after 3 h of .tir-

ri ng • The solution 
f- , 

was th~n cooled to near its freezing 

point, fi ltered and allowe~Q..stand in a dry ice/acetone 

bath to slowly come to rOOm temperature. After· 48 h rthe 
, 

solution was poured Of,f~Ving a large quantity of 

Precession photographs~ of these needles 

brown 

crystals. and 

pl ates reveal ed' that they were. isomorphous with 

but . they were twi nne'd'and' accurate .. 
• 

cell 

When 

parameters were not determined on a diffractometer. r 
some of the crystals were dissolved in 100~'H2S04 th~ 
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·77 S, . MM. ,.L". ~ation 

111.7) and therefore thit comp~und was presumably 

(Te2SeS)(SbF6)2(SO~). ~ 
fII.7 Seleniu.-77 NHR of the Te 2ses

2+ cai~ 
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(section 

,When' (Te 2SeS)(AsF 6 )2 i.= d·issolved in 100% H2S04 the 
/ ~ 

resulting 7~e N!:R spec~rUJ!l./initiallY consis;y of f~ur re's-

onances of roughly equ~tensity. (Fig.( 111.2).' Since 

th~,re ,a~e' -four sepa~jele~ium environments ~n the solid- .' 

state ·struct.ure, each}ontainin g two selenium ato",- (Fig. ~ 

111.1), it would appear that the same struct~re is re~ined 

; in solu·tion. ~ere is a 

,spec;trum at -732":7 ppm. 

fifth'rmaller resonance in the 

Thisresonan~e became relatively 

, more intenlYe with time and has been assigned 
. ' 2+ 

to Te 2Se'6 
(section IV.5).: IN'umerous additioilCil resonances 

with time as Te 2ses
2+ is siowly oxidized in 100% H2S0 4 , 

S~lts of the Te 2ses
2+ cation' a~e wot SUfficiently'~oluble in 

, /' 
S02'" for a 77 Se NHR spectr":! to ~e. recorded and they, appear 

to'r.eact with 'ASF 3• The 77Se NMR spec:t;.~um of the resulting 

solution ,in ASF~ (Fig. 111.2) contains numerous signals' in 

-the, same r~gjon as thole observed in the 100% H2S04 solu-

t ion., 

cliange 

f;jut'of 
'.>!o '. , 

with 

different intensities~ 'This spectru~does not 

time and of the'major 

de'comp~ on products 

Te2~e62+ is again, one 

(see section IV.5)~ 
• ,.....-, . .. 

Selenium-77 N~R of the sXselO_x2·cation •. I 11.8 

When a 2:1 Se-S mi~ture was dissolved in 30% oleum 
.;. ') 

/ 
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, ..' 2+ 
th~ initial specles observed was Se 4 but over a period of 

5 weeks the se 4
2+ signal disappeared and the characteristic 

lines of se l0
2+ became dominant. The se l0

2+ spectrum con­

sists of two signals of intensity 4:1 {3S). At the· same 
" 

time a numbe r of other re'sonances appea red in the same 
~ 

region of the spectrum (Fig. II I .~) • 'The Se4 
2+ 

ses 
2+ and 

Se l0 
2+ catio"ns account for a 11 of the resonances that are 

observed upon dis~olving selenium alone in 30% oleum, except 

for a resonance at -511 ppm, Thi~ resonance is also obser-

ved as se l0
2+ disproportionates at low temperature in S02 

solution to se s
2+ and an ~known species of presumabiy lower 

average oxidatf"on state (3S). The positions ,of,the present 

resonances ~o not correspond ~o any of ~hese sp~cies. Since 

they are found in' the' same re,g.ion as' theSe10 2+,_ r'e-s'onil11ces, 
, 2+ 

these new resonances·probably result ~rom mixed :SxSel0_x 

cations. 

I II.9 

• 

Anion-Cati~n Interactions in H 2+ Structures. 10 
There are a number of anion-cation contacts, in 'the 

structures no~ed above that are signjficantly shorter than 

the sum of the van der Waals radii of fluorine and tellurium 

or fl~orine:and selenium (39) (F = ~.47; Se = 1.90, 
o 

Te = 2.06 A). Interactions such as these have b~en called 

"sec.ondary bonds" '(40). Tt:\,ey are common in compou'nds of the' 

main-group elements where/there are holes in the primary 

coordinatIon ,s~here of a given atom resulting from lone 

• 



.' 
• 

• 

.. 

, 

• 
.. J 

.. 

{ 
.... '1 

L___ ,. .) .'--__L 
a -200 -400' • -600 

H~ (ppm from H2Se03)--

----
FIGURE ~.3 Se-77 NMR sped'truIp of a 2:1 Se/S mixtu:Je in.30%oleum.(1.4551g Se; 

0.2985 g S; 5 g oleum) ~ afterA5 ~eeks at 295 K (17.19 MHz; 300,000 scans; 
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pairs .of electrons. Secondary bonds to this central atom, A, 

are assumed ti be nucleophilic in nature with the, ~emote 

atoms, Y, dQnating electron density into antibonding orbit-

al s associ atec;l with the' primary, A--X, bonds" (40). I n a, 

,rec~nt high-resolution X-ray diff.raction ,study of 

(CH3)2TeC12' the, observed electron density di~tribution 

supports this donor-acceptor model for the bonding betweoen 
, , 

telluriuJ.. and two chlorine atoms on adjacent molecules' (41, 

42) • 

The secondary 
• 

bonds in the M 2+ struct,ures 
10 (F i g • 

111.4) are'general'ly approximltely collinear wtth the A--X 

bonds. For divalent selenium (or mixed Se/Te) atoms the 

primary geometry is a tetrahedron, AX 2[2' where E is a lone~ 

pair. The addition of two sec,ondary.-bonds, trans, to the A--X 

bonds produces a bicapp,edtetrahedron AX 2Y2E2 (Fig, III.5). 

The arrangement of primary and secondary bond,s is planar. 

Examples wHh this geometry are Se(l), Se(3) and Se(5) 1 of • 
U Q 

Te 2Sea(AsF 6 )2 and Te(2) of Te4.5S~5.5(A~F6)2 (Fig. 111.4). 

Seve.ra'l of the divalent atoms', in the M 2+ structures have 10 , . 
additional secondary bonds that ~re trans t6 neither the 

primary bonds nor the lone'pairs. These are frequently in 

pOSitions which bridge the E~-E edge of ~he AX 2E2, tetrahed­

ron. Examples with this AX 2Y2 Y'E 2 geometry are Se(6) and 

Se(8) of Te2se~tAsF6);" Fig. III.4. The arrangement of weak 

cont~cts to divalent sulfur and selenium atoms has 'been dis-
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FIGURE III.4 Interionic contacts in a) Te2Se8(AsF6) 2 and b) Te4.5Se5.5(AsF6) 2. 
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cussed by Dunitz et al. (43) and Gillespie et al. (44, 45). 

For trivalent atoms with one lone pair the formation 

of 'secondary bonds trans to each of the primary bonds re-

sults in an AX 3Y3E monocapped octahedron 

. geometry is frequently observed for the 
, 2+ 

the MID st~uctures (see for example 

(Fig. 111.5). This 

bridgehead atoms of 

Fig. 

IIL6). The same is observed for many of the 

MS2+ (section IV.6) 

arrangement 
2+ and M6 salts .(section V.l). and is': very 

prominent in sa lts of the + MX 3 ,cat ions (chapter VII),; 

As was the 

bonds are 

~ase for the di!alent (toms, 

sometimes observed to these 

ho~ever, secondary 

bridgehead atoms in 

~dd~ti,on ~o those trans to the primary bonds. Atom Te(l) of 
, 

an (Te2$e6)(Te2SeS)(AsF6)4(SD2)2 has six sec~ry bonds in 

AX3Y3Y'iE arrangement where the primary'bonds a~d two sets 

of secondary bonds are perfectly staggered and ~he coordin­
,.. 

ated atoms liein three di,rtinct planes (Fig. III.l). A 

similaf arrangement is o~served for Te in (TeF 3)(Sb 2FII ) 
-. 

(46) except that the upper and lowermost sets of bonds are 

eclip~ed, resulting in a tricapped~al-pris~atic ar­

rangement of primary and secondary b~nds ~\ouf Te '~~th the 

lbne pair capping a triangular f~~e of the trigona~· prism 

(Fig.rril). Another way of visualizing this is toUln~ider' 
the slcon~ary bonds to be capping the faces and bri~ing the, 

'j 
edges of the tetrahedron defined by the three primary bonds 

and the lone pair (Fig. 111.5). Atoms F ( 4) , F(5) and F(6) 

\j a r,e face-capping while F ( 2) , , F(S) and F(13) are edge-

) 
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bridging in' (TeF 3 )(Sb2F11 ). For Te(l) of 

(Te4.SSeS.S)(ASF6)2' F(2), F(S) and F(6) are face-capping 

while F(4) is edge-bridging, giving an overall AX
3

Y
3

Y"E 

geometry (Fig. 111.4 and IlL8). The geometries of primary 

and secogdary bonds about analogous Sb(IIr) atoms have been 

discussed in some detail elsewhere (87). 

Another general feature of the anion-~ation contacts 

in the present structures is that there are more of them 

directed toward the three-coordinate, bridge-head positions 

of the cations wher~ the positive charges are formally 10-

cated. Thi sis consi stent with the nucle'ophi 1 ic nature of 

these interactions. 
) , -' 

1 < ( 

II 1.10 Comparls, on of H 2+ Structures. 10 
., 2+ 

Bond lengths of the Te xSe10 _x cation in the com-

. 
(Te4.SSeS.5)(AsF6)2 ,are compared with those from the p~bli~ 

shed structures of (Te~se-s) (AsF 6)2(S02) and, (Te 3 • 7Se 6 •3 )-

(ASF 6 )2 in Table 111.1. 

is a ~isordered mixtur~ of 

The cation in (Te4.SseS.S)(AsF6)2 

Te Se10 2+ cations. The distri-x -x 
-

bution of the tell urium ,and, selenium' atoJll~,.in this cation is' 
" ' .. .......', ' 

outlined in Table IlL2. The b,ond ,lengths of this cation 
. , - ,- 2+ 

1 on ge r tha n those of Te 2.SeS ,. in are 's i g n i f ic a,n t 1 y 

(Te 2Se S)(AsF 6 )2 or (Te2S~6)(Te2SeS)(AsF6)4(S02)2' 
To • be expected for partial SUbstitution of tellurium , 

as would 
~ 

at the 

selenium sites of ·Te 2se8
2+. ' The bond ~engths of this ca~n 

" 

) 



TABLE 111.1 2. Bond Lengths in the Te xSe 10 _x Cation. 

To(1)-So(l) 

To(1)-So(6) 

To(1)-So(7) 

fe(2)-So(2) 

To(2)-So(3) 

To(2)-So(S) 

50(1)-50(2) 

5.(3)-50(4) 

50(4)-50(5) 

,50(5)-50(6) 

So(7)-So(S) 

R.eference 

IVo v' 

2.~63(2) 2.~43(S) 2.572(6) 2.602(1) 2.61(1) 

2.579(2) 2.579(S) 2.529(S) 2.614(1) 2.63(1) 

2.576(2) 2.644(S) 2.5S4(S) 2.67S(I) 2.66(5) 

2.570(2) 2.613(S) 2.603(7) 2.67S(I) 2.73(3) 

2.5S5(.&~.602'S) 2.562(7) 2.614(1) 2.63(1) 

2.564!2) 2.5S3(S) 2.5S6(61 2.602(1) 2.61(1) 

2.295(3) 2.373(S) 2.323(7) 2.414(1) 2.53(4) 

2.294(2) 2.32S(S~ 2.2S3(10) 2.434(1) 2.50(2) 

2.350(3) 2.401(S) 2.376(9) 2.506(2) 2.54' 

'.'91(') 2.31S(S) 2.316(10) 2.434(1) 2.43' 

'.2S5(') '.356(S) '.313(S) 2.414(1) 2.31(5) 

h 17 h h 17 

(a) Ato.1c numberfng corresponds to (TeZSee )(AsF6 )Z" Ffg. 111.1. 

(b) (T02SoS)(ASF 6)2' (t) (T0 2,oS)(ASF6)2(S02)' 
- ' 

(d) (To,S06)(To,SoS)(AsF 6)4(S02)2' (0) (T04.5So~.5)(ASF6)" 

(f) (Te3.7Se6.3){AsF6)Z. (9) Stan"dard error uncerta1n.. 

(h) Thfs work. 

TABLE 111.2 

0 
NO. OF ~e S So SITE POPULATION 

PARAMETER ElECTRONS -

Te(1 ) O.99S 51.90 100 0 

To (') 0.S44 43.89 55 45 

So (1) 1.064 36.1S 12 SS 

50(2) 1.~30 41.S2 43 57 

50(3) 1;06S 36.31 13 87 

_Ove~all Co_position: Te4.46SeS.S4 
2' 

(0) Fro~ refinement 1n~~he progra. SHELX (4S) • 

.F-- , 
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are, however"~n average less than those of the mjxed cation 

Si nee the refi nement of' the 

.structure of .this latter compound terminated - with an R-

factQr --of 0.12 while a value of 0.03 was obtained for 

(Te4.5Se~.~J(AsF6)2' the ~omposition of the present compound 

is ~robably more reliable~ The .compound .formulated as 
" 

(Te 3 •7se 6•3) (AsF 6)2 probably contains ,a }igher concentration 

of 'tell uri-urn. 
• 

Many of ~he. bon~ lengths.in the publishedstructur~' 

of" ( T e 2 S e S ) (As F 6 12 (S 0 2 ) " "( 1 7) are a 1 solon 9 e r t han an a'l 0-
, 

" gous bonds in (ie 2Ses )(AsF 6)2'" - This' suggests that there is. 
, 

partial tellurium substitution at the selenium positions of 

this forme~ compound as well; or at least in the particul~r 

. spmple chosen for theX~ray crystal structure determination. 

BondS to'Se(l) and se(7) show the greatest deviation (Table 

. III.I)i indicating _~ignificant telluriu~ substitution jat 

these sites. Thecon~1stency of the Te--Se and Se--Se bond 

lengths in the (Te 2Se'a)(AsF 6)2 structure suggests that there 

is little or no disorder in this cation. The central bond 

in the four-atom selenium chain is somewhat longer tha~ the 

other Se--Se bond lengths~ but,a lengthening is a1so obser-

ved for this bond in the seI02+'str~cture~ 

similar' effect has been observed in chains ..... 

. 
(16, 36) and a 

of'four or more 

sulfur atoms (47). A large excess'of selenium was used in. , 
the preparation of (Te2SeS)(AsF 6 )2 (section 111.2), which 

1 
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~ould also tend to limit the possibility of finding tel,lur-

ium in the divalent positions. Occupational disorder ,is 

very common in mixed cations 6f the chalcogen elements, as 

will become clear in the foll OW~g 

, '\ 
chapter.s. 

/ 

F2 

" • 

Se3 

.. 
nat1Rlt III.8 l.n1on-cat~on int.raot1011ll at ·'TeC 1) in To 55°5 (A,eP6) 2'.' .... 4. .5 
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"\Ma2+ CATIONS 
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IV.l Introduction. 

Although 2+ Sea was one of the first polyatomic cat~ 

ions identified by cryoscopy (4ga) and Sea (A,lC1 4)2 one of 

the first salts of the polyatomic 

e~ by X-ray crystallogrjphy(12), 

cations to be characteriz-. , 
few compounds of sea2+ or 

related cations have been prepared. Two salts of the' i~o-

structural Sa2+ cation have been identified by X-ray cryst­

allography, Sa(AsF 6)2 and Sa(Sb 3F14 )(SbF 6) (la, 19). Com­

pounds of the Tea 2+ c~~i on are, unkn~wnal.thOU9h Bjerrum has 

found SOme evidence for this species in NaCl/A1C1 3 melts 

(49b). ,No mixed cations of this average oxidate state 

(+0.25) have been characterized other than! Te 2se 6
2+ which is 

reported he re. Reactions designed to prepare such mixed 

species invariably resulf"in compou~dsof higher, oxidat,ion 

state cations ,such as (Te3s 3')(ASF 6 )2 (20) in,reacti~~ lY.l, 

or lower oxidation state species such ~t~Te.2sea)(SbF )2 / 

ts~e section IV.3). ~_ 

IV.2 

41'e + 4S + 3AsF 5 -0;.)'((-.-. 

~\. 
• T'3S3(A'F~ 

Preparation of (Te6)(Sea )(AsF 6 )6(S02). 

"An~drous S02 (30 ml) and AsF 5 (2.37 

IV.1'. 

J ' 

J.9 mlliol) 

wer"e condensed at 77 K onto a niixtu're of powdered Te (0.4447 .. . 
g, 3.485 mmo 1) ,and Se (0~2756 g, 3.490 mmol) in a double-

bulb reaction vesse,l fOllow)n g the mebho'd out l.i ned in chap-

~ , 
. 

.. 
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. ter II. lhe initi,al green solution turned a deep blobd-red 

after about 0.5 h!\ This color persi sted for 48 h, at wh i.ch 

point the reactio, vessel was h~ tOI 340 K. ' Aft,er a few 

hou rs the solution became yellow-brown in color and there 
I , -

was a 1 arge qua'ntity of black crystalline material- at the 
~ 

bottom of,the'vessel. Heat fng was con'tin.ued for one week at' 

~' 
34, ' with occasional 

~ .. 
- 'b erved. On co~~ 

stirring, but no further change was 

to ~om temperature much of the black 
, \ ' 

residue dissolved, producing a'cte.e-p. 'green solution. 'In 

order ,to recry'stallize the black materlal the reaction mix-

tu'r~ was cooled .further and then filtered •• After 24 hat" 
\ 

room temperature} largj number of black crystals had form-

. ed. The solution was then poured off and 
\ ... ," 

. isolated und.er 

~bi c-,'shaped 

an ;atmosphere of 5°2" Under' a 

~ystals were observed tu be 

the crystals 

mi'croscope the • 

dark green in 

color. Since the crystals tend to readily lose 50 2 ,with a 

consequent loss of crystallfniiy, se~eral crystals were 

studied 'before a suitable stable crystal was found from . , 
which an X-ray diffraction data set. could be collected. The 

subsequent ~tructure solution identified the compound as . . \-

(T-~6)'(5e8)(As'F6)6(502l. 0 T~e sJrI"uct'ure contains the prev-

o jour y j(nown 't'rigonal Ilrismatic Te 6
4+ an(:YCliC 5e/+ cat­

/ns~t this is the first timt-thattwo different Grou,p VI, 

homopolyatomic cations have been found together In the same 

cr.htal lattice. 

In a s~milar reaction using excess AsF5~ but at room 

• 

,. 

, 
, 

'-\ 

'-. 

'": 
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temperature, precession pfiotogfaphs reve~led that --. 
(Te 2Se4 )(AsE 6)2 was the 'only crystallln~ product, although 

the 77Se NMR spe~~~um of'the'mother liquor showed the pres­

ence of cls:rezse/+ (32.S PPm) and Tese?+ (547 and 453 ppm) 

as well as Te'2~e44+ (~477 and -l1S1 Ilpm). The 77Se chemical 

shifts o~e specie~ have been well-establlsh~d In solu-

tlon In oleum (50). Apparently mixed. cations such as these, 

are thermodynamically unstable with respect to the homopoly­

atomic cations and the ,long reaction time and high tempera­

tures used In the present reaction led to the thermodynamlc-

ally stable produ~ts. 

When. (Te 6)(SeS)(AsF 6 )6(S02) was redissolved In S02' 

the ses
2+ cation was Initially o~s~rved In~he 77Se NMR 

spectrum (see section IV.4). After several .weeks 'at room 

temperature, " however,' the 125 Te NMR spectrum showed the 
2+ 4+ presence of Te 2Se 4 (630.3 ppm) as well a~ Te 6 , (-562.9 

The~e chemical shtfts correspond to those previously 

observed for these species In oleum (50). It would appea~ . 

that although the '4+ ' " 2+ 
Te 6 and SeS cations are compatible In 

the solid state, slow oxldatlon-reduct~on occurs In solu-
• • tlon.' 

IV.3 Preparation of (Te2Se6f(Te2SeS)(ASF6)4(S02)2. 

Anhydrous S02' (~O ml) and AsF 5 .(2.33 g,.13.7,mmol) 

were ,condensed at 77 K onto i'mlxtureQf powdered Te (I.S2 

g, 14.3 mmol), Se (1~13 g, 14.3 mmol) an"d S (0.45,S g, 14.3 

I ' , 
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mmol).The initial green solution tu~ned red within 5 min of 

stirring. After' ,'I h a. l.arg~ quantity of chocolate-:brown 

powder had precipated from the red-brow~ solution. No fu r-

ther change was observed after 8 h and the ··J"olution 
~ 

filtered and allowed to stand, 'When no' crxstals wese 
... 

tained after 48 h the solvent was slowly distilled Dff' aWd"2 

weeks later' a large quantity of dark crystal s had 

formed. These were isolated under an ~tm?sph~re o'-S02 .and 

a subsequent X-ray crystal structure determination identi-' 
". . 

f, the compound as (Te2Se6)(Te2Se8)(AsF6)4(S02)2" This 

compou is similar to (Te6)(Se8")(AsF6)~(S02) in thtt two 
, 

diffe.ent polyatomic cations are found in the same struc-

" tu re. 2+ " The new Te2Se 6 cation has a novel cube-like geome-

try (Fig.·,IV.l). 

Attempts 

cation 

i to prepare' crystalline 
. ,. 

. , 
s~lts· of the 

in the~~bsence of ~ulfur have all fa 11 ed , 
(see" reactions IV.2 to IV.5) •. The Te 2se 6

2+ cation was ob-

served (-717.0 ppm), however, along.with Te 2se4
2+ (-478.2, 

-1185 ppm) (50) in the 77Se ~MR spectrum of the ·product.mix-

ture of reaction IV.2 redissolved in S02' The peak intensi­

ties indicated that there was approximately twic.e . as much , '. . 

Te 2se4
2+ as Te 2se 6

2+ in solution. All reactions were car-

ried out in S02 sollition and the products of reactions IV.3 

to IV.5.were identified from their prece~sion photogra~hs • 

. '. ' 

, 
'\ 

\ 
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" 

2Te + 6~e + .3AsF S ~ non-crystalline 
product mixture IV.2 

4Te + 14Se + 6AsF S ~ (Te2Se6)(Te2Sea)(AsF6)4(S02)2 

'- --+ (Te2Se a )(AsF 6)2 IV.3 

,2Te + 6Se + 3SbF S 
3h (Te 2Se a )(SbF 6)2(S02) IV.4 

) 
~ 

t lwk 2Te + 6Se + 3SbFS • (Te2Se4 )(SbF 6)'2 

+ (Te 2Sea)(SbF 6)2 , IV.S 

The Te 2se 6
2+ ca~ can be p~epared i~ the absence 

of sulfur (reaction IV .• ~but no crystallirte samples with 

this cation were prepared without this "magi~" element. 

Even in reaction IV.3 where thest,oichiometry is such as ~o 

allow fIr equal amounts of both Te 2se 6,2+ and Te 2sea
2+li 

, fOund in the compound prepared from the Te-Se-S mixture, no' 

crystalline product was obtain~d wi~h the ~se62~ cation. 

This phenomenon has also been observed in th;!preparation ~f 
, Q 

crystalline Te 4'(SbF 6)2 fr~~ li!. reac,tion involving sulf\ir 

(section V.7). This compound -tr!td prove11 ·:to lie too insoluble 

\ in 'SO for good 2 crystalline samples t'o' be prepared " I... ' from' 

tellurium alone, . although crystals of Te 4 (SbF 6 )2 w~re iso-

lated from a Ge/Te mixture (23). "The -importance of sulfur 

in the isolation of these crystalline compounds is prOrblY 
",'1 

related to their solubilities ... The standard procedure in 

the preparation of ' salts of the polyatomic catjons involves 

f9ltering a saturated 502 

lj form (see 'cbapter II). 

solution from \!hich crystals slow-
~ " 

Compounds of low solubility 'would , . 
precipitate from th~ solution prior to filtration. "The 

( 

-

-

, 
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pol,yatomic sulfur cations are all extr.gmely 

and the SOlU~ilities of Te 2se 6
2! and other 

uble cations are· ~pparently enhan~ed in the 
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"-...J 
presence of 

these sulfur cations. With a'significant concentration ,of 

~ Te2se62+~(or' __ 42+) present in the filtrate, 

samples/can be produced •. 

crystalline 
..,." 

IV.4· Selenium-77 NMR Ue82+. 

"- The natural abundance 77Se NMR spectrum 

, 
of sk 2+ 

8 

dissolved in S02 or oleum consists of five·line~,· with two 

of the-lines one-half the intensity of the remaining three 

(38);! Thi si s consi s~nt with the solid-state 'structure of 

this cation where there are five distinct selenium environ­

ments and for three of these there are twi chemically equi~-

alent nuclei .(Fig. IV.2). plane iii 
~ 

either of the crystal structures of this cation, but the 

slight devtations from C symme~ry 
5.... ... 

probably" result 
/" 

packing considerations in these compounHs (see .section IV.6) 

and the cation would be e~pected to have a mirror plane in ..., 
sol u,t i on. T~e 77Se chemical shifts ha~ previoUsly .bein - . • '""1:-
established and they were assigned on the basis-bt couplings 

observed for a.sample erir.ich~d to 94.4%·'in .77 Se • The split­

tings in these spectra were very complex, ho~nd there 

was 
". 
so~e ambiguity i'n the chemical ~hift 

..-c----
assigAmerts' and in 

/ 
The pr~sent 

".': 

the values ( 38 )'. of the coupling constants 

study ~as designed to obtain the 77 Se _77 Se coupling' con-
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c • 
stants from a natural abundance sample since the simplified 

spectrum could be" eas'i'iy interpreted • 

. The SeS(AsF 6)2 sampYe used in this~study was prepar-
'" . ed using methods as described .in ~hapter' II. A 51 excess of 

ASF 5 ensured that.no Se l0 (AsF 6 )2 would result. T~e 

cation is known to di$proportionate to ses
2+ and an Qnknow~ 

speci~s in S02 soluti~n (3S). This equilibrium would prob-
2+ ~ 77 ably' broaden the SeS .. resonances in the Se NMR spectrum, 

with resulting toss of co~pling i'formati~n; The solubility 
• 

of SeS(ASF 6)2 inSOZ increases at lower temperatures so the 

solution. was prepared (by Dr. R.C. Burns) and the spectrum 

run at 20.0 K. Cooling additionally served to separate most 

, of the Se4 (AsF 6 )2 i~purity that,resulted from the excess 

AsF 5 used in the preparation, .since Se4 (AsF 6)2 has a very 

low solubility at 200 K and can be easily filtered off.· 
~ . 77 . 

Reosonance (A) in the Se SoR$c.trum (F.ig. IL3) exhi-

~ 

bits the largest couplings and the hlghest frequency chemi- ' 

cal shift (Table IV.l), botho.f which are consistent with a 

,. large concentration-;;p.f positive charge 'on the atoms produc-
. ...,. . 

ing this resonance. Th!!, short cross-ring distance between 

Se(l) and Se(5) (Fig. IV.2) indicates that these two atoms 

be desc ri bed as be~ ng e~t i ally th ree-coo rdi nate' and 

of the charge of the cation is then anticipated to 

can 

. m.uch 

reside on these~toms. A recent, molecular orbital investi­

gation of the S/+ cation (51) has revealed that- S(1) and 
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FIGURE,tV.3 77Se NMR spectrum of the Se82+ c~tion 
(saturated S02 solution' at 200 K; 47.77 MHz; . 
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TABLE IY.1 77Se ,NHR Parameters ,for se/+ in 50 2 at 200 K. 

(0 
.(l 

) 

\~ 
, . 

Resonance b (ppm) I a 

A 668.0 1.9 

M 219.3 2.1 

V -106.1 0.7 

y -231.2 2.0 

Z -256.3 1.2 

(a) Integration scaled to 

(b)' Numbering corresponds 
I 

-­\.. 

Coupling b J(±6Hz) 

(1)-(8) 246 

(1)-(2) 152 

(1)-(6) 84 

(1)-(3) 41 

(1)-(4) 36-

(2)-(3) 65 

(7)-(8) 37 

a total of 8. 

to Fig. IV.2. 

. ' 

TABLE IV.2 .... 2+' Charge Distribution in 58 

( a) 

('b) 
'" 

Position a Charge b ' 
/' 

1 , 5 to;662 

6, 8 . +0.179 

2, 4 +0.127 

"-3 +0'.037 

7 '-+0.028 
.' 

2+ Numbering corresponds t~Se8 ' 

Data taken from reference·(~l). 
, . 

Flg. IV.2 

r 

... 
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S( 5) carry 

considerable 

isostructural 
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66% of th~positive charge alt~oujh there 

Table'lV •. 2). charge 

S 2+ e B 

delocalization (see 

catiun presumably has a similar charge 

distrioution and resonance (A) probably results from Se(l) 

and- Se(5). The pair of atbms Se(B) and:'e(6) are adjacent 

to .Se(1) and Se(5) and.they have the next largest concentra-
, . 

. "" . 
Resonance (Y) can be 

,' .. tion of POSitiV~~har e (Table IV.2)., 

assigned to the~e a~oms then on the 

couplings obser ed to Se(l) and Se(5J, 

basis of the lftrge 

both'djrectiy-bonded 

(246 Hz) and across the ring (84 HZ), (see Table IV.11. 

Resonance (M) then results from S~(2) an~Se(4); whic~ are 

also adjacent to Se(1 ) and Se (5 ).but have less positive 

charge. The observed couplings t~~) and Se(5)' are 

smaller (152 and 3.6 Hz for directly-bonded and cross-ring 

interactions respectively),. Resonances for the two unique 

th~ integrated area 

be distinguished 

Se atoms, Se(3) 

of the others 

and Se(7), have one half 
I' 

(Table IV.l) and they can 

from each other'on the basis of couplings to adjacentSe 

atoms. 

64 Hz. 

The ~argest ~oupling observed for resonance (V) is 

This must be a directly-bonded coupling and reson-

ance (V) can be assigned to Se(3) since the resonance fo~ 

atoms. 'Se(2) and Se(4.), which are dl r"ectly bo~ded to Se(3)" 

also displays a cou~ling of this magnitu~e, 66 Hz. These 
~ , 

values are equal within the data point resolution of 3 

Hz/pt • The other coupling observed for Se(3), 41 Hz, must 

be a long-range coupling to Se(l) and Se(5).' Resonance (Z) 

n • 
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I, 

• 

-.-;,. 

can 

atom, 

. -.-- ~~-'---.~------.. 

be assigned 

Se'( 7~,. No 

r 

by defa~lt to th~ sec nd unique 

couplings were large enough to be 

50 

for this resonance, but resonance (Y) for the two selenium 
. . 

atoms adjacent ~~ Se(7) has a just-resolved coupljng of !7 

Hz which'is 'pr~bii'bli he directly":bonded ~oupling tot(7).. 

The relatively sm 1 couplings to Se(31 and Se(7) are con-

sisZl with the s,ma 11 concentration of positive charge 

loc ted at' the~ si~es (Table 1V.2). These chemical shift . . 
those ~ of the assignments correspond to enriched samp 1 e (3S). 

. , , 

r 2+ 
1V:5 Selenium-77 ~nd Tellurium-125 NMR of Te 2Se 6 • 

Numerous re~onances were observed in t~e 77Se NMR 
,~, ." . 

spectrum ~ a 100~ ~2S04s01ution of (Te2se6){Te2ses)(A'~~~)4-

(SO~~he ,intensitie,s of which vari,ed ,with time. A l;ili'g,le 

J 'resonance at -732 ppm grew and ~ diminished in intensity 

in a manner not mimicked,by a~ other resonances, 

indica~~hat ' the species producing this resonance had r -only one sele~ium environment. A resonante at -732 ,ppm was 
'->' 

also observed in t~(c~ra O'f solutions of (Te 2SeS)(As: 6)2 

in 1001 H2S04 (se~)IV.3 and Fig •. IV.4). It could not 

" be attributed to Te2ses2+tee section IlL]) and was there­

~ assigned to Te 2se/ . produced' by decomposition of 

T S 2+, T S 2+ ~h' 1 l' " t ' e2 eS Slnce e2 e6 as on y one s~enlum enVlronmenln 

the solid-state structure (Fig.'IV.l). 

Since (Te2se6)(T~seS)(ASF6)4(S02)2 is difficult to 

prepare wQile salts of the Te 2ses
2+ cation can be routinely 

, , 0 

t9' 

/l \ 

" 

, 



, I 

c~ 
) 

, 
.. ' '. , 

TAB~" IV.3 77 Se and 125Te NMR Parameters for Te2Se6 2+. 

Sample 

a 

b 

c 

d 

e 

& (ppm) 

So lvent 7.7 Se 

AsF 3· -717.7 

~ -719.·2, 

100% H2S0 4 -732.9 

/33.1 

, -732.4 
r-.: : . 

125Te 

901.9 

901.7 

J 

77seJ25Te 

355 9 31 9 , 

355 9 , 32 9 

354h 

317 h 

322 9 

(Hz) 

125Te _125 Te 

~20 

1$02 -717.0 942.1 , . 

• 

(a) \26.S m9, 0.;10 mmo'l Te().7.3% i25Te ) and S7~m9' ,1.10 'mmol 
Se wer,ereacted with 0.32 mmol AsF 5 tn AsF~ for 16, hand 
the solution filtered'intp an NMR tube an sealed. ' 
- . '.', 

(b) (Te 2Se S )(AsF 6 )2(S02) dissol·ved' in AsF 3 (0.03 molal). 

(c) 0.2S57 ~~2.24 mmol Te and 0.356~ 9, 4.52 mmol Se were dis­
sol ved 1\.n 1,,5,9 100% ,H 2·S04. , , 

, 

(d) (Te 2Se S )(SbF 6 )zjS02) dissolved in 100% H2S0 4 , 

., . 

(e) .(Te~Se6)(Te2SeS){(ASF6)4(S02)2. di'ss~ed 'in100% H2S04 , 

(f) Brown powder produce{ from,reaction IV.2 redissolved in S02' 
e: 

(9) From 12 5Te spectrum. 

(h) From 77Se spe~trum. 
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FIGURE IV.4 Nr:i.turai abundance, 77 Se and 125Te NJdR spectra of -e~e Te2se62+ catiO'n • 

~ /A'J 77~e spectrum, sample c, .Table ,IV.f (76.41 MHz; 1 80 ,000 scan,s:! 6.1 Hz/pt) • 
lJatell1te doublet results from' J(71Se_ 25Te). ,(b) 25Te spectrum,· sample b, 

able -IV.3 (78.97 MHz; 148,000 scans; 3.0,Hz/pt). Both J(77Se_125Te) and 
2J(77Se_125Te) are obs~rved. , --- /' 
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',. 
AsF 3 

" osition peak to that observed',for the 100% 

(T;b\e IV.3), but witli'considerable reducti'~n in linewidth 

and a cOP~rpOndingin'cr::ease in th.e s,ig~al':to-noiseratio, 

s-olutions i~S~ rather than H2S0 4 were studied. 

Th~ resonance assigned to Te
2

se 6
2+ from the 125 Te 

" 
NM~, /s'llectrum of natural abundance (Te 2Se S)(AsF6 )2(S02) dis-

'SO~d 'in fSF3 displays two clearly resolved doublets about 
, c' 

the central ~ uncoupled peak (I;.ig/; IV.4). 'The total intensi-
: >.<. ,.. 

'tyof the. outer satelli~,peaks.'~.~ 355 ± 6 Hz) is 22% 

relative to th'e central,line,.whi.1e the inner satellites 
} , . \ 

IJ = 32' ±>,,6 Hz) appear \0 be of comparable magn';'tude but are , 

not wellresol ved. This intensity i~co~sistent with.. 
. 

coupling of tellurium,~othree equivalent"n~tural 'abundaqce 

'selenium nuclei (Table, IV.4). The coup] i ng 

c~te that one set of three selenium atom. is 

constants indi­

dir~bonded 
to tellurium, whiJe .. the, second set is more remote. This,.i's, 

consistent' with thesolid-stat'e structure' of Te
2

se6
2,+ (Fig. 

f' .... 
IV.A). In the 77Se spectrum of thi.s ~ame sample a resonance 

was, observed with a satellite doublet of 7% intensity rela- "" 

tive to the central line., and a c'oupling of 354 ± 12 Hz 

(TableIV~3). The 32 Hz coupling,was not resolved. The 

doublet, intensity indi'cates coupling to one 'natural abund,. 

I 

'l, 
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: 

, 
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! 
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. 
Natural a TABLE IV.4 Satell He.Intensities for Coupling to 

Abundance Sel enium-77. Tellurium-123 and Tell urium-125·. 

#b 
Intensity . 

Nucleus .~.ncou pl ed Doublet Triplet %c 

71se 1 92;42 7.58 8.2 

2 85.41 14.01 0.57 16.3 

3 78.94 19.42 1.59 24.4 

123Te 1 99.13 0.87 0.9 

2 98.27 1.72 0.01 1.8 
• 

3 97.41 2.'56 0.02 2.6 

. 125Te 1 93.01 
~l;, 

6.99' 7.5 

2 86.51 13.00 0.45 15.0 

3. 80.46 18.14 1.36. .22.4 

r 
(a) 77Se ~. 7.58~; 123Te = 0.87%; 125Te .= 6.99% (67). 
(b) Number. of equivalen.t atoms. (c) Total intensity Of 
doublet rel~t.ive to ce~tral line (uncouPled peak' plus 
contrib~tion ffom triplet). 
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, 

. • ," , 125 ~ , 
, enriched'in T!l, sample a, Table IV.3 (116,000 scansj2.4 'Hz/Ptj 78.97 MHz). 
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ance tellurium nucleus (Table IV.4) and is again consistent 

with the solid-state structure. 

( Wh'n the concentration of 1~5Te in the sample was 

enriched to 77.3%,alarge n~mber of satellite peaks appeared .. 

in the 125Te spectrum' in addit~on to those observed in the .. · 
..... .. 

natural abundance spectrum (Fig. IV~5). These peaks are too' 

intense to result from77se:-12~oUJ1l.ing'~nd si.nc!! the two 

tsllurium atoms in the str·ucture .... are· chemically equivalent 

the additional liles in the spectrum must reiul' frdm magne­

tic i~eq~lence. The mo;t'important satellite pattern for 

natural abundance seleni.um and·77.3%enrichm~nt ~n 125Te is 

an M'X spectrum (ABXwith bA. =t B) arising from both 'tel-
. . 

l~rium atoms and one selenium atom (Table IV.5). This has 

ei ght fi.nes fn 

,(77 Se ) region 

the AA' (125Te )' regfo~ and sfx lines in the X 
.... 

(52)~ Si x of 'the 'ei ght AA I li'n~ can be 

clearly . ob~erved in the spectrum with the 
• shoulders on the two,AA ' l.ines closest' 

~emainingtwo as 

~o' the' centr~ • 
uncoupled ~ine (ng. IV'.5). -,Using previously established 

methods (52 L 53) the two 77 Se_ 125Te coupl i ngs and t'he 125Te _ 
f 

125Tecoupling (Table IV.3) wer'e'extracte'd from the line 

separations in~ the AA'X multiplet (Table IV.6). The former 

two ·agreewit.h those observedin'the' naturai abundanc'e 125Te 

spectrum. Using the values of-these coupling' constants i1nd 

thepro~abilitie~ of the isotopic'distribu~io~ for 7.50% 

77Se and 77.3% enrichment in 125 Te (Ta~le IV.5) and assuming 

the solid-state structure Qf two tellurium atom5 joined by 

• 

, . 

" 
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TABLE IV.5 2+ Isotopic Distribution in Te2Se~ 

SPIN-1/2 COUPLING 
. NUCL,EIapATTERN 

None 

1 

1,2 

1,3 

1,4 

7 

.. 7,8 

1,8 

1 ,7 

1 ,7 ,8 

1,2,7 

1,3,7 

1,4,8 

1,4 .• Z 

1,3,7,8 

1,2,7.,8 

'1,4,7,8 

x 
'--
X2 (1) 

X2 (11) 

. X
2

(11I) 

A 

A2 

AX (I) . 

AX(II) 

AA i X 

AXX'(I) 

AXX'(I.I) 

.IU 2 

A' X·,r .. 
AA' XX' (I). 

·AA' X X ' ( I I ) 

AA'X 2 

SPIN DISTRIBUTION 

Se Te 

1/2 0 l/2 0 

Mb %~ NMR-ACTIVE% 

• 77-Se ~25-Te 

6 

1 5 

2 4 

2 4 

2 4 

6 1 

6 2 

2 1 3.23 . 
2 6 1.57 4.20 

2 3 0.06 0.17 

2 6 0.13 0.35 

2 6 0.13 0.35 

1 2 21.98 23.17 

1 51 1 

1 37.43 39.46 

6 5.35 14.32 5.64 

1. 5 1 1 6 5.35 14.32 5.64 

1 5 ,: 2 6 18.21 48.74 19.20 

2 4 11 6 0.43' 1;15 0.45. 

2 4 1 ·1 12 0.87 2.33 0.92 
.-,-

2· 4 1 .. 1 6·· 0.43 1.15 0.45 

1.15 0.45 r'· .'.4 - 1.' 1 6 0 .43 

2 

2 

2 

4· 2 

4 2 

4 2 

6 1.48 3.96 

30.74 1.98 

6 i.4:S" 3.96 

1.56 . 

0.78 

1.56 

TOTAL 99.3 98.13 99.28 

. (a) Nuinbering i's as follows: l=Se(ll); 2=SeC12);3=S'e(l3); 
4=Se(14); 5=Se(15); 6=Se(16); 7=Te(3); 8=Te(4). (Fig. IV.1.) 

(b·) Multiplicity. . . 
(c) Percentage of is01;..?pic isomer for 7.50% 77 Se , 77.3%. 12S Te •.. 
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line Posit t onlHz' 

Observedb-

-256 

2 . - .-61' 

3 -136 

4 57 

5 -54 

6 138 

7 66< 

8 258 

(i) Relative to uncoupled line as zero. 
lutlon Is 2.!wHZ/pt. (c) Esti.ated from 

Simulated 

-257 

-64 

-137 

56 

-56 

137 

64 

257 t' 

.. 
(b) 'Dat~ pOint reso­
other line positions. 

---c----. 

---'--.--
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) 

.~ 

" 

• 

500Hz 

observed simulated 

J'. 

. PIGURE IV.7 ~ •• rv'd and o1muJ.atod 77S~ IOIR opoctrum of T02So62+. 77.3" enrichod in 12~o. 
na~81 abwrl snce' 77Se (sample (a); tabla .IV.3). !he obeerved spectrum was· accumulated at 
76.41 MHz' in .ooo~ecan8, 6.1 Hz/pt. A line ~aden1ng or 12 Hz was applied to the' expon­
ential smoothing or tho,rree-induct1on decay. 
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• three, two-atom selenium chains, a series of spectra. were 

simulated and summed (Fig. I~.5 and IV.6). The simulated 

AA'XX' mu1tipJets required estimates of the 77 Se _77 Se coup-

lings. '. 77 77 
The three-bond, Se-' Se.coup1ing in AA'XX'(I) was 

set >to zero and the di rectly-bdnded coupli ng in AA' XX' (IJ) 
• 

set to 100 Hz. (The mean di rectly-bonded coup,lJ ngin 'sea 2+ 

is lOa Hz (section IV~4).) Sin~e the two strongest peaks in 

these multiplets are insensitive t~ the magnitude of this 

coupling (compare AA'XX'[I) and AA'XX'(II1 in Fig. IV.6) and' 

the species producing these multiplet's are of very low. 
. . 

probability (Table IV.5), tfiese estimates did notp'roduce 

any signif.icant e.[ror. The AA~X2 splitting pattern isinde­

pendent of the 77 Se _77 Se coupling con~tant. The resulting 

simulation (including a 'Ltnewidth of'I.2 Hi)fit~ the observ-

,ed spectrum extremely well with ~11 of the~ribserved satel­

,·lites accounted for (Fig. IV.5). The AA'Xand AA'XX' syst­

ems h.ave been reported, for.. example, in the IH spectrum Ot 

2-furfurol (54) and the 19 F spectrum of 1,2-dichloro-

3,4,5,6-tetrafluorobenzene (55) resp,ectivelt but to our' 

knowledge this is the first report of suc inequivalence 

involving heavy nuclei. 

the 77Se NMR spectrum ~f this same ,sample c.omp 1 e-
-

men,!s the above analysis (Fig. IV • .7). The .si~ulated spec-

,trum incorporates the X 'portions of the co~pling pattern~ 

described above as well as X, X . AXX' d AX 2' an, 2 component s', 

.' .,. 
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(Table IV.5) .. The indivic!ual components use'd in this simu-
. ~ 

lation al:,(! given.in Figure IV.S. The sjgnal-to-noise ratto 

in the observed spectrum was not good' enough to determi~ 

77 . 77 1 . h 125 any Se- Se coup lngs and the estimates used in teTe 

. simulation were retained here. The simulated 77Se spectrum 

matched the observed spectrum when.a line width of 30 Hz was 

used in the simulation. 

The result~ of this 77Se and 125Te NMR investigation 

,--... 2+ 
~ of the Te 2Se 6 cation are consistent with r tent'ion in 

.Jolution of the iolid-state arrangement of 

atoms j~ined by three, .two~atom se.Teniumchai 

telluri um" 

An import-

ant feature of .the solid-state structure, .h we~er, is the 

large Te~Se-Se-Te dihedral angle of ~gO (section IV.7) • 

Vi ci nal 1H_1H coupl i ngs in' HCCH fragments are dependent. upon 

the H-C-C-H dihedral angle (56). The observed 125T~_125Te' 

co u pl i n g - for T e 2 S e 62+ c~ u 1 d, i n p r in c i p 1 e , be of sighifi­
.; 

angle i"n solu-
~ 

cance in deducing the Te-Se-Se-Te dihedr~~ 

tTIn, but since 'no o~ couplings have b'een repo~ed for 

similar geO~ies,. no ~elation.between the coupl.ing 

constant and the dih.edral an!fle canlbe establi.shed at pres-

ent. H 

IV.6 Anion-Cation Interactions in M 2+ Structures. 
S 

The interionic contacts to 
. 2+ 

Te 2Se6 in 

(Te2Se6)(Te2SeS)(AsF6)4(S02)2 that are less than the sum' of 

van der ,\aals radti are given in Figure 1"-.9. (rh'e dirl!!c~ 

. . 



p 

., 

, 

• 

- . FIGURE IV.9 
at Te Se 2+ 2 6 

\. 

~ 

M 

9/"'# 
~ 

Anion-cation interactions 
~ Te2sei:;(Te2Sea) (ASF6)4(S0'2) 2. 

I 

" 

, 

Se10(S03F)2 

, 

FIG:trnE IV.10 Derivation of the se82+ 
structure (filled-in bonds) within 
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tions of these interactions are simila to those discussed 

above for the M10
2+ "sal.t~(sectjon 111.9). The geometry at 

Te(4) is AX.3Y2~' with ori~ of the Y compone ts of the mon~­

capped octahedron missing. There are four seco ~nds to\ 

Te(3): F(21). F(35) and F(45) a"re approxi ~y trans- to" )-
l..~ • ' 

"Te--Se bonds •. 'or. alternal:"TVely cap faces 0 the AX3E tetra-

hedron. andF(43) bridges an edge of the t trahedron. Simi­

lar AX 3y3yoE arrangements are observed for the M10
2+ salts 

(section III .9) and for (TeC1 3) (SbF 6) (se,ction VII.7.). Con-, 
tacts to the selenium atoms in Te 2se6

2+ are again' mostly 

collinear with the p~imary bonds. Inte~ionic tontac s . to 
2+ Te 2SeS in this compound were 'discussed in the vious 

chapter. The Se ••• F contacts to the 
~/ 

cat on of 
.. 
" 

Te6(SeS)(As:'D~6'lS02) are fewer in number and probably ~~ 
, .. 

than the analogous Se ••• cr contacts in Ses (ATC1 4 )2 

consistent with the greater pOlari~bi1ity of.chlorine. 

shortest of the Se ••• F and Se ••• Cl contacts are to the 
• 

(12 ), 

The 

two 

atoms linked by the"transannular interaction and which carry 

most of the positi~e charge. 

IV.7 2+ Comparison of MS Structures. 

The mixed cations Te 2ses
2+ and 2+ Te xSe10 _x are iso-

" 2+ structural wi,tj1 ~_he homopolyatomic catio~ Se10 ' 

t~~ .same average oxidation state (chapter 
2+ of Te 2Se 6 ' 

I II) • 

however is very different from 

which has 

The struc-

~hat of 

which again has the same average oxidation state as 
\ 

• 

, . 
• ",0-

~ . 
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. _____________ ~._~_, ___ ~ - I 

\ 

, 
the mixed Te 2Se 6

2+ cation. . . 
" 

2+ 
The Sea and S 2+ cations are a 

eight-membered rings' with an exo-endo conformation. and a 

long cross-ring bond (Figure IV.2). This structure ~een 

described as being half-way b~tween the.cr6wn-shap~d ring of . " 
Sa and Sea and the cunre-like ~,ol.~C.U~N4' ~hich' is 

isoelectronic.with the ur~nownsa4:cation (9); ,The'Te 2se 6'2+ 

'" cation is a distorted cUbe with three of the ~dges (those~ 

not contained in the valeh~e.-bond description) 
~ 

con~i.derably 

longer than the other nine (Fig. IV~l); This structure is 

very similar to that of Teroea2+ except· that the unique 
2+ . 

four-atom selenium brid!l,e o-t 2Sea has .. been reduced to 

two selenium atoms. ' resulti ng in three identical two-atom 

bridges. . c 
The Te 2Se 6 

2+ and Sea 
2+ structures can be 're 1 ated to 

each other' by conside.ri ng the structure of thei r parent 

species Te 2se a
2+ and ser02+. Figure IV,10 demonstratep how. ) 

the exo-endo ei ght-membered' ri ng of Sea 2+ za be' found 
2+ .. 

within the Se10 str,ucrture. Remo.vaL of a oms Se'(9) ~nd -- ""<c' 
~ I 

Se(10} along with forcing Se(l) and SeeS) closer together to p-
form the 10ngtransann4lar bond r.esults in/~se'/+ '(compare 0 

IV.2. and 1V.I0) •. These'~.+·f.· a~can Similarly be 
• --i J"--. / .' 

in'Te2Sea +. j as canth€ di'sto ed cube of Te 2se6
2+ 

Fig. 

found 

. (Fig. IV.ll) • Fafmat i on of Te 2Se6 ¥ from Te
2

Sea 2+ in at 

simila~ fashion to 2+ from Se10 would •. however. result 

forming the t;a-'annular bond. with 
, 

in atoms Te(2) and 

Se (1) and Se(2) being ,1 )"tod ":d, T. (I) b",."'.. ooly. 

--? " .. 
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Sinc~ tellurium i~.more electropositive 

than. selenium (57)' a more favorable structur}! would have 

both t.eJlurium atoms in three-coordinate positions,' where 

,. the bulk of the positive charge is presumably loc-ated. The 
'v-'-- 2 2 ", , 

• 

Te 2Sea + and'Te 2Se4 + 'cations exhibit this ,tendency with all 

of the t~ree-coordinate posit~ons in these cations 'occupied 

by tellurium. Formation of Te 2se/+ as in Figure' IV.l~ 

allows., 16Ot~.telluriumatoms to remain three-coordi~ate ~ 
the resultingcube-l ikestr:1h:ture~ appare'ntly more \<lvor-

) 2+ . 
able than the Sea .-like s~ru~ture~ 

Homoatomic cations and anions tend to adopt struc'.;. 

tures that allow for charge delocalization. ,> The trigonal-

prismatic Te6
4+ and square-planar S4 2+, 

cations (26, 22, 10, 13) exhibit com~lete 

tion with all atoms equivalent., The P6 4-

. . 2+ . 2+ 
Se4 ' and Te4. . 

cha~ge delocaliza-

anion is a, regular 

hexagon (Sa) and the same ,structure' has been proposed for 

th~ isovaient _Te/+ cation_~ 51 is!!). This charge-deloc-r; .. (> 

alized struc,ture would preSUmably~_.stabte th", a 

structure witH loc~li~ed bOndi~g as~.~ in the.rela~d 

• 

, . i 
j 
I 

I 
I 

Te 2se/+ . cat ion (se~ sect i on V;1). There~. ~nsi derabl ~ 
'deloca15izatton, oof- charge iJ1 the Sa2+ and' sea

2+ ·structures· 

(~ection IV.4) and1his.isihe most 'stable'sVuct'ure for· 

, ... 

these homoatomi~ cations;' . TheJlfg~' electron~g~t)vity"d~f- .... J 
ference betw~ te.ll uri um arid sel eni um, however, 1 s ap~~1 

p . " . ' .• '., ..... '\' .j .. y... .. '.' ... .........-
e,nt~y ~f gr~at!!r 'impo,r;ance~" det:fm)ning; the ~~~.r~ui:tur. "Of ' '-''\ ... '.) 

,,'.' ~ t , ". r~').:.:l 
~ . 10, _. . ,,'~,'.' :-,"'-' ,.). / ", .' ,] ~, '.- ~'. (" .':, . .., .:: 

• 
• " 
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the mi,;:d Te-Se c;:ions, and Te(eFis noexceptio~. The 

Te 2Se 4 ',Te2Se 6 and Te 2Se8 ZJstructur~an be readi ly 

interpreted by ~lectron-precise, localized bond descrip-' 

tions; Since the electronegativity difference between ~el-

enium and sulfur is ,negligible (~7) tthe hypothetical 

" 

;---S Se 2+ 
\ X ' 8-x cations would ,be, expected to, adopt the 

\( 
~, 

." . 

( 
'~" !It 

, 

structur.e, whil e 

~ 

2+ Te 2S6 should be isostructural ~h 

In keeping with the above discussion, one ,would also ,(' , 

expect the se10
2+ tat i on to adopt a clla r.,9El-de 1 oca 1 i zed s~ 'I, 

, 2+ 
ture~ yet Se 10 has the same solid-state st~uct~re as 

Spectroscop'ic evidence suggests, however, that 

re may not be retained in solution. There is 

cons i de,r ifference betwee~ the sol~tionan~ solid-state 

,electr sp~ctra of the S~102+cation and 77;~'NHR stud~es 
have provided evidence, for intramole.cular e'xchange in' both 

S02 

N~R 

and 100% H2S04 solution (16, 38). In contrast"the 77Se 

spectrum of Te2~e82+ in 100% H2S0 4 'ShOWS no 
\ 

• exchange and ,is consistent with the solid-.state s~ructure ;" 

signs' Ofj 

(see sections II!.7, and~II.8)'. \--.J 

, There'are three intram&l;,cular S'e., •• seCtact dist':' f.0.,~. 
ances in Te 2Se/+ (Fig. IY.1) th'at are shorter ~ 

\ 0 - • 

th~thervan der Waals ljmit of 3.80 ,A ~9) Similar con-

ta~ts ~e ~'served in Te 2se8
2+ ,and'Se10 + (' hapier II I ) and 

th~se have been ~escribed 'as weak bonds (16). 'Else short 

c~ntadts are in the positions of It he three bon s(tilat are 
" , , ~ 

• . 
• ~ iq 1./ 

~o~ 
'., • 

,ff , l' ,. 'i 
" " -;1 

" 

• C 



~ .. ' 

.' .. .. 

.,/, 

. 
~roken by the addition of electron pairs in deriving the 

2+ 2+ 
?~uct.ur~~f Se10 and Te 2Se S from 

~~ Slmllarly,. the shortconta~ts 
~ , , 

the cuneane. 

in·Te Se·2+ ,. 2 6 

structure 

can result 

·from breaking three edges of a cube by the additibn of three 

electron pairs. Many of the main-group ,cages can be derived 

from a few~basi~ cluster geometries tn, this fashion (9); 

A1th~U9 these·contacts in Te 2se/+ appear t? be in stereo-

chemi important pos'itions, they may not i,ndicate sig-
, , 

nifi,cant bonding interactions. This cube-like geometry and 

the resulting Se ••• Se contacts may be forced on the cation 

as a result of lone pair repulsions between adjacent seleni-

um atom;0i the bridges. Thei deal i zed bi capped trigonal 

pr~sm (0 h) eometry for Te 2se 6
2+ would result in all of the 

lone pai on' selenium being eclipsed ,(Fig •. .IV.12)."Sy 

~nc~easing the Te-Se-Se-Te dihed~~l,angle the lone piir 

,~repUl,Sions . can be reduced. A similar situation exists for 

cyclohexane where the .. twist-bo'at conformation, wi til- all.C--H , . , 
. . 

. n s staggered, is 1.6 kcal lower in energy than the boat, 
~ . G' . 

where the C--H. bonds are eclipsed along two of the .CrC 

bonds (60) • The, Te 2Se 6 2+ ,cation can 'be vi el~-S<i ng 

of I three fused twist-boats. If the ~X2E2 geometry }bout 

selenium wa.s p'erfectlyt~trahedraltne~ the pr.ojecte~ f lo~e 
pa-ir - lone pair angle in F.igure IV.12b would be 120 0 a/Hi a . ~ 

dihed;al angle Oft.t(jo would result in the, favored.. stag~ered I 
'. , .) 

g~ome't;YOf the lon,e pairs. Since lone pairs ),enerally 

• 
. , 

, 
6 <J 

• 
I . . 

0, 

, ' 

,) 

" 

• 
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FIGURE IV.12 Orientation o~ ~one pairs;Q.( electrons ~ ~e2se62+. 
a) Idea11zed D)h geometry, all. lone pairs eclipsed. b) View alOD8 
5e-Sa bond with ~Se-Se-Tit dihedral. angle or 60- , lone pairs are 

a1:aggered. 

70 

\A' ... -
• 

" 

'\ - -' 3-
nGURB IV .13 OftEP view or the As, 1 ezd~n, redrawn trom 
coordinates in r~t. (6)r?111ed_in bondp'1nd1cate the' 
Te2Se62+-l1ke core (cr. '. IV.1). . .. ". 
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exert a greater repulsivce effect\than bond 'pairs, however 

(61) , the: projected 
-- .( 

lone pair - lone pair angle would be 

expected to be ,greater than 120 0 and the most favo~le 

dihedral angle then somewhat greater than 60°. TJe observed 
, , 

dihedral angles·in ,(Te 2Se$)(Te 2SeS){AsF 6 )4(S02)2 are 6S.~,-

69.2 and 69.3° (mean 69.1°) which a're very cJose ... to tha,Y 
/, 

expected ,for the most favorable lone pair ,~eometry. The 
, , 

cubic structure of the ccation therefore may resu~ from l~e 

pair repulsions or weak cross-ring bonds, or both. 

The weak cross-ring bonding argument is su.ppor(d by 

'3- 3-of the PII and AS 11 anions (62, 63). structures 

2+ Like Te 2Se6 " these species can be viewed as being derived 
") 

from a cube (9) and been suggested as a possible ~ 

precur~or to the as red, Pg cubane (64). As 

described above, the Te 2Se6i structure resufts from 
,I' \ 

the 

addition of electron ~ajrs to,thre bonds of the cube relat-

ed by a thr!!e-fo-ld axis. ' In P1l
3 

"i 

3-and AS ll . , these, same 
" 

bond,s are broken, but b« th of bridging at.oms 
, ~, ' 

rather 'than' ¥ electron pai rs resulting struct~res 
, ' 

are remarkab~y similar (compare Figu IV.I. and' IV.13). 
\... 

Removal of the ,three,divalent arsenic at~oms in AS 1'13- leaves 

the Te,2se/+ structu~;.I In an analOgous' fashion, removal of 

if sul fur or S'elen~lll-Jtom from t'he ,bi rd~cage structure' of 

P4S3 (~or"~s.,e/ ',J.6&) resultfs in the tent-'sh~Ped 
, 2+ ' 

Te2Se4 st'ruc1:1Jre. (see chapter V). 
> -- • 

Addition of'the ,three 

~ 3-.bEi dgi n~ arseni c. atoms- t,l1)th,e ei ght-.atom core of the ASll , 

. J .; ,0,-\,' "-;s c~ 

''''~ ,,~ l~ ""'---/ 
• '. '. 

\ 

, " , 
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anion causes a somewhat greater di sto'rt ion of ;the cubic: 
.. 

-geometry of~this core than does the addition of three pairs , 
, 2+ 

of;. e1ect.ns..in Te 2Se6 • The mean Te-Se-Se-Te' ,dihedral 

angle of 69.1° in Te 2se 6
2+'is closer to*the ideal cube·'.va1ue 

3-of 90° than is the related mean ~ng1e of 58.1 0 in AS 11 

IV.8 Tiie Te 6
4+ Cation in ,(Te6 )(Se8 )(AsF6 )6(S02). 

The dimensjons of the ~nown Te 6
4+' cations are com-

pared in Table IV.7. All three ~xamp1es have sliJ~t1y. 

dis'torted trigonal prismat'ic structures. In the present 

case, tlie Te 6
4+ catiori'·'has no crystallographic symmetry arid . 

the ~nd triangular faces are,ec1ipsed with a small but 

significant angle ot 3.00 0 between their planes (Fig. IV.2). 
o 

Thi~ \small angle between the end~-faces re.su1ts in angles' 

ranging from 88.50 to 91 •• 8(5)° in the~rectan~u1ar" face ._ 

Although the cation in (Te6 )(AsF 6)4(S02)2 has no crysta11 
• 

graphically imposed symmetry, it is the most regular examp 

of thi~ cation since,the end triangular 'faces are parallel 

.to within 0.~00 and the ato~s jn the rectangul~r faces are 

within 0.006' A of their least-squares, mean planes. In 
, '-. " 

• 

. comparfson" the 'cation 'in (Te6)(AsF6),(~SF3)f' has crysta110~ ;.> , 

~"gral>hic ll6ymmetry 2 and an angle of 1.75°, between the end ..... 
, '" 

tri·angu1ar faces which are also twisted by 2~7io with re-
" , 

spect to. each oth~r )(26). There a; .a1so some Si9nifi~ant 

variations in the'VTe--Te b~9ths in these ,cations 

I~i+e6)(ASF6)4(S02)2 a1},the bOnds in athe 
, 

( Tab1t-b IV.:7). 

u 
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~ABLE IV.7 Bond Lengths (AL and Bond Angles (deg) in re6

4+ 
Structures. . r--r 

.' . 

.~ 

Bond Lengths a 

Te(1)--Te(2). 
, 

--Te(3) 

--Te(6~ 

Ib • 

. 2.684(5) 

.2.679(7) 
, 

3.132(6) 
• 
2.694(5) 

2.662(3) 

2:673(2) 

3.132(2) 

2.67~(2) 

I rrd 

2 .679 ( 2 )" . 

-2.702(2) 

3.167(2) 

2.701(2) T.e (2) -- Te (3') 

;--Te(5) 3.148(6}.; 3.132(2) 

. T e ( 3.) - - Te ( 4 ) 

Te (4) -.- Te ('5) 

.... -- Te (6) . 

. Te(5)--Te(6) 

Bond Angles 

trian9ula~ faces· 

3.121(6) 

2.677(5) 

2.675(7)" 

2.675(5) 

\ 

59.8(l)·to 
'60.3(1) . 

rectangular faces 88.9(2) to 

3.062(2) 

2.673(2) • . 2. 

2~2) ~.698(2)/ 

2.662(3) 

59;7(1) to 
60.2(1) 

88.3(1) to 
91.6(1) 

2.679(2) 

59.47(5)·to 
60.32"(5) . 

88.51(6)' 'to 
91.48(6) 

\,. 

(a) The ato ic numberi.n~ f ref. (26) has been modified to .. 

. "'-- ~ 
, 91.4(2) 

fi t the present st ruct re, i •• for st·ructu re I, 1",4, 2 ""i; 
3=6, 4=5, 5=1, 6=3,:and ructure II, l=ij 2=.2, 3=;1., 
4=.1', 5=3', 6=2'. ~. r 

lTe6)(AsF6140AsF3) 

(Te 6 ) (Se~ (A1F6 )6(.S02)' 

~". . \ 
. , 

o· . 

, 

t 
.\ 

.~. 

~ 
J .... 

'. , 

.. 
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end trijngular faces have th~ same length and the bonds 

between thes1! faces a-re also vfrtuaJ ly equal in length. In 
'/'1 . , 

catio~ the bonds between the triangular faces the present , 
have lengths of 

end triangular 

o 
3.047(2) •.... 3.1~nd 3..172(2) A. In each 

face the bonds which include the tel·lurium 
i, \. 

atoms. i nvol ved in the short bond betw'een these faces are 
• \ 

significantly longer tha~' the r'~maining bond (Table IV.7). 

A similar 'but less pro~ounced ~orre\~tion is 'obser~ed for 

the bond lengths in t,he cation in (Te6)(As~6)4(ASF3)2' 

t\;". d: :;:::::':, :0::':':::' ::':,;:, :::,;'t d ;:::::,::: 
in)the a~ion-cation interactions. The interionic contacts 

, to 
• 

van' der ··Wa·als limits are inclu~ed in Table IV.B. Atoms 

Te(3) and Te(4) .whi.ch form the s.hort bond in the rect.angular 

faces (~nd the long bonds in the triangular . faceS) form 
A 

o 

several more' (five to. six) short Te ••• F cont.ilcts. in "t,he 

range 2.73 to 3.15.A. The oth~r tel.luri~tomshave o.nly 

two to three con::;)ts of similar length. . • .' • 

In a recent molecular prbit'al investigat'ion' of ~th~-
Te 6

4+ cation (51.l. it was calculated that the catioll achieves 

its lowest energy whe~' th,Jtwo .triangular f~ces are eacn 

folded p:ack ca. '14 0 from th~ paf"~llel~ositions' o,."l\ regular 

trigonal 

be~e'n 

, , 
pri sm. i. e._ wi th one long' bond' and' two short· bonds' 

I 

'the t ri a n.~~.~ faces. In the 

.. ( 

present 
'<b 

~\ 

structure ~ 

." 

.-

I 
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-
however, there is one short ~ond and two 10n9 bonds between 

these faces. 

. ... 

\ ., 
I 

, TABLE IV.S Interfonic C~ntacis (l)t~ Te6
4+ .1 n 

Te6 (SeS)(AsF6 )6(S02)' 

, .. 
Te(I) ••• F(13) 3,089(15) Te(4) ••• F(12) 2.890(14~ 
. • •• F(62) 3.453(15) • •• F (52) 

3'mN ••• F(63) 3.148(15) • •• F(55) 3.46( 
••• 0(1) a 3.284(16) ( •• • F'f.!1): 3.090( 2) 
••.• F(11)a 3.011(14) • •• F ) e 3.292(15) 

: ••• F(21) 3.199(1S) ••• F(43} 3.123-( 13 ) 
••• F(231,)a 3.21(3) ; •• F(3l}c 3.030(13) 
••• F(262)a 3.43(4) 

Te(5) ••• F(34) 2.914(15) 
Te(2) ••• F(36) 2.965(18) .:.F(42) 3.407(14)· 

••• F(62) 3.471(14) ••• F(45) 3.243(15) 
',' .F(65) 3.146(16) · .. ° (1 ) 3.393(15) 
••• 0(1) b 3.357(15) • •• F(22)e 3.23(2) 
••• F(22) 3' 12(2) ••• F(33)c 3.022'( 13). c- • 

• •• F(241): ••• F(33) b 3.299(15) 3.311(3) 
••• F(231)b 3.35.(3) . ••• 1:(252) 3.39(4) , 
••• F(262),' 3.33(4) 

., .. 
Te(6) ••• F(1'3} 3.187(16) 

Te(3) ••• F(r4) 2.960(13) ••• F(42) 3.494(15) 
••• F ( 55) c . 2.73(3) • •• F(46), 3.118(19) ., 
••• F(35)d 3.000(13) • •• 0(1) a -3.337(15). 

,. ••• F(61)d 3'.135(.15) " ••• F(16) 2.926(14) 
••• F(62)d 3.151 (15) : •• 1'(21) .. 3.16(2) 
•• ;.F( 64) 3.111(14) ••• F (241.) 3.25,( 3) ... : ,-

.. Symmetry Code. 

~a) I-x, l-y,-.t' 
( -x -y, .-z 

,,(e~xc':-z 

(b) 
(d) 

-1 +x, y" z 
-x, l-y, -z 

.. ~ 

, 
" ... 

, . 

'. 
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V.I Introduction. 

There are three pub.l i shed X-ray Crystal(structures 

with chal cogen. 
. . 
cations of average oxi~ation state 

-These are of the co~pounds (Te2~e4}(AsF6}2' (Te2Se~}(SbF6}2 

and' (Te3S3)(~SF6}2 .(20). The ~ry~tal stfucture tif 
, 

(Te~Se4}(AsF6}2 has recently been redetermined (2l). In all 

, ati.on 

the cation is a six:~embered ring in the boar conform~ 

with o~: cros~-ring bond (Fig. V.lt~ ,This cag~ struc-
'. 

ture c.an be visu'alized (9) as ,arising from the parenttri~-. 

onal prism cluster stricture by the addition of two pairs'of 

electrons or from the "birdcage" structure of P4S3 (65) and 

related species such as Sb 3-. 
7 

remov~l of a:~rid9ing atom :(Fig. 

(6S) and 

V • 2) • 

is sim'ilar. to ·t~e relationship between . 
(section IV.7). 

, 

The hdmoatomic specie9 S62+ and se6
2+ ~re unknown' 

the. T~6~+ cation has been isolated in the compounds. 

Te 6(A1C1 4}2 :~"4}, Te 6(AsF 6}2 (59) and "re 6 (SbF 6)2(69}. Good 

'crysta"lri ne sampl es of these' compounds have n~ been i5Q-

lat~d, h~we'Ver," and the structure of the Te62i: cat.ion is 

still uncerta.j.n. One.,.possible structure is a planar six-

-;emberedring,.V.I (59). . ... . 

. + + 

.. o V.I 

'\ 
, 

I 

.'V\ 

.r 
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FIGURE V;1 . The·m.. Se .2+ and Te S 2+ cat' . . ~2. 4 3 3 J.ons • 

.". 
• 

.;. 2(2e) • 

0) , -) 

,. 

: .. 

• 
, b) 

.. 1: .. 

" 

FIGURE V.2 Derivation of the T.e2S!'l42+ structure from the 

trigonal. prism and. fr~m the P4SJ (birdca~e) structure. 
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IL fou r of the~e ~ 
atoms contribute one lone ~air 

. trons to the 7r system then this can be c!ffi'!iidefed 

79 Q 

~f ~elec-. 

aLa r01/ 

aromatic system with 
n. . 

distri~uted ~ver 

. 

J the six Te"--Te bonds of the r·n~. h:S :~anar, delacal~ied, 

st r~ure is adopted by the 'i soya lent P 6, and. 1,3 ,5-J>3N3 

aniQns (58, 7~ In_ theis~italent 1,3-S4Ni·'molecull!. the 

system is no longer completely de~ca~d and the. structure . 
.; 

f •.• 

is a half-chair (half-boa1;), }'lith the central sulfur of the, 
, 

tri sulfide unit out of ~he pl~ne of. the 4ther five' .atoms ( 
~. .... '"' ~ .. 

(7.1). This 'strucUre is intermediate between ·the completely 

,. de,~d.l.ized. plan~r struct~r~of' p.(i4~ (T~/~) 'and t~e boat- <> 

shap;d-: bo'nd-lo'caliz~d Teie42+·strfcture. ~recen~'molecu-
. . - '.. \.. . . 

lar' orbital in~estigation of the structures of somep.ol{at''!' \ 

omie cations and .anions of the main-group ~'ements con- • 

planar' ring is ~he most favorable structure 

Tfii~ hypothesis is'-supported by .. . 
a 125Te 

cludes that th~ 

for Te/+ (51). 

Mossbauer~ 
. ,;:; . . ..' ~ 

of Te 6 (AlC1 4 )2 which provided no eVld_ence. \., .•.. 

for more than one Te sit-e ~ the compound, 'as expected for 

the pl anar structure; but' not 'for a boa'i; structure (72). 
. ' .. + ... 

2+ . 77 . 
The Te 2Se4 . cation has be~1i characterized by .' Se----

and 125Te NM~ spectroscopy in 100% H2S04 and oleum salu~ions 
. . . 

(50). Chemical shifts and c~u~ling'constantsa~e consistent 

with the ~olid-state structur~ .being retained in .solution. 

The isostructural Te 3se/+ cation has also been identified 

in these solutions (50). The 77SeJ7Se and 77 se _'liJ.25Te coup_--:' 

J . ' 
• 

. 
• 

.,. . 

.:' .; . 
I • . ". :. 

. . 
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so 

. 
lings indicate that the Te-·Te .cross-ring bond is retained 

, 
in this cat'on and the third tellurium atom'is located at 

the opposite e~ of the.cation, at site (4) {Fig. V.l). In 

contrast, the .:cryst;,~l structure (20) of (Te3S3)(~SF6)2 dem-
2+ onstrates that the third tellurium atqm of the Te 3S3 

cation is located at site (3), forming a Te 3 ring (Fig.V.l). 

V.2 Preparation.?f (Te2Se4 )(SbF 6)2' 

Followi'ng the ~roce~ure outlined in chapter II, 

1.0301 g (4.9t7 mmol) of.a' finely~powdered 1:1 mixture of 

tel\urium 'and selenium was mixed with 1.627 g (7.S0S mmol) 

of The initial· green ~olution color 
" 

turned red-brown after several minutes. After one wee,k of 

stirring the solution war filtered and after standing for a· 

few days black· c'rystals were deposited. These w!:re filtered . ' 
and any'rem~ining volatile material was removed by· pumping 

under vacuum. A subsequent X-ray crys~al structure determi­

nation idehti fied the c~rystcil s as (Te2Se4 ) (SbF 6)2' . ,A. crys­

tal structure of (Te2Se4 )!SbF 6 )2 has already been reported 

(20), but the space gro~~ of the present'compound:is dif-
• 

ferent and the 'exact' composition of th'e' c·ation in the former 

compound is somewhat unc~rtain (see section V.S). Ditellur-
" . 

. ium tetraselenium bis(hexa'luo~oantimonate) has also been 

obtain~d in other long ter~ (1 week) ~eactions involvin9 

different stoichiometries of Te, Se and ·SbF S (see reaction 

IV.S and section VI.3). The previously reported (20) 

" 
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, 
"(Te S~ )(SbF ) " '·2462 
0.5 '"h (20). 

• 
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was obt~';ned after a reaction Lime of ~nly 

• 

Following the procedure of chapter II, Te (0.7~9 g, 
". 

5.650 "mmpl) and Se (1.3377 g, 1~.936 mmol) were mixed with 
~' • 

SbF 5 (4.9036 g; _22.624 mmol) i,n 40 mL of S02. The.soluti9n 

green but rapidly tur~rown and was jnitially 

after one week of stirring was' an amber-brown color. The 
, ,. 

solution was filtered and the solvent slowly .removed by 

distillation. Afler 48 h a large quantity or black cr~stals 

had formed from the residual brown oi]. , "The oil wa~ poured 
• I 

off, t~e c;ystals washed with S02 and any remaining volatile 
• materials were removed by pu.ping under vacuum • The prism-

. - and block-shaped crystals were shown -to' be Te2Se4(Sb4F20) by 

a subsequent X-ray crystal structure determination. • -> , 

V.4Preparation of (Te xSe 6_x )(SbF 6)2' 

Following the.proce<hlre outlined in chapter II, Te 

(1.0891 g, 8.535 mmol) and Se (0.6744g~ 8.541 mmol) were 

mixed ~with SbF 5 (1.848 g, 8.527 -mmo'l) in 45 mL of S02' 

-After 4 h of stirri~g the mixture was cooled to 195 K in a' 
, 

dry ice/acetone bath and the deep brown solution filtered 

while stilJ cold and allowed to stand. After 48 h the solu­

tion wa~ poured off rev~aling ~- large number of flat needles 

and plates. Precession photographs revealed that the cryst-

• 

• 

" 
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unit· cell was slightlylarg~r. A, ~ubs~quent X-ray crystal 

structure ~etermination using the atomic' positions.' ,of . -. 
"~Te Se )(SbF ) " ,2 4 6 2 _in the initial ref'inement identif.j,.ed ttie 

'-
compound as (T~~.7_~3;3)(SbF6)2' 

occupational disorder ,in that two 

Thi s compound '.' po~sesses 
: - 1 • 

of- the cation sites - are 

partially occupied by both Se and Te. A similar situation: 

exists for (Te4.S'Ses:s)(ASF6)2 (section 111-;3). 
~' ... 

When the above proc~e was fo'llowed except with a 

larger Te:Se ratio, i.e. 1.6S14 9 (t2.9 

0.S123 

mmol) 

9 (6.488 mmpl) Se were reacted with 
~ 

SbF S' the resulting crystals were 

TheJ).ray cry~ 

mi~ation revealed the composition of thi 

"-. 
V.S Preparation of (Te2.1S3.9)(SbF6)2' 

mmol) Te and ' 
""'"'-

2.1 43 9 (9.709 

at?' isomorpho~s 
structure.. deter-

econd compound to 

Follow\ng the general procedure as outlined in chap­

ter II, Te (0~8S84g, 6.727mmol) and-S (0.6471g, 20.18mmol) 

were reacted,with SbFS (2.181 g, 10.1 mmol) in 20 mL of . a 

The solution was initially , 

amber-brown but turned amber-red after 1~ min. After 24 h 
,\ 

of stirring tHe reactiorl\ mixture was cooled in ,a dry 
" 

ice/acet,one, bath to 19S K and the solution filtered while 

still cold. The filtrate was left 10 stand in the cold baih 

which slowly warmed to r06m ~emperature over 4 days ~nd a 
. .r 

large quantity of thick amber-brown needles and blo~ks were 

.•.... 

• 

,J"\ , 

-, \ 

, 
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,,-

deposited. P r~es s ion pho'tog raphs of th,e needl es demon-

,strated 
, ( -"'~ 

that they were isomo~phous , wit h (Te 2Se 4) l.SbF6 ) 2 
,') -

(section V.2) anda subsequen,t X-ray, cry(stal structure de-

terminati~n identified the compound as ~IS3.9)(SbF6)2. 

One of the sulfur'sites in each of ~he two 'independent 

cations in the structure is partially occupied by tellurium. 
/10 

The atomi~ coordinates fr£m (Te 2Se4 )(SbF 6 )2 were used in the 
• 

initial' refinement of the structure. 

The blocks isojatedfrom this reaction were similar 

in color to (Te2.1s3.9),(SbF6)2' but the morphology was dif-

ferent and 
( 

precession photographs revealed a cubic space 
o 

group (ith a = 8.35 A. A data set :was collec~ted on a Syntex 

~21 diif~actometer, but the st ucture could not be solved. 

Many of the rare earth sulfidei M2S3 , are cubic with axes 

• of 8.2 to 8.3 A (73). 

rhombic modifications with similar cell volumes to the pres­

ent compound (74, 75). This compound may be a cubic form of 

antimony sulfide or telluride or mixed antimony sulfide­

telluride. 

V.6 Prep~ratioh of.(Te3S3)~SbF6)2. 

~llOWing the procedure outli~ed in c~apter 
, . I I , Te 

(1.2060 g," 9.451 mmol) and S (0.3026 g,' 9.437 mmol) were 

mixed with SbF 5 (1.534 g, 7.079 mmol) in 45 mL S02. After' 

5 h 0 f s t i r r,i n 9 the dee p vi ole t sol uti 0 n was coo 1 ~ to 195 K 

before filtering cold and 'allowed to slowly warm to 295 K. 

, ' 
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, 
~fter" 3 days of standing the solution WilS poured off reveal-

,"' i,!g a large quantity of black crystals. The ,crystals ap­

peared to be of tw~ distinct types: (I) large multifac~ted, 

almost sp;herical,cryst.a:ls and (2) flat needl"es and plates • 
.. ' 

Th,e spheres were triclinic and were identified by Raman (76, 

77) and 12STe NMR spectroscopy (SO, 78) to be (Te 4)(SbF 6)2' 

This compound has previously been prepared in crystall i ne 

form from a GeJTe mixture (23) • Precession photographs 

reveale"d • that the' remaining crystals were isomorphous w;:t"h' 
) " 

(Te 3S3)(AsF gt 2 , which has been prepared from a r.action of 
.J' " 

the same st?ichiometry b~t using AsF S as th,e-oxidan't (20). 

The present compound is then probably (Te3S3)(SbF6)2~ al­

though a disordered compound of the 'type (Te xS6_x )(SbF 6 )2 

cannot be ruled out. The unit"c~ll' dimensions bf an isomor­

phous crop of. ,crystals isolated using' the same procedure, 

\ but with the TerS/SbFS reagen~ stoichiometry pf ~:6:3,' were 

accurately determined on a Syntex P2 1 diffractometer (see 

Appendix). 
, 

V.7 
, 2+ 

Anion-,Cation'Inte,ractions in M6 Structures. 

As was noted in the previous two chapters descri~ing 
'2+ 2+ ' 

the MIO and M8 structures, there 

contacts to the M6 2~cation,s that are 

ire several interionic 

significantly shorter 

-than the van der Waals limits and are in stereochemically' 

meaningful positions. , The contacts to t~e three-coordinate 

tellurium atoms- are generally s'horter and greater 'hal number 

,-

", 
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than-those to the selenium and sulfur atoms. These obs~rv~-

~ions are consistent with the greater size (pol~rizabi~ity) 

of tellurium ahd with the positive charges being localized 

at the three~coordfate tellurium, atoms. The arrangement of 

the primary an~ secondary bonds to Te(ll) in (Te 2Se4 )libF 6 )2' 

(Fig.' V.3) produces a tricapped trigonal prism, wiih the .. 
" lone Pa.l.z }of electrons on tellurium presumably capping a 

t~i angular; face of the pr'i sm. /hiS can be 
.~, 

geomletri es {'observed .. , 
about tellurium 

compared with 

'lASF6)4(S02)2 and (TeF r )(Sb 2Fll ) in Figure H1.7. 

• The St1~FI4 -_ an)i~ . ~cOmpqUnd (Te 2Se 4 ) (Sb3FI4 ),­

(SbF 6 ) contains an Sb(III) at?m as well as two Sb(V) atom • 

The stereoactive l'one pair of electrons on Sb(III) is 

interest when considering interioniccontacts. The geometry 

of this anion is described alon~ with other salts containing 

the Sb 3F14 - an~n in chapter VI. 

V.S 
. 2+ 

Comparison of H6 Structures. 

"' A ll--Pfthe M6 2+ cat ions desc ri be'd above adopt' the 

boat conformat.ion with two tellurium atoms forming a cross-

tin? bond." The cations in the_compoullds (Te2.7Se3.3)(SbF6):i 

and (Te3.4Se2.6)(SbF6)2 are occ~gationally disordered with 

both of the apical selenium pbsitions of the boat (Se(3) and 

Se(4) of Fig.V.I) partially occupied by tellurium. In both 

cases the tellu ium concentration is higher 

opposite the basal Je--Te bond (Table V.l). 

at , the apex 

The 1 engths of 

. ' 
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F(l2) 

! 

/ 

FIGuRE V.3 Anion-cation interactions at Te in Te2se4
2+ 

structures. All views toward assumed position of lone pair • 

• 
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I 
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" 
the ~onds to the partially tellurium-substituted )ositions 

are significantly long~'than .the average Te--Se and Se--Se 
~ ..... ' 

bonds in the structwreswith ~imp!e Te ZSe 4
Z+ cations (Table 

V.Z). Analogous bonds in differen~ :rezse/+cati:ons show 

some small variatjons as well, most probably as a result of 

differences in a~jon-cation interactions. The bond lengths 

to S.(3) and Se(4) in ubli,shed s~ructures (ZO) of 

"(Tezse4)~ASF6)Z" and zSec )(SbF 6)z", .~owever, are.tSig-

nificantly longer n the mean bond lengths to these posi-
. . . - Z+ 

tions in the other Te ZSe4 . salts (Table V.Z), indic~ting 

partial tellurium substitution in these structures as well. 

T~e cross-ring Se(3) ••• Se(4) distances in the 

Te Se 6 Z+ structures are comparable i·n magnitude to cross-x -x 
ring distances- in Te Zse 6

2+, Texsel~~XZ+ and selO
Z+ struc-

tures described earlier (chapters III and IV) and may all 

. indicate weak bonding interactions. 

the Se(3) and Se(4) sites in the 
.-

The ob~ervation that 

Texse6~x2+ cation are 

preferentially occupied over the Se(5) and Se(6): sites by 

the larger, more polarizabl~ tellurium atomS ·(see Table V.l) 

lends sume support to this bonding argument. A plot of the 

Se(3) ••• Se(4) distance as a function of total tellurium 

·2+ content at these two position~ for the mean Te1 Se4 cation 

(Te . content = 0) and the mixed (Te2.7se3.3)(SbF6)Z and 

(TeJ.4Se2.6)(SbF6)Z' structures gives a straight line with a 

corr~lation coefficient, R = 0.99996 (Fig. V.4). According 
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Table V.1 2+ Occupation of the Sites in the Te xSe 6_x Cation. 

(Te2.7S~3.3)(SbF6)2 
,\ . 

(Tei.4Se2.6)(SbF6)2 

Sitea Kb 'Tec eo. Kb nec "Sec , of 'Sec " of 
electrons electrons 

1 1.029( 10) 53.5(5) 100 0 0.994(9) 51.7(6) 100, 0 . 
2 1.006(8) 52.3(4) 100: 0 0.997(8) 51.8(4) 100 0 

3 1~119(13)d 38.0(4) 22.5 77.5 0.874(8)e .. 45.4(4) 63.6 36.4 

4 0.822(7)e 42.7(4). 48.6 51.4 0.936(7)e 48.7(4) 81.5 18.5 
, , 

5 o .979( 11) 33-ri{.4 ) 0 100 0;990(11) 33.7(4) 0 100 
. .. 

6 1.014(12) 34.5(4) 0 100 1.026(12) 34.9(4) 0, 100 

(a) Numbering as in Fig. V.I. (b) Population parameter fr~ refine­
ment in the program SHELX. (c) Si tes where, the ,number of el ectrons 

,"i~ within 3 standard deviations of 34 or 52 are considered, to be 
~O' Se or Te respectively. (d) Refined as Se. (e) Refined as Te. , 
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hbh V.2 Bond Lengths In the Te2se4~t lnd 11.5'6_. 2+ Clttons. 

80nd L.: (;.-Co_pound R.t 

- , I -·3 I - 5 , - 3 2 _ 6' 4 : - 5 4 - 6 3 ... 4 5 ••• 6 

Te2se4{AS~6}2 
b ,I ,.81'(5) '.547(6) '.566(6) ,.530(6) '.5'7(8) '.'84(9) '.3'7(8) lo350(8) lo 384 (8) 

.~ 
,.797(4) '.563(5) ,.545(5) V·568(5) ,.543(6). '.3'4(7) '.314(7) . lo 390( 7) lo451(7) 

. b 
T',S'4(SbF 6), c ,.800(3) ,.519(5) ,.558(5) '.5'4(5) '.554(5) '",H7 (7) 1.335(7,) lol64(6) 3.469(6) 

'.809(4) '.5'0(5) ,.553(5) '.504(5) '.5H(6) 2.298P) '.305(6) 3.3H(6) lo~Z9Ii) 

T',S'4(Sb 3FI4 )(SbF 6 ) • c ,.770(4) ,.460(5) '.5"(6) '.466(5) 2.494(5) 2.'80P) '.'68(7) lo,344 (6) loJ7'«(l 

Hean fe zse. 2+ '.798 , .5" '.549 , • 518 , .534 2.3QI 2.310 J. 364 J,421 
'-, 

'.793(') ,.5581l). ,.55'1l). ~7(4)' '.546(3) '.]85(4) 2.400(4) 3.453(4) ]'.491 (4) T',.7S·3.3(S~F6)' c 

T·J.4 S·,.6(SbF 6 ), • c ,.80'(1) ,.646(3) 1.5791l) ,.646(3) 1.567(3) 1.445(3) 1.469(3) 3.543(3) 3.531 (3) 

·rf zSf.(SbF 6 )z_d ~ '0 '.786( 7) 2.5]9(10) 2.532(9) '.5,stll) 2.5]9(9) 2.346(1'0) 1.346(11) ].412(11) 3.445(10) 

·TezSe.{AsF 6}z-e ,0 '.8'(') '.59(') '.57(') ,.56(2) ,. \8 (,) Z.~3 (,) '.38(') lo49(1) 3.41(1) 

(.) MIl.berlng IS In Fig. Y.I. (b) Two Independent i.ttons In the structure. (e) Thts vork. (d) Proposed composition based on 
3 ••• 4 dlst.nce: TeZ.CSeJ.6(SbF6)Zo (e) Proposed co~posltlon blse~ on 3 ••• 4 dlstlnce: ~e3.0Se3.0(AsF6)2' 
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" to this plot, the Se(3) ••• Se(4) distances in the published 

st;4"ructure~ of "(Te 2Se 4)(AsF 6}2" an,d "(Te 2Se4)(SbF 6)2" indi-
o 

cate that these compovnds would be better described as 

,(Te3.0Se3.0)(A'SF6)2 and' (Tef.4se3.6)(sj>F6)2 respectively,. 

These compounds' wer~ prepared'from equimo1ar mixtures of 

tellurium and selenium and)rt would therefore not be sur-
. 

prising for e'Te-Se ratio of the products to be greater r 

, , 2+' 
value f 0.5 for Te2S~4 • The bond angles in th~ 

and Te xSe 6_x 2+ cations (Tabie 'V.3)' are sensitive to 
" "-

·changes ir the te1,ldrium content of the cation as well. The 

Te(Y)-Se(3)-Te(Z) and Se(5)-Se(4)-Se(6) angles in' the 

Te3.4se2.62+ cation are n~ar1y 4° smaller than in the mean 

Te 2se/+ cation. These ang,les inahe, published structures 

of "(Te 2Se 4) (AsF6 )2" and "(Te2Se4)(JbF6)2" are smaller than 

thos.e of the mean cation as well, again indicating'partia1 

telluriu'm rUbstitution of the Se(3) an' Se(4) sites' in 'the 

,'tompounds. ' 

The unit cell volume of a comJound.,'is instructive 1n 

determining its compositio~. As out1i~edin section 

the ce 11 vol ume, of a ,gi ven compound can ~e accu rate1y 

IX.2, 

pre-

dicted ~rom a summation of the average volum~s occupied by 

its 

have 

that 

by 

component pa rts,. 

average volumes, of 

the mean volume of 

The AsF 6 
-, 

, 

101, , 114 and 

the Te 2Se4 
2+ 

- , -SbF 6 and Sb3F14 anions 

265 i 3 respectively~ so 

cation, as, deteriined 

subtracting the appropriate anion volumes from the cell - ' . 
volumes of· the compounds (T,e 2Se 4 )(AsF 6)2 (redetermined struc-

.. , 

, 

( 

" 

.I 
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FIGURE V.4 Plots of site (3) site (4) distance anu 
cation volume as a function of mean Te percentage at 
sites (3). and (4) in Te);e.6_x2+ cations. 
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lIblt Y.3 2+ Z+ 
8on~ Angl.s tn~!~' T'2S'~ Ind T' xS'6_x ~.t'ons. 

I • '-
Co.pou.nd Ref. Bond Angle (deg)· 

Z·I·3 Z·I·5 3·1·5 I·Z·3 I·Z-6 ~~-6 1-3-2 5-4-6 1-5-4 2-6-4 

Te ZS· 4 (ASF 6 )2 b ,ZI 56.I(Z) 96.9(Z) 99.4(Z) 56.1(Z) 95.9(2) 101.0(2) 61.3(2) 94.4(3) 96.1(Z) 91.2(3) 

f,t 51.1(1) 91.1(1) 99.1(Z) 56.9(1) 91.0(2) 101.3(2) 66.1(1) ·96.I(Z) 91.~) 96.1(2) 

b • 56.4(1) 98.9(1) 99.1(2) 56.Z(1) 96.0(1) 100.1(2) 61.4 (I) 96.4(2) 96.6(Z) 91.0(2) 1o ZSe4(SbF 6 )Z < 
.. :! ._55.1(1) 91.4(1) 99.8(Z) 56.3(1) 96.5 (I) 101.0(2) 68.0(1) 9.6.1'(2) 91.3(2) 91.0 (2) 

TezSe,(Sb3F14)(SbF~) c' .55.9(1) 96.0(Z) 100.5(2) 55.1(1) 91.8(Z) .100.8IZ) 6Q.4(1) 95.1(2)" 91.8(Z) 91.T(Z) 

2+ 56 •• Z 91.4 99.8 56 •. 4 .~ 96.6 101.0 61.4 95.8 91.2 91.1 .,- Hean le 2S,. 

. reZ.ISe3.3(SbF6)2 c 51.1(1) 
~ 

96.9(1) loi.4(1) 56.8(1) 98.8(1) 100.0(1) 66.0(1 ) 9a..1(1) 98.0(1). 98.3(1) 

re3.4SeZ.6(SbF6)Z c 58.0(1) .91.0(1) 101.1(1) 58.0(1) 99.2(1) 100.9(1) 63.9(1) 91.9(1) 98.4 ( I ) 98.4(1) 

'10 Se (SbF'~)' .d '10 56.4 (3) 96.8(Z) 101.8(3) 56.9(Z) 98.0(3) 99.9(3)' 66.8(9) 94.3(4) 91.5(3) 98.1 (3) 
Z 4 6 Z 

99~ -Ie 5e (AsF;) .e . ?Q' .51(1) 101 (I) 59(1 ) 96(1) 99 (1) 64(1) 94(1 ) 98(1 ) 99 (1) 
Z 4 6 Z < 

r ' .. 
(.) NUlibertng is fn Fig. Y.l. (b) .]'111'0 fndependent clt.fons in the structu~e. (e) This III'or,t. ~) Propose~ compOSf~O'n baud 

:f on 3 ... 4 distance: 1o Z•4Se3';6(SbF 6 )Z' (e) Proposed co.posltlon based on 3 ... 4 dlstlnce: re3.0~.o\ASF')2' . 
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ture), (Te 2Se4)(SbF 6 )2 (form reported here) and (Te 2Se4 )-, 

(Sb 3F14 )(SbF
6

),- is 187 A3 (Table V.4). This compares favor­

ab1y·~~th the value o~ 188 X3 as calculated from the av~rage 
°3 Se.and ~e volumes of 28 and 38 A .respective1~ (Table IX.2). 

A plot of cation volume. (Table V.4) as a function of the 

total %Te at the Se(3) and Se(4) sites (Table V.1) gives a 
. 2+ 

linear p1~t for the' mean Te 2Se4 cation and th~ 

2+ :0 2+. 
Te 2 •7Se 3•3 and Te 3 •4Se 2 .& catlons (R = 0.9987, see:Fig. 

V.4). Th~ published structure~of "(Te 2Se 4)(AsF 6 )2" and, 

°3 "(Te Se ) (SbF )" have .cat,ion vol urnes o£. 194 'and 192 A 
2~· 62 'f-

respective1y~ 'si~nificant1y larger than that of the mean 

Te 2Se 4
2+cation, ~ich again'indicates some tellurium substi­

tution at the presumed selenium sites in these compounds. 

theu~e of the cation volume as a measure of its composition 

is probably m6re useful than the 'bond length and bond angle 

·c~mp&Viso~s described earlier since a complete structure 

determination is not required for the former compari$on. 

The Te 2S4
2+ c~tion in (Te2.1S3.9)(SbF6)2 is only the 

second Te~S cation tobe characterized. Jhis .cation is. 

isostructura1 with Te 2se4
2+ with the 

forming across-ring bo;d '''(F,i9. ,V .5). 

two tellurium atoms 

L'ike the Te
x

Se
6

_
x 

2+ 

salts, there is some occupational disorder in this compound 

with S(13) and 5(23) (Fi~, V.5) partially substituted by 

tellurium in the two independent cations of the structure 

. (Table V.5).As was observed for "(Te Se )(AsF ) " 2 4 6 2 and 

.' 
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Table Y." C,tion Volu.es in Te25'4 2+ Ind Texse6~x 2+ 
Structures. . 

Co. pound ,- Ref. Unit Cell Z Molec. elt 1 on 
Yolu •• Valu.e Y.I, .. (A)3 

/ 

re2Sec (AsF 6)2 21 3124 8 390 188 

Te 2Se,(Sb'6)2 • 661' 16 '13 185 

re2Se,(Sb 3FI,)(Sb'6) '5A6 8 568 ·189 

Hean TezSe" 2+ 187 

re 2•7Se3.3(Sb'6)2 • 1691 , '23 195 , 
re 3.,Se2 .6(Sb' 6) 2 I 1720 , 430 202 

·re2S.,(SbF6)2· b 20 1679 , '20 192 

-Te zSe4 (Asf 6 )z-c 
2°F 

1585 , 396 19' 

(I) Thts work. (b) Proposed co.poslt'on~blsed on 3 ••• 4 dlst-

Inc~: Tt2~~Se3.6(SbF6)2. (e) Proposed 

J ••• 4 dlst.nce: Te3.0seJ.d~ASF6)2' 

• 

'0 

cOMposltton blsed on , 

" 

.... 

..l 

-> 

, 

• 

, 

513 , 
7\ 

~ 

\ ..... , -. , "- .? 

I 

FIGURE V.5 ORTEP·views of the "T82542+. cations in 

(Tt2"BJ ,9) (BbP6)2' 
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, 
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• 



, 

95 

"0Te25e4)(5bF6)2"' the bond lengths to 5(4) in the published 

structure (20) of (Te 353)(AsF 6)2 (Fig. V.1) are significant­

ly longer than to the analogous 5(14) and 5(24) atoms in 

(Te2.153.9)(5bF6)2' indicating that there is probably some 

tellurium substitution at 5(4) of (Te 353 )(AsF 6 )2 as well 

(Table V.6). The slight decrease in the 5(5)-5(4)-5(6) bond 

anJJle in structure compared to 

(Te2.153.9)(5bF6)2 (Table V.7) js again consistent wit~ this 

su~position. The Te--5 bonds of the Te 253 ring are essen-

tially ~he same length in both strpctures. The analogous 

of' essentially bonds of ~he"Te 5e 6 2+ cations are x -x 

equal length in~all of the kn~wn compo~nds as well (Table 

v .3) • It is a common featu"re in these structures that the 

two three-coordinate positions are essentially entirely 

occupied by tellurium while the remaining two ~toms in the 

plane are either selenium or sulfur. ·If the composition is 

more tellurium-rich, then only the two apical positions 

become partially occupied by tellurium (see Tables V.1 and 

v .5) • 
2+ . 

An obvi ous di fference of the Te 56 "and th.e , x -x 
Iex5e 6_x

2+ cations is the preferance for tellurium occupa-

tio~ of site (3) in the Te-5 cations and site (4) in the Te-

5e cations. . This behaviour may be related to the large 

dlfference in Te--5 and Te--5e bond lengths. The (1)-(2)-(3) 

and (2)-(1)-(3) bond angles are particularly acute in all of 

these structur"es as a result of t.he cross-ring Teq)--Te(2) 

-j' ... 
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Tabl. Y.5 Occupation of Cation Sites In (TeZ.IS3.9}(5bF6}Z' 

cation I Cation 2 

, of %Te c %5 c , of %Te c %5 c , 
electrons electrons 

I 0.98Z(6) 51.1(3} 100 0 0.98Z(6} 51.0(3} 97.4 2.6 

2 1.003(6} 5Z.Z(3} 100 0 0 •• 999(6} 51.9(3} 100 0 

3 1.199(ZI} 19.Z(4} 8.8 91.Z I.Z~7(ZI} ZO.8(4} 13.2 86.8 

4 I.OZ2(ZZ} 16.4(4} 0 100 l.oo!(zi} 16.0(4} • 0 100 

5 I.OZ4(Z4} 16.4(4} 0 100 1.09Z(Z4} 17.5(4} 4.1 95.9 

6 0'.94B(Z3} 15.Z(4} 0 '°"\00 1.030(23} 16.5(4} 0 100 

(a) . Numbering as in Fig. V.I. (b) Population parameter from 
refinement .1~ the program 5HELX. (e) Sites where the number of 
electrons is within 3 standard deviations of 16 or 52 'are con-
1fdered to be lOO~ S or Te respectively. 

• 
Table Y.6 Bond Lengths (A) 1 n the Te

3
5

3
Z+ and T0 2 • 153 • 9 

2+ Cations. 
• ( 

Te 353 (ASF 6 }za TOZ.t53.9(5bF6}Z 

Cation 1 Cation Z 

I _ 2b Z.787(4) Z.778(Z} 2.78Z(Z} 

I - 3 Z.684(4} 2.4ZZ(6} Z.414(6} 
'-

I - 5 Z.443(!2} Z.443(8} Z.430(7} 

Z - 3 Z.665(!6} 2.4Z3(6} Z,453(6} 

Z - 6 Z.468(IO} Z.434(7} Z.440(7} 

4 - 5 2.098(!5} Z .OZZ (! l) Z .OZ7 (! l) 

4 - 6 Z.105(16} Z. 04 5 (! 2) Z.015(!1} 

• 3 ••• 4 3.391 (1Z) 3.181(11} 3.208 (! l) 

5 ••• 6 3.Z13(16} 3.137(!1} 3.IZ9(!1} 

(a) From ref. (ZO). (b) Numbering as In F19. V.l. 
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bond (Tables V.3 and V.7). These angles are most acute when 
p 

site (3) is occupied by sulfur since Te--S bonds are shorter 

than Te--Se or Te--Te bonds. Site (4) is apparently slight-

ly more favorable for tellurium occupation in the Te-Se 

cations, but in the Te-S case site (~ may be preferentialy 

occupied to minimize the (1)-(2)-(3) and (2)-(1)-(3) 

angle. strain. 

Table V.7 Bond Angles (0 ) in the Te3S3 
2+ and Te 2 •1S3 •9 

2+ 
Cations. 

~ Te 3S3(AsF 6 )2 a 
Te2.1s3.9(SbF6)2 

" Cation 1 Cation 2 
.... 

2-1-3 b 58.3(1) 55.0(2) '55.8(2) 

2-1-5 94.6(3) 93.2(2) 93.8(2) 

3-1-5 100.3(3) 98.7(2) 99.0(2) 

1-2-3 58.9(1) 55.0(2) 54.5(1) 

1-2-6 95.4(3) 95.2{2) 94.3(2) 

3-2-6 99.5(-3) 97.2(3) .97.1(3) ... "., . 

1-3-2 62.8(1) 70.0(2) '69.7 (2~ 

5-4-6 99.7(6) 101.0(5) 101.4(5) 

- 98.7(4) 98.5(4) 98.9(4) 1-5-4 

2-6-4 98;2(5) 98.9(4) ~ 
(a) From ref. ( 20) • (b) N,umberi ng as i n Fig. V.1 
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VI.l Introduction. 

A large number of salts of the M4 2+ cation have been 

prepared where M = S, Se, or Te (see Table 1.1). In all 
) 

cases the cation has a very nearly square-planar, (D 4h ) 

structure. Small bond length differences ~nd deviations of 

the bond angles fr·o.m 90° have been attributed to charge­

transfer interactions of the M4 2+ cations with the accomp­

anying anions (23) •. Th~ bond lengths in these cations are 

slightly shorter than the normally accepted values for the 

corresponding single bonds (40). This is consistent with a 

valence-bond description in terms.of four equivalent reson­

ance st.r~ctures such as (VI.!),' or alternatively in terms ,of 

molecular orbital theory (10) with delocalization of six'lT­

elec~ns to give an aromatic system (VI.II). The isoelec­

tronic specie~ S2N2 and Bi/-(both with 22 valence elec­

trons) al so have square-pl anar sts~ctures (i9, 80).' ~e 

Si 4
6- anion, however, has a butterfly structure (VI.III), 

and has been described as an opened Si 4
4-, which is a tetra­

hedron (64, 81). This Si 4
6- anion appears to have a local­

ized bonding system in contras't to the 7f delocalization 

observed for S2N2' Bi 4
2- and the M4

2+cations. 

+ + 

VI.I V I. I I VI.III 
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The complete series of Te xse4_x
2+ cations have been 

observed- in solution by NMR methodi (50, 78) and the two 

fluoroantimonate salts (Te2Se2)(Sb3F14)(SbF6) and 

(Te3.3SeO.7}(Sb3F14)(SbF6)' the latter containing a disord­

ered mixture of M4 2+ cations, had been incomplete1y charac­

terized in our laboratory prior to the present work. 

VI.2 Preparation of (Te2Se2)(Sb3FI4)(SbF6). 

This compound was prepared using both a 1:1 mixture 

of selenium and tellurium pOWders and.a 1:1 alloy (kindly 

p\ovided by Dr. J.E. Vekris) finely-powdered in a mortar. 

In a typidN._yperiment .1.033 g (5 mmol) of the 1:1 Te-Se 

alloy was reacted with 2.167 g (10 mmol) of SbF 5 in 30 mL of· 

S02 solvent following the procedure outlined in chapter II. ~ 

. There was an immediate reaction produc\ng a red solution, 

the color of which intensified very considerably on stirring 

for several hours. The reaction was allowed to proceed, 

with stirring, for one week. After fi'l teri ng off a brown 

mixture of insoluble reaction products ,the deep blood-red 

solution was allowed to stand fIr 48 h at room temperature 

and a large quantity of black crystCl,!s was ~eposited. These 

crystals were shown to be (trans-Te2S~)~Sb3FI4)(SbF6) by an 

X-ray crystal structure determination. 

When the same procedure was used with the mixture of 

selenium and tellurium powders a green solution was·initial-
• 

lyobtajned, indicati!!.!iJ.!!.e formation of se 8
2+. The color 
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of this solution changed to a blood-red after about 0.5 h. 

Precession photographs revealed that the resulting crystals 

were again (Te2Se2)(Sb3F14)(SbF6)' although'the solution 

colors indicate that the compound was formed by a different 

route. When less oxidant w~s used, for example the amount 

~required for reaction VI.1 rather than the stoichiometry 

used in_the present case, reaction VI.2, the crystalline 

product was (Te 2Se4 )(SbF 6 )2 (see secti~n V.2). 

2 (Te-Se) + 3 SbF 5 ~ .(Te2Se 2 )(SbF 6)2 + SbF 3 VI-I 

2 (Te7"Se) +"'4 SbF 5 --+- (Te 2Se 2) (Sb 3F 14) (SbF 6) VI-2 

VI.3 Preparation of (Te3.0Se1.0)(Sb3F14)(SbF6). 

Tellurium (1.8163 g, 14.23 mmol) and selenium 

(0.3747 g, 4.745 mmol) were reacted with SbF 5 (4.108 g, 

18.95mmol) in 30 mL of S02 usi~g the procedure described 

above. A green solution was initially obtained which turned 

red within a few minutes. After stirring for 3.5 h the 

solution was filtered. and allowed to stand for 24 h. the 

resulting black crystals were then isolated and their compo-

sition was shown to be (Te3.0se1.0)(~b3F14)(SbF6) by a sub­

sequent X-ray crystal structure determination.' The ·cation 

in this'structure is occupationally disordered as described 

below • If the same procedure was followed except that a 

. reaction time of one week was allowed, as for Te2Se2(Sb4F20)' 

the crystalline product was Te2se4(~bF6)2. Insoluble 

Te 6(SbF 6 )4 was presumably another major product in the one 
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week reaction. 
."" 

When the procedureJoutlined above was employed x-

ceptwith a Te-Se ratio of 1:3, a deep amber oil resulted 

for reaction times of both 3.5 h and one w~ek. Only in the 

latter case were crystals formed from the oil and these 

proved to be (Te2Se4)(Sb3FI4)(SbF&) as outlin~d in section 

V.3. A subsequent 77Se NMR investigation of the oil, how­

'ever, demonstrated that the major products wer~ TeSe3
2+ 

(547.2 ~nd 453.4 ppm) and se 4
2+ (627.7 ppm) withJsi~nificant 

amounts of cis-Te 2se/+ (327.8 ppm) and Te
2
se/+"'(-473.6 (lnd 

-1157.8 ppm) also observed. The 77Se chemical shifts of 

these spec~es have been well established in oleum (50); 

V1.5 Preparation of (S3.0sel.0)2(Sb4FI7)(SbF6)3" 

Antimony ·pentafluoride will oxidize sulfur to S 2+ 
4 

only under extreme conditions (82, 83). Passmore and cowor-

kers have shown, however, that in the presence of Br 2 or 12 
2+ even the weaker oxidant AsF 5 will readily oxidize S8 to S4 " 

(22) •. This method of hal~gen-assisted oxidation was used in 

the present preparation of a mixed S-Se cation. A trace of 

Br 2 (0.02 g, 0.1 mmol) was dis~illed onto a frozen"mixture 

~SbF5 (6.11 g, 28.2 mmol) and S02 (40 mL). Upon thawing, 

the cold solution was poured onto a mixture of. seleniu~ 

(0.5564 g, 7.047 mmol) and s~lfur (0.6799 g, 21.20mmol) 

powders. The pale orange s"olution color of Br 2 was immed-

, 



103 

iately replaced by a deep green and then a deep blue-green 

~ after 

--' solui'lon was 

about 0.25 h. After stirring for 12 h 

filtered and allowed to stand for 48 h when 

the 

a 

few canary-yellow crystals were observed under the deep blue 

solution. After 30 days the solution was poured off, leav-

ing a large quantity of pale yellow crystals as well as the 

few c(nary-yellow crystals. Precession photographs revealed 

that the latter crystals were (Se 4) (SbgF39) (23) .while - the 

crystal s former were a di fferent comp0ya---but mo'st o( the~ 

were twinned., After photo)raphing about twenty of these 

crystals one was eventually found with only negligible twin-

ning. A subsequent X-ray crystal structure determination 

revealed the composition of the pale yellow compound to be 

This is the only crystalline 

compound as yet prepared with a mixed S-Se cation and addi­

tionally Jlrovides the only example of the Sb4F1;- anion. 

The cation ~s occupationally disordered.ina similar fashion 

to (Te3.0se1.0)(Sb3F14)(SbF6)' as descrlbed below. 

VI.6 Occupational Disorder. 

The cation in this structure 

possess~s occupational disorder in that each of the four 

sites is partially occupied~by both tellurium and selenium 

(see, Table 
2+ 

Te3 •0Se1.0 

VI.1 ) and the average compos it ion is 

which matches the stoichiometry of the reac-

tion. The population parameters are consistent with a dts~ , 
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TABLE VI.l Occupation of th~ Four Sites in 

2+ 2+ a 
the Te3 •0Se1 •0 . and S3.0Sel.0 Cations. 

" . 

Te3 •0S.e 1 •0 
2+ 

S3.0 Sel.0 
2+ 

Site Te Se S Se 

1 0.66 0.34 0.60 0.40 

2 0.91 0.09 0.85~' 0.15 

3 0.60 0'.40 0.68 0.32 , 

4 0.85 0.15 0.87 0.13 

Total 3.02 0.98· 3.00 1.00 
~ 

(a) 'Determi ned by refining the population 
parameters in the program SHELX (48). 

So ' " 

• 

• 

• 
) 
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o rde red 2+ Te 3Se ' cation, although the crystallographic e~i-

dence does. not exclude the possibil'ity that the crystal 
, 2+ 

contains ~a mixture of some O~ll ~f,t~e cations Tex~e4_x 

x = 0-4, 'with the averag~posltl0n of the 'mi~ture bei,ng 
2+ 

Te 3•0Se l •0 

(S3.0sel.O)2(Sb4F17)}SbF6)3: There are two independent M4 2+ 

cat~ons in this structure but both are situated at inversion 

;, 

centers so that there are only four independent sites. Each 

site is partially ~ccuPied by both sulfur and selenium las 

outlined in Table VI.l. As was the case for 

(Te3.0Sel.0)(S~~F14)(SbF6)' the resulting S3.0sel.02+ cation 

fits the stoichii~etry of the reagents used in its prepara-~ 

t10n and could r~ult from either a disordered S3se2+ cation 

or a mixture OJ different cations." ",Subsequent 77Se and 

125Te NMR invest-1gations, however,indicated that the latter 

hypothesis is true in both cases (sections VI.7 and VI.9). 

VI.7 Selenium-77 'AND li5Te NMR OF Te
x
se

4
_

x
2+ 

(J' 

(Te2Se2)(Sb3F14)(SbFo): When dissolved in 30% oleum this 

compound gave a 77Se NMR spectrum consisting of one major 

"'resonance surrounded by' a satellite doublet of ' total rela-

ti";,'e intensity 12%. Thi s cor'responds to co'upl i ng to two 

equivalent, naturally abundant' tellurium atoms (see Table 
2+ IV.4), as would be e~pected for trans-Te 2Se2 The chemi-

cal, shift (356.8 p'pm) and coupling constant (545 Hz) are 
l ' '2+-

consistent with those previously ~.signed for trans-Te 2Se2 

\ 
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") 

/ ____ {see Table VI .2). 

(Te3.0sel.~)(Sb3F14)(SbF~): The l25Te NMR spectrum of 
a 

(Te3.0Sel.0)(Sb3F14)(SbF6) diss~lved in 100% H2S04 is pre-
-sented in Figure VI.l. As described in section VI.6 above, 

the composition of this compound remained uncertain after 
n 

the X-ray crystal ,.structure analysis. It could not be 

determined whether the cation consisted of a disordered 

Te 3se 2+ cation o~ a disordered mixture of Te xse4_x
2+ cations 

of average composition Te3.0sel.02+ Figure VI.l indicates 

that the latter hypothesis is in fact the correct one as the 

cations trans-Te 2se 2
2+, Te 3se2+ and Te 4

2+ are identified by 

,their chemical shift values (see Table VI.2). The intensity 

of the Te 2se 2
2+ resonance is roughly half tha!of ·the Te 4

2+ 

resonance indicating that ~ince th~re are twice as many 

tellurium atoms in Te 4
2+, the two species are present in 

roughly equal concentrations. No other tellurium containing 

Te xse 4_x
2+ cations were observed and a 77Se NMR investiga­

/ 
tion revealed 2+ no Se4 

mixture of the cations is 

The average composition of the 
, 2+ 

th~n Te 3•0Se l • 0 ' in good agree-

ment with the structure determination. 

To confirm that the product wa~ not a mixture of 

crystals o,of separ.ate fluoroantimonate salts of Te 4
2+, 

Te 2se2
2+ and Te 3se 2+ (disordered), the 125Te NMR spectrum of 

a 100~ H2S04 solu~iGn of a single crystal, from the same 

sample was obtained. ,The signal-to-noise ratio (SIN) was 

( 

I .-
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TABLE Vt.2 Chemical Shifts and CoupTing Constants for 

2' ' the Te xSe 4_x Cations In Varl~~s Solvents~ 

\ 
.J 

6(ppm).-/ J(Hz) 

CATION SOlY NT 125
Te 77 Se 77Se. 77 Se 77 Se .125 Te 123 Te .125 Te 125 Te .125 Te , REf 

S 2. ';" 63.~\.7~. " 6B, leum ' . 50 
30, oleum. ' ~ ... 

i 645,.7. 50 
S02 ''633.3 ... • , ' 

2. 
6B' oleum 2641 7'57 d 

leSe) 455.2, 5066,3. 50 

- 264 ,b 
(I) ( 2 ) 

764 d S8l e 
65' oleum 7B 
JOt' oleum 2632 444.B. 592.2 IBB 7So.

d ~97e 50 
S02' 453.4.5'7.2 

• l> 

2' 6B oleum 253a b 338.Z b "470d • 19S e 50 cls-Te,Se, 
oleum 2552 \ 451 d • ZOOe 76 

2541 " - t\I J 327.8 c 
2 , , l~ans-'re2se22+ 68t oleum 2413~ ,362.2 531 50 

65t oleum 2418 330 7B 
3D%. oleum 2391 360.9 5SU 50 ' 

2399 3S6.B 545 c 

r~ 
lOOt H2SO 4 2376 391.1 55' 50 

2380 ( 54 ! c 
AsF) 2459 312,5 484 r c . , Te 3Se 2t 681. oleum 2196. 2292 129.6 207 d 50 

(l) (' ) • 
JOt oleum 2197. "2293 c 
1001 H

2
SO 4 2221. n92' 

16S d 
AsF) '161.''.131',,\ I t'l. 2 1341 c 
SO, 2186. 2296 930 7B _ 

" T ,. 681 oleum 191'b 
,,~, 

" 6)6 d • 60Z e 81S d ,r, 726 e ,f 
50 

65% oreum 1934 7B 

~ 
30~ oleum 2100 50 

1926 b 6BO d ,9, 604 e 820d ,f, J2B e ,f 
c 

1001: H2 SO 4 1971 SO 
1948 

ASf
3 

1912 534d •. JOe 644 d ", 896 e ,f 

SO, 1897 h 680h, t 
c 

IBB2 c .. 
(a) With respect t~ saturated aqueous (1IO)6Te and H

2
SeO), All ~amples run at ambient temp," unless otherwise noted, 

(h) Mpan Y~lup, (c) This work. (d) cis-. (e) frans-. U) Calculated valije based O~d 123 Te _125 Te couplln9 . 

"(q~ Hisprinted in ~eferencr. (h) 200 K. (1) cts-"and • trans- not resQlved. 

~) 

...... 

I-' 
a 
" 
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FIGURE VI.1 .
12

5Te NMR spectrum of Te3.0Se1.0(Sb4F20) 
dissolved in 100% H2S04 • Lower trace~. bulk cryst-

.al1ine sample, 78.97 MHZj 0.02 mj 20,000 scansj 
1.6 'Hz/p1:.: (A) .trans-Te2sei/+ , . (B) and (0) Te

3
se2+, 

(D) Te4
2
+ •. Upper trace:. a single crystal, 7.x 10-4m, 

390,000. scans. ~ 

or 

.. 
.~ 

, 
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understandably poor as the concentration was only 7 x 10- 4 m 

and the natural abundance sensitivity of l25 Te relative to 

lH is 2.20 x 10- 3 ;., After an\ atcumulation of 390,000 scans 

(acquisition time = l2.~ h) the resonance due to 
, . . 

'. . 2+ 
trans-Te2Se 2 ' the w~akest resonance observed for the bulk 

sample, could not be discerned with certainty over the noise 
. 2+ '2+ level, but resonances for the species Te3Se and Te 4 were 

. clearly observed and in approxImately the same ratio as in 

the bulk sample (Fig. VI.l). It appears clear then that the 

cation of.this compound consists Of a mixture of Te xse 4 _x
2+ 

2+ 2+ . 2+ cations, with :e3se , Te 4 and trans-Te 2Se2 being ,the 

majbr constituents. 

The 125 Te NMR spectrum of (Te3.0Se1.0)(Sb3F14)(SbF6) 

dissolved in AsF 3 is pr~sented in Figure VI.2. The spectrum 

is similar,to that observed in 100% H2S0 4 but the smaller 

ha-lf-width of the resonances in AsF 3 (30 Hz v.s. 50-55 Hz in 

100% H2S04 ) gives a better SIN and the satellite resonances 

from natural abundance couplings are observed. These coup-

li~gs are of interest because their magnitudes are substan­

tially different from those previously recorded in H2S0 4 or 

oleum (see Table VI.2). The 77 Se _125 Te coupli~g in trans-
2+ . Te 2Se2 (484 Hz) is 61 Hz less than that in 30% oleum. The 

related 77 Se _125 Te coupling , T S 2+ l'S 1n e3 e 165 Hz, 

substantially less than that observed in oleum, (207 Hz) and 

roughly. one thirdthe'magnitude of the 77 Se _125 Te coupling 

in trans-Te
2
se

2
2+. The 125Te _125 Te coupling in Te

3
se2+ is 

• 

!, 
\ 
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FIGURE VI. 2 Te NMR spectrum of Te3.0Se1.0(Sb4F20) dissolved in ASF3 
(0.01 m; 120,000 scans; 10.2 Hz/pt; 78.97 MHz). (A)-(D) as in Fig. VI.1. 
Expanded spectra (130,000 scans; 5.5.Hz/pt) indicate 77Se_125Te (1~ and 
(2) , and. 125Te_125Te (3) couplings. 
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1347 Hz, which is conversely very large with respect to that 

observed in S02 and the related 125 Te _125 Te cou~ling (calcu-

1 ated from the observed 123 Te _125 Te satell ites) for Te/+ in 

AsF 3 (see Table VI.2). This c·ouplingin Te 3se 2+ is so large' 

that -a second order effect is observed. The satell.ite 

doublets are not symmetrical about the central uncoupled 

resonances and the inner li~es of the dou~lets are more 
• 

intense than the outer lines (Fig. VI.2). The large varia­

'tions in tnese coupling constants in different solvents may 

be related to the electron donor properties of the solvents. 

Donation of electron density from the solvent to the cation 

presumably has some effect on the electronic configuration 

of the cation and therefotealso affe~ts the spin-spin 

couplings •. A similar effect is observed in the solid state, 

where the aimensions' of the M4 2+ ~aiions are very much 

dependent upon the hature of their counter anions and this 

has been related to the electron donor properties 'of the 

·counter anions (sectionVI.12). 

The better SIN ,in AsF 3 additionally allows for a 'more 

rigorous check 

Te Se
4 

2+ 

on the presence Df small amounts of other 

x -x cations in the structure. ,A small quantity of 
2+ . 

cis-Te 2Se 2_ was observed (2541 ppm), with the intensity of 

this peak o~·the order of one of the satellite of 

No 

spectrum, however, 

Tese 3
2+ was observed in 

and a subsequent 77Se NMR 

t,he 

peaks 

125 Te ~MR 

.i nve~t i gat i on 
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revealed only the expected resonances for Te35e2+ and trans-
2+ Te 25e 2 (Table VI .2). 

, 
Te4 (SbF 6 )2: This compound formed as large black crystal s 

from a re~ction of a Te-S mi~ture .with SbF 5 in ~02 as des­

cribed in'"section'-V.6, and proved extremely soluble in AsF 3, 

allowing for a SIN good enough to distinguish 

n-atur~l abundance 123Te_125Tecoupl ings in th'e , 

spectrum (Fi~. VI.3). 
, , 

Te)lurium-123 has a natural 

the 
125Te 

of only 0.87% and .one woul d expect satell ites, of 1.8% 
~ 

0.9% total r e ,1 at i ve ·i n ten s it y tot h e c e n t r alp e a k' for 

and 

the 

The 

that 

cis- and trans- couplings respectively (see Table IV.4)~ 

observed satell ites are 1 ;6% and 0.8% and, d'emonstrate 

tHe c'i s- (di rect ly bonded), coup l,i ng, o'f 534 Hz is actu-
",J 

ally less, than ~he trans-,(long range) coupling of 743 Hz. 
, ' . 

, , 

The opposite is observed ~~ ~OO% H2S04 (Table VI.2) where 

the cis-coupling is approximatelY,150'Hz larger th11n that· 

observed ~ere and the trans- c6upljng is 150 Hz less. 'The 

cis- and trans- couplings were not resoived in S02 (Fig. 

Vr.4). Shoulders were: observed, however, on the inner sides 
, , 

of.the broad satellite resonan~es. J~es~ shoulders-probably 

result from the trans- coupling since the intensity of :this , 
siiellite doublet should be half that of the cis- doublet. 

The' trans- coupling constant is apparently slightly smaller 

----------than the ~~s- coupli~g constant '{n 502 , a~ was observed in 

100% H2S04 , IJ all cases the two-bond trans- coupling seems 

unusually large compared to the cis- coupling. A large 
," 

'. 
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FIGURE VI.3 125Te NMR spectrum of Te4(SbF6)2 disso~ved 
in AsF3 (78.97 MHz; 0.02 m; 160,000 scans; 3.0 Hz/pt). 

;'-. 



" 

• 

114 

I 200 Hz I 

, 32 

PICORE VI.4 125Te mm spectrum or Te
4

(Sb.P6)2 dissolved in 502 at 200 K 
(aat'd Bol'n;'" 49.000 8cana; 6.1 Hz/pt; 78.97 MHz). cis- and tre.ns-~'" 
123Te-'25Te couplin&a are not resolved. 

) 

·60 ·80 ·100 
H. (ppm from eFCI))--

FIGURE VI.5 19, mm .... ctrum ot T.2S.2(Sb3'14)(SbP6) die.o1ved in 502 at 
200 K (235.36 MHz; 4800 scana; 3.0 H~pt). 
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30% 

oleum (50) where the coupling across a rectangular face of 

the trigonal prism is of roughly the same magnitude as the 

coupling along a triangular face. 

VI.S Fluorine-l~ NMR of (Te2Se2)(Sb3F14)(SbF6). 

A crystalline sample of (Te2Se2)(Sb3FI4)(SbF6) was 

ground with a mortar and pestle to a fine powder and dissol---ved in S02 close to the freezing point of the sol vent) The 

sample was then placed in the probe of the spectrometer 

which had previously been copled to 200 K. After allowing 

15 min for the sample ~rmallY equilibrate the 19 F NMR 
, 

spectrum was run (Fi~: VI.5). Fluorine exchange was essen-

tial.ly stopped at this low .temperature and tw.O distinct 

fluorine resonances were observed at -56 and -109 ppm ~ith 

respect to external CFC1 3 • 

these two resonances is 1:10. 

The ratio of the integrals of 

If the Sb 3F14- anion disso-

ciates to SbF 2+ and two SbF 6- ions in solution, the addi­

tional SbF 6- ion in the (Te2Se2)(Sb3FI4)(SbF6) structure 

then gives a 

compared to 

on tota 11 of ei ghteen fl uori ne atoms 

the ~fluorine atoms on Sb(III), or 

ratio, very close to that observed. 

Sb(V) 

a 1: 9 

were retained in solution a larger number of fluorine reson­

ances would. be expected as well as substanti~l 19 F_19 F 

coupling. The anion could dissociate into SbF 3 , SbF 5 and' 

SbF 6- fragments, but if this were the case separate SbF 5 and 

• 

" 
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SbF 6 resonances would be expected at this temperature, 

since fluorine exchange is virtually stopped, and the rela­

tive inten~ity of the Sb(III) peak would be larger. It 

would appear then that distinct SbF 2+ and SbF 6 ions are 

present in solution and only form the Sb3F14~ anion in the 

solid state • \ 

VI.9 Selenium-77 NMR of SXse4_x2+ 

Unlike (Te3.0sel.0)(Sb3FI4)(SbF6)~ the mixed S-Se 

compound (S3.0sel.0)2(Sb4FI7)(SbF6)3 proved to be only spar-
\ 

in gl y soluble in AsF 3 , almost totally insoluble in S02' and 

reacted with 100~ H2SO 4 , No detailed investigation of the 

nature of the cation coulp be carried out uSing"77 Se NMR, 

although the 77 Se NMR spectrum in AsF 3 after 250,000 scans 

consisted of five distinct resonances (635.7, 646.4, 671.3, 

726.4, and 728.2 ppm with relative intensities 1:2:1:4:1 

respectively) indicating that se.veral of the Sxse4_/+ spec­

ies were present. The S/N·was too poor for any 77 Se _77 Se 

couplings to be observed. 

A series of mixtures of S Se4 2+ cations wer. pre-
x -x 

pared in S02 by reacting AsF 5 and a trace of bromine (see 

section VI.5) with various stoichiometries of sulfur and 

selenium powders. The 77Se NMR spectrum of a 1:1 mixture is 

given in Figure VI.6. The chemical shifts and intensities 

for this and other mixtures .arelisted in Table VI.3. The 

observed resonances are in the same region as those observed 



.. 

"- ,; -

• 'I 

~t 

If' 

.., 

• 

B I 400 Hz I 
d 

a a d 
E 

729 636 

A 
F ~C D 

L 
700 650 600 

H. (ppm from H2Se03) -->- ,-

, 

FIGURE VI.6 77se NMR spectrum for the reaction of a1:1 Se-5 mixture with 

As~5and a trace of bromine in. S02 (0.0542 g S; 0.1325 g Se; °257 g ASF5; 
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for (Sj.OSel.0)2(Sb4F17)(SbF6)3 dissolved in AsF 3 and the 

Raman spectra ~ the ·solutions are consistent with~the 
formation of sxse~x2+ cations (section VI.I0). The 125 Te 

and 77Sechemical shifts of the Texse4~x2+ cations follow a 

,simpl~ trend based on their percentage compositlon of tel-

lurium or selenium. Since selenium is more electronegative, 

than tellurium (57), the greater the selenium content of the 

cation the more deshielded the tellurium 

onments ,are, and this is reflected in a 

both ~he 77Se and 125Te resonances to 

or seleniumenvir­

gradu,i? shi ft of 
• 

higher frequency 

(Table VI.2). Sulfur and sel~nium have roug~ly the same 

e.lectr~negativity, however' (57'), and not all of the 
2+ " SxSe4_x resonances can be assigned unambiguously~ The 

resonance at 633 ppm isa1so observ~d when.Se~(~sF6)2 alone 

is dissolved in S02 and can be assigned to se4
2+ 

chemicai\hifts for se4
2+ in oleum range from 636 

Published 

t~646" pplli 

(50). Two resonances, at 636 and 729 ppm, are observed in ~ 

ratio of 2:1 with satellite"doublets about 'ea'ch of them. 

The only SXse4_/+ cation expected to display coupling is 

~hich would also be expected to give two resonantes 

in a ratio of 2:1, as observed~ The satellit~ doublets are 

of 8.8~ and 17.5~ rela·tive intensity for the large and the 
"-small resonance respectively. The expected relative inten-

sities for coupltng to one and 

abundance selenium nuclei, as in 

two equivalent, natural 
2+ SSe 3 ' are 8.2 anp 16.3~ 

....•.. ;;_. 

j 
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respectively (Table IV.4). The two resonances at 636 and 729 
2+ 77 77 . ppm can then be assigned to SSe 3 The Se- Se coupl1ng 

(336 Hz) is considerabl~ larger than that observed for 

Tese 3
2+ in 301 oleum (188. Hz, see Table VI.2). The resqn-

ance at 651 ppm grows the most dramatically upon increasing 

the S:Se ratio of the reactants (Table VI.3) and is presum­

-ably therefore due·to. the sulfur-rich ~3se2+ cation. The 

'relative intensity of the r"emllining two resonances is fairly 

constant for all of the mixtures, as would be expected for 
2+ . 2+ 

the two S2Se2 cations. In the case of Te~Se2 the cis-

cation is usuallY,observed in higher concentration than the 

tran.s- (see for example sections IV.2 and VI.4, and ref. 

(78) ) • For this reason the mQre intense resonance at 720 

b t t t · 1 . d t . S S 2+ d t h ppm can e en a 1vey ass1gne 0" C1S- 2 e2 an. e 

resonance at 587 ppm to trans-S 2Se 2 2+ ~si.ng ~ as·si gn­

ments as described ~bove one observes that the three ~ighest 

frequency resonances (729, 720 and 651 ppm)' ~ave sulfur 

trans- to the selenium nucleus being observed~ while for the 

three lower frequency resonances (636, 633 and 587 ppm) the 
; -. . 

trans- atom is selenium. In both of these groups of three 

resonances one of the three is of substantially lower fre­

Cj,uency than the remaining two and the s'elenium environment 

correspundiig to this resonance ·is cis- to two sulfur atoms. 

The remaining' {wo reson~es in ea'Ch group hav.e approxi~ate­
ly equal chemical shifts. T~ese selenium environme'llts are 

cis- to one seleni~m ahd to one sulfur atom. These consist-' 

-

( 
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encies in the selenjum environments lend some support to 

the above chemical snift assignments t " 

Although AsF 5 apparently does not oxidize sulfur to 

s4 2i 'in,the absence ,of halogen ·catalysts· (see section VI.5 

and ref. ,(22, a3)): mixed Sxse4_x2+ cations, were ,observed in 

the 77Se NMR spectrum of the, solution resulting from reac-

.tion VI.3,where no halogen was added to assist the reac­

\, t tiion'.Additional resonances were observed (Fig. VI.7) w~ith 
. ~ObablY resulted from other mixed Se-S c~tions since the 

resonances do not corresponi to any of the known selenium 

homoployatomic· cations. Essentially the same product dis-, ' 

'tribution was obtained in t~e reaction of Sa 2+ with selenium 

(reaction VI.4). 

2 Se + 2 S + 3 AsFS _ SxSe4_x 2+ + sySez 2+ VI.3 

Sa(ASF
6

)2 + Se __ S Se 2+ + S Se 2+ VI.4 x 4-x y z 
2+ ' 2+ It has been reported that Te 4 andSe4 do not 

scramble to give mixed1square-planar species in solution 

(50). When Se4 (AsF 6 )2 and S4(AsF6 )2 were mixed in equal 

proportions in S02s01ution, t'he 77Se NMR spectrum reveale~ 

only se4
2+ af~er2 h at room temperature. After two weeks, 

2+ however, the complete range of S4Se4_x cations was observ-

ed, with approximately the same product distribution as in 

Figure V 1.6. The d.ifferent behaviour or' these .t'ai rs of 

cations is related to the electropositive nature of t~lluri~ 

urn. Th.eSe/+ cation can readily oxidize Te/+ to Te 6
4+"'and 

~ , . . . 
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oxidation-reduction occurs rather than scrambling. 81though 

, ( 

S/+ is similarly a stronger oxid~ t~an se4
2+" no poly-

atomic ca?ron of selenium is kno~n with.a higher oxidation 
< 

state them 'in S.;/+ and 'oxidation-reduction is therefore 

unlikely in this mixture. 

Sp,i n-l att ice 

carried ou~ for the five most ,intense lines in Figure Vl.6 
-~ 

and'the results, Fe presented in Fl gu re V I .8. The avetage 
( - - 2+ 

Tl value ,is o • 38, ,s with the unlque selenium atom of SSe3 
'" -

having the lowest 'observed value, 0.34 s, and the other 

selenium ~nvir~nment ~f this cation having the highe~t. val­

ue, 0.43 s"'. P'reviou'S NSe Tl values of '5-10 s for aqueous 
" 'l' 

, " solutions of Na 2Se0 3 and Na 2Se04 , and 0.3-1.4 s for aqu,ous 

solutions_ of N~HSe03 and H2Se0 3 have been reported (84). 

The selenium atoms i~ the M4 2+ ions are co~par~ti~elY naked 

with respect to those b4ried in se03
2- orse04

2- iOQS and 
• 

the Tl'~ are then relatively short, which allows 

pulsing and accumulation.of data. Another recent 

for rapid 
77' Se re-

, 
laxation time study reports,Tl'values,ran9ing from 0.7 s for 

(C 6HSCH 2Se)2 and dts.cu~ses the· 1 ikely 

,~:elaxati.~n mechrisms (85). 

. . /1,/ 
Y.lo-lO • Raman Spect ra. • - , 

(Te3.0~I.aJ(Sb~SbF6): The Raman spectra of this com-

pound a}--~;Olid'~d in AsF 3 solution 'Ire presented in 
~ IJ 

Figure V~.:T e pairs'of peaks at 268 and 135 cm- 1 'and 217 
" , ~"( 1 ~ 

• 

" 

, , 
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TABLE VI.3 Intensity in 77S~ ,NMR Spectra of S Se 4 2+ 
as a Function of Reactants Ratio. x -x 

RATIO a CHEMICAL SHIFT (ppm) " 

x y 729 b 720 651 636 b 633c 587 
I , 

1 3 9 22 9 19 40 2 N 
T 

2 2 10 32 12 19 24 3 E 
N 

3 1 5 34 41 6 10 3 S 
I 

3.7 0.3 11 82 7 T 
y 

(a) All react ions are x S + y Se +4 AsF 5 + Br2 (tracE!) 

in S02. (b) sse
3

2+ ( c) 2+ Se4 • 

'/ 
I 

f 

a 

b 

-
300 

~ 

~ 

200 
6v.,cm-1 

\ • 

100 
i 

nGURE VI.9 Reman spectrum (6328.1)' cif Te3;ose1.0(Sb'3'14)(Sb' 6). 

a) AS~3 solut:i.;'n (oample .de.scribed in Pig. VI.25; b). solid, 77 K. I 
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/' 
_and 105 cm- 1 have been identified as belonging to 

. 2+ 2+ trans-Te 2Se 2 . and Te 4 respectively (76, 77). These spec-
125 . ies are observed in the, . Te NMR spectra of the same sample 

(section VI.7):-' The _remaining peaks at 254, 209 and 120cm- 1 

then . ' 2+·· presumably result from the Te 3Se cation; which has . .' 
C2v symmetry and six vibrational llIodes (3A1 , ~i- and

o 
28 2 ), 

all of which ir~ Raman and infr~red active. Some o·f· these 
• 

modes \are :pr6bably very·close in energy and the Raman bands 
'. + 

presumably overlap w.ith each other or with the Te 2Se 2 - and 
2+ 'Te 4 bands •. 

SXse4_x2+ The ~aman spectra for compounds of nominal comp­

osition (S2.0se2.0)(AsF6)2 in 
• 

. solution and as the solid respective1y are given in Figure 

VI.10. The signal-to-noise ratio is bette~ for the solution 
. --

spectrum as the solid decomposed markedly in the laser beam 

even at 77 K. Three regions cin be distingui.shed: 1) S-S 

stretches ~t 610-500 cm- 1 , 2) 'S-Se stretches at 490-400 cm- 1 

and 3) Se-Se streiches at 350-300 cm- 1 • As expected, the 

intensities of the' ba,nds in .the Se-Se region increase. !:!!la­

tive to those in the S-S region as the Se:S ratio increases ---·from 1:3 (Figure VI.10b) to 1:1 (Figure VI.10a). Three 

similar il-ivisions ~served in the Raman spectra of 

disordered'S SeS rings, although the peaks are all shifted . x-x 
to lower frequency.for SxS~S_x, reflecting the lower bond 

order (S6). 

very complex since theSb4F17 - anion has numerous bands in 
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!IGURE VI.10 Raman spectra (5145 A) of (a) the (S2.0Se2.0)(~SF6)2solution of 
Fig. VI.6, (b) ~Olid (S3.0Se1.0),(AsF6)2' ~pinning sample, 77~K,_ -(0) anq(d) 
powdered crystals of (S3.0Se1.0)2(Sb.iF17) (SbF6) 3 at 295 K and 77 K. 
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the same region as those of S Se 4 2+ (Fig; x -x VI .IOc). The 

anion bands sharpen consi~erably upon cooling (Fig. VI.IOd), , 

however, allowing many of them to be distinguished, 

VI.II Geometry About Sb(III) in Sb~and Sb4FI7 -. 

The Sb 3Fl4 anion (Fig., VI.II) has one Sb(III) and 
.+ 

two Sb(~) atoms and can' alternatively be viewed as on~ SbF2 
and two SbF

5
- ions (see section V.I.8). The pr.imary geometry 

of the Sb(III) a~om can be described as trigonal-bipyramJdal, 

AX 4E, where the lone ,pair a~d the two terminal fluorine 

a'toms occupy the equatorial plane and the bridging fluorine 

.. a-toms are ax(t~l (51). Secondary bonding is frequently ap-

parent in structures like this where )J17re is a "hole" 

the prima~y aoordination sphe~e which corresponds to 

in 

the 

approximate space occupied by the lone pair. These setond-
k 

ary bonds are presumed to be nucleophilic in nature and 

sinc~ the lone pair i·s less eff~ctive in screening the -than is a coordi nated atom the secondary bonds tend 

to ,form in the general dir(ction ~.h!t..space ,~ccuPied by 

the lone pair while avoiding the lirec~\on"'of is maximum 

e I ect'ron 

posit~n. 
des~b~d 

density and hence serv~ to further eate its 

directions of these contacts can e further 
~ 

as either capping the faces or bridgingithe edges 
" of the 

, 1 

polyhedron describing the primary bonds and the lone' 

pair, and preferentJally those faces that contain the lone 

\\ pair as a vertex (87) • For three prim~ry bonds the result-
• 



'. 
a) 

b) 

FIGURE VI.11 ORT~ views of the Sb3F14-anions in 

Te2Se2(Sb3F14)(SbF6) and Te3.0Se1.0(SbjF14) (SbF6)· 
(a) The complete anion, including interionic contacts . -~. 

to Sb(III). (b) Views directed toward the assumed 

( 
• 

positions of the lone pa~rs of electrons showing edge­
bridging '(Te2se/+ salt) . and face-capping (Te

3
•0Se1 •0 2+ 

\ salt) secondary bonds (unfilled bonds). l ~ 
• 
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..... 

ing geometry with face-capping secondary bonds is described 

by a.monocapped octahedron (Fig. III.S). Four contacts 

capping the faces of the trigonal bipyramid in Sb 3F14 

produce a monocapped square anti~rism about Sb(III) with the 

lone pair as the cap (Fig. VI.12)~ 

-
'(Te3.0Se1.0)(Sb3F14)(SbF6) provides a good example of this 

AX 4Y4Ear'rangemen_t (Fig. VI.ll). Other examples· are Sb(III) 
I 

of Na 2(SbF 3 )(C 204 ) and Br3(Sb2fl1)(Sb10F42)' Sn(II) of 

SnF2(AsF S) and Sn(NCS)F, re(IV) of di'phenyl tellurium dini­

trate ~Fig. V~.l~) and Pb(II) of Pb(L)(N03)i, where L is a 

tetra-aza macrocycle (B7-93). Four contacts bri·dging the 

edges of.the polyhedron, an AX4Y'4E geometry, are observed 
~ . 

. \for Sb(III) in (Te2Se2)(Sb3F14)(SbF6) (Figure VI.11b) and 

for the I(V) atom in IF 4 (Sb 2F11 ) (94): 

The compoujd (Se3.0Se1.0)2(Sb4F17)(SbF6)3 provides 

the only· crystallographic evidence of a mixed S-Se cation as 

well as. the only example of the Sb 4F17 -. anion, in 

there are two Sb(III) atoms (Fig. VI.14). The Sb4F17 

1 
whi ch . 

anion 

can be broken into an Sb2FS+ and two SbF 6- units.' The 
. + 

central fluorine atom of Sb2FS li~s on a center of symmetry 

so that the Sb(IlI)~-F--Sb(III)bond angle is 1800 and the , 
lone pairs' on . Sb(III) are perfectly staggered. The 

. Sb(III)--F--Sb(III) bond angles in previously observed 

S6'2FS+ units ra'nge from 149.8° .in (SbF 3)3(SbF S) (9S) to 1800 

observed her~, for (SbF 3)6(SbF S)S (96) and for one of the 
\ 
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a) ~lSbFl Oxalate 

~' 

F49 

Fll 

d) Sn(NOSIF 
~-

e) Br3(SblF,,)(Sbwt;) 

FIGURE VI.13 Bx:ampl.es or the AX4Y4E geometry. (a), (e) and (d) redrawn from ., 
ooordinate. in r.~. (88). (90) and (91) by Dr. J.P. Sawyer; (b) reproduced ~ .. 
ret. (92); (e) ref. (89). All views are toward the assumed direction of the 
lone pa1r of electrons on the central atom, exc~pt (b). which 1s viewed 
from the opposite s1de. ,,~ 
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TABLE VI.4 Bond Valence Calculations for 
Sb(III) of Sb 3F14- and Sb4~17-. 

COMPOUND BOND VAL~NCE 

1 a 2b 

(Te2Se2)(Sb3F14)(SbF6) 2.38 3.18 

lTe3.nSe1.0)(Sb3F14)(SbF6) 2.41- 3.15 

(Te2Se4)(Sb3F14)(SbF6) .2.41 3.14 

(S3.0S~1~0)2(Sb4F17)(SbF6)3. _ 2.33 3.10 

Primary bonds only (Sg-~F .~··2.33· • .. ( a) A) • 
(b) All contacts-to 3.52 A. . -

. ~. 

1.864(9) 
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four The analogous 

angle in the isoeTectronic Sn 2FS-' ~nion has a value 'of'134° 

(98 ),. 

In all -of 

Sb(III)~Sb(V) anions 

these jfamples involving 

and S~ 3/Sbf 5 adducts it is 

polymeric 

difficult 

to clea~ly differentiate the primary and secondary bonds • 

. For the Sb 3F14 - anion of (Te2Se2}{Sb3FI4) (SbF 6) the longest 

distance betwee~ Sb(III) and a'bridging fluorine of Sb(V) is 
o' . 

2.25 A while the closest secondary bonds to Sb(III) are only 

2.56 X in lengih •. The Sb 4F11 - anion has bridging distances 

• of 2.33 X and ~o tact distances as short as 2.16 X. In 

.~e4HSb2F4J(Sb2F ,'(SbF 6 )S: the.difference is ~en less dist-
• , inct with the! ongest primary bond bling 2.15 A a~d the 

• shortest secondary 2.33 A' (23.). This secondary bond is· 

equal in length to one considere'd'~n the primary geom'etry'of 
"I 

Sb4F17 -, emphasizing' the somewhat arbitrary nat~re of the 

i~nic units into which these complex. anions can b~ divid~d; 

The prim~ry geometry about S~(III)!n ~b4FI7- is 

~also AX 4E and th~ geometry of the secondary bbnds is ~imilar 

to that observed a,bov!! for' S-b 3F- except that there is a 

fifth contact, to F(32)' ~ of 3.37 ~WhiCh is onlY,marginaliy 
f 

less .than the sum of van der Waals radii of 3.5~ 
o 
A (39). 

. 
This fluorine atom is cappin~a face ofth~ AX 4Epolyhedron, .. 
as is F(33)', while tbe other thf'ee contacts appear to be 

bridging edges, giving a~ overill AX4Y2Y'3E. arrangement. 

(Fig. VI.lSa). 

, -
, . 

• .J 
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PIGURE VI.15 Views of thEi secondary bonding (unfill'ed bonds) to Sb(III) atoms 

of (a) (S3.0Se1.0)2(Sb4P17)~SbF6)3' (b) Te2Se4(Sb3F14)(SbF6) and, 
(c) Br3(Sb2F11){Sb10F42)' re'f. (89)., All views are toward the assumed 
position of the lone pair of electrons 'on Sb(III). ' 
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(section V.3) has an identical geomet ry to that of Sb(III) 

·in Sb 4F17 - (Fi,. VI.15b). One of the Sb(III) atoms of 

(Br3)(Sb2Fll)(Sbl0F4Z)' Sb(1),.a1so has f~ve contacts about 

a, trigona1-bipyramida1 pr.imary geometry (89). In'this case 
.~ . 

o 
the three shorter cO'ntacts (2.58-2.71 A) appear to be face-

o 
capping; the, 'two longer con.tacts (3.27 and 3.43 A) edge-

bridging (Fi~. VI.15c). 

The si.gnificance of these secondary interactions to 
p 

the overall bonding :;cheme in Sb 3F14 -a,nd Sb4Fli~ ,is empha-

sized ih Table VI.4." If' only the ~rimary bonds are consid-
• ' 0 

ered (Sb~-F S·2.33'A) the valence about Sb using Brown's 
. . I 

method ofdetermfriing ,bond valence (99;) ranges ~rom 2.33 to 
i 

2.41. . If, however, a'll interatomic distances Tess than. the 
.' ~ 

vander Waa1·s1imit ar~ considered, the resultJ range fro~ 

3.10 to 3.18, which is much closer to the anti~ipated value 

of 3.0;Sever~1 ~ddijjiOna1e,x.amp1esV •. e p.rovided bM. sawY7 

and Gillespi.e (87) an{passmore et al. (. _ . . . ' . 
~/'--....... ,-

VI.l, Anion-~atjon 'Interactions in H/+ Str~ctllres • 
• . :~described e1sewher.e (~' ' 'the ,sli t deviations 

. 2+ 
of the. square-planar H4 .cation from squares and 

, " 
the, 'variations of bond lengths' for a given on from· one 

'. '.'''\0 . . ' 
structure· to another may be attributed in to the char~e-

~ransfer 'interactions of the H/+.cations with their a~comp­
i anying ani.ons.· In an SCF-HO study of Te/+ (100) the ca1cu-

\ o· <., . 
1ated 
. J 
~. 

bond 1eng4h was 0.054 A· shorter than that observed in 
,r-
\ 
~. 

, 

1 

, 

~. 
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Te 4 (A1C1 4 )2 and'Te 4 (A1 2C1 7)2 (13), but when .the calculation 

was repeated srlating the chlorine atoms that are closest 

to the cation in the crystal ~ur~s bY~int charges. 0'1' 

-1/4 e (i .e~ the '"fifa,<- Cl atoms 'of the anion share the' . , 
si n,gl e negati ve charge equally) the bo~length in~ the Te/+ 

. , 
o 

ion i'ncreased by 0.06 A to a value very close to the experi-

ntar"'value. ,-""".-..- .~ 

In all . I . k IfIIwn c'as e§i>of M4 2+ cat ions each edge of ,the 

i's bridged by at le-ilst one atom and there .are gener-

• al,ly several additiona.l contacts along the extensions of the 
. 

directions are ~esumably minima in 

electron~density about the catian'and they may be correlated 
,,' 'JIll> .. 

·with the-symmetries lO.f the available lowest unoccupied mole-

, cular' orbitals J of the M'/+ cation's (23). the in..;pla'~e 
~teract ion s are probably with the LUMO of O"symmet ry wh 11 e 

the out-of-plane interactions are with the LUMO of 7T' symme.:. . ,. ... 
try. ,These molecular orbitals are relati,vely close in. ener-,' 

gy (13, 51,,100). The degree of thlsinteractjon of course 

, depends upon'the nature of the dorior·~toms. A more polariz-' 

'able '~niori'tends to donate more elec.tron density 
, , 

, ~hti'b:ondi n~.' ~~r.bita'; of, t;~e cafi on, i ncrea,si ng the 

ngth. an~therebY deCreasing the HOMO-LUMO gap 

energy of t~tions in the ~lectronic absorption 
, 

i-nto 

M--M 

and 

and 

fuse-refl ectance spectra. Such a trend 1's 'observed 

the 

bond 

the 

dif-

for 

. 2+ * Se4 , where the 1r-1Y transition 'is observed to vary from 

• 

'\) / 

. , 

,. 

.... : A_. , 

i 
I 

:~, 
, 
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.413 pm in 5e4(5b2F4)(5b2F5)(5bF6)2 to 524 nm in 5e4 (H5 207 )2 

(77)~milarly, 77 5e _125 Te and 125 Te _125 Te coupling con-

stants in 77S~~n~ 125Te NMRspectra_o'f Te
x

5e
4

_
x

2+ cations 
• 

are strongly dependent upon the solvent (see section VI.7) • 
. 

Recent molecular orbital c~lculations indicate that 

there' are di ff 

In particular, ,the 

~bonding in the M4 2+ cations. 

itals make a smaller contribution to 

the 'u-bonds in an in se 4
2+ and S4 2+ and the HOMO-

2+ 2+ 2+ LUMO ,gap dec~ ases in the order 5~ > 5e4 > Te 4 (101). 

This is-r in both a reduction of~stereospecifi-
!, • 2+ 

ci ty and a i ncrea;;-e'i n the number of the contacts'to Te4 
> '. 2+ 

in 'salts of' .. ttiis cation (23) and to Te 3 • 05e1.0 in 

(ie3.0Se1.0)(5b3F14)(5bF6) (Fig., V.I.16). The geometry about 

Te 25e/+, however, is well-defined in (Te25e2)(5b:/14)(5bF6) 

(Fig. VI.l~~: ' It is note~orthy that ,the' three 'shortest 
o 

contacts (2.80, 2.93, and 2.99 A) are all to ~ellurium and 

.that tellurium has one more co~iact than does selenium (two· 
o 

contacts of. lengths 3.10 and 3.12 A). Since these contacts 

are assumed to be"nucle0p.hilic in nature the .arrangement 

about Te Se 2+ 'i s 
2 2 ' indicative of a build-up of posittve 

> 

charge' on telluri'um relative to selenium. Th.i sis reason-' 

able 
." 

in term~ of the ~elative electronegativities of :th.se 
" .. ~ 

two elements as described earner (section IV.7). In·rle' 

ot;h e r 

Te(2) 

mixed Te-Se cation, Te3.05e1.02+ ,iii' Te3.0sel.0(5b4F20)' 

has the highest percentag'e of tel't.urium as well as the 

greatest number of conta.cts in the struc·.ture. Ttl'e remaining 

, 

.. ' 
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three sites, howeyer, do not 'appear 
2+' 

to reflect this trend. 

Contacts to the S3.0Sel.0 cations of 

(S3.0Se1~O)2(Sb4F17)(SbF6)3 (Fig. 

.arrangements as ,described above. 

VI.17) exihibit typical 

In each case the four 
": 0 

shortest contacts (ranging from 2.598, to 2.830 A) bridge the 
" , 

edge~ of the caf~on. The 1argest'number of contacts occur 

at the sites re1ative~rich in selenium. There are six 

contacts to Se(l) an,d,.".,.., contacts 'to Se(3) which are 40.2 

and 32.11 selenium re~iVe1Y, while Se(}) and Se(4) with 
, . 

15.3 and 12.8l,se1enium have only four contacts. 

j 
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VII .1 Introduction. 

A 1 arge number of sa lts of the' .MX 3 
+ catiqn (M S, = 

~ 
, 

If 
Se, Te; X = F, C 1, Br, I) have been characterized by X-ray 

crystallography. Many of these structures have recently 

been summa r,i zed by Passmore et a 1 • (102). In -all cases the 

cation has essentially trigonal pyram{da1" C3v symme~r.y, . '~" 

expected from VSEPR considerations (61). Interibnic co t~ " -acts are sig9ificant in all of these' stl7uctures as well a~ 
generally~ fo~m in directions a~ound the lone pair of e,lt~.\ 
trons and opposite the primary ~--X bonds to comp1eti a 

, 1_ 
.distorted monocapped octahedron, AX3Y3Er.::nd the central 

'1 -
Group VI atom. Si~i1ar~ getries are bserved fo~ bridge-

-4 . ~ '" 2+ 2+ 2+ . 
he~d positions in MID', and M6_ cations as desc~ibed 

aboove (see Fig. 111.5 'and 11.6). It was. of interest to 

characterize more salts of the MX 3+ catio~ so that the .' 
s'econdary bonding interactions' could be further studied and 

• trends in the geometry of the Cut ion with variations in M 

and/or, X could b'e, estab1 ished. 

VII.2 Preparation of (TeC1 3)(A1C1 4)-triclinic. ~ 

" 
Aluminum trichloride, (0.533-g, 4,OD,mmo1) was added .. 

to 2.00 mmo1) (103) and 30 mL of CH 2C1 2 
, .-

was distilled onto this m.;i?ture' in 'a doub1e-bu']'b vessel at 
~ "" , 

• I 

77 K. Upon ~arming to 295 K the solution had the character-'. 
! istic orange color of S7TeC12 but after stirriJlg· for 24 h .. 

the, color changed to a bright yellow and a large quantity of 
r 

/ 
" 

L 
,( 
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C 
white 'powder precipitated. The powder was filt~red off and 

recrystallized i~ CH 2E1 2 , producing thin white plates. The 

Raman spectrum of theseJcrystal s tTabl e VII.l and Fi g. 
~ 

VII.l) was consisterl't with (TeC1 3)(A1C1 4 ) but the space 

group -and unit cell parameters were inconsistent. with the 

'I" previously reported structure of this compound (104) and".'a 

structure d~termination was carried out. Yellow, blcick-like 

crystals also formed fr1Jm the original reaction mixture and 

these were identified as 58 (ort~orhombic, Fddd) from pre-

cession·photographs. 

VII.3 Preparation of (TeC1 3)(ASF 6). 

'The synthetic .rout'e followed here· (reaction VII.l) 

is anal~gous to the reported pr.par.tion of (TeBr 3 )(AsF 6 ) 

(105). Arsenic pentafluoride (0.22~ g, 1..33 mmol) and S02 

gl;'0.8845 "llnol) in 
"­

(20 ml) were distilled onto re<;.14...10.2383' 
~ . " 

a double-bulb vessel at 77 K. Th~ mixture was warmed to 

-room temperature and after 24 h of ~tirring the solution was 
" 

a ve~y pale yellow color, presumably as a r~sult of 

pr~uced in the reaction. 'Sboirring ~as continu.ed for one 

week with no apparent cliange. An oil was formed upon slow 
.' 

removal of the solvent, which deposited a large qua~tity of 

white powder upon cooling 'the other bulb of'the vessel .to 

255 K to r~move all of the solvent. The powder. was trans-

ferred to anO'ther vessel '" and 'reCrystal~\:~, from a 1:4 

producing thin ~rless plates. mixe\f solvent, 

~ 

" 
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Table VII.1 Raman. Spectra of th~ TeC1 3+ Salts Produced in 
Sections VII.2 through VII.S. . 

467(4)a 
4S8(4)a 

391(100) 

378(26) 
368(56) 
347 (27)a 

193(4)a 

168(14) 

14B1~-
144(18) 
131 (13) 

121(7)a 

SbClr--- . 

77 K D295J. in S02 

399(76) 
386(31) .. 
370(10) 
360(20~ 
340(6) 
313(100J b 

'265(1l)~ 
;56(18) 
19§(8) 
191(-14) 
181(24) 
174(18) 
171(17) 
165(19) 
152(10) 
149(11) 
142(2) 
133(3)c 
124(4) 
121(4) 
118(3) 
93(I)c 
84(2) 

. ,73 ( 5 ) . 
62(10) 
54(5) 
48(9} 
44(8) 
38(18) 
35 (17) 
31 ( 1'6 ) 

398(100) 
384(48) 
366(16) 
358(26) 
344(10)c 
3l'2(78)b 

257 (23) b 

188(17) 
179(27) 
172(38) 

166(37) 

14!1(22) 

'130( 5) 

121(8) 

76(8) 

58(32) 

34 (79) 
28(57) 

667(10)~ 
640(20) 

399(96) 406(100). 

376(40) 
355(32) 
333(100)b 

388(48) 

285(9)~' 284(14)d 
263(4) 

169(8) 173(16) 

159(29) 
146(38) 

82(8) 

. AsF 
6 

708(5)e 
671(8)e 
649 (n: 
578(3) 
543(3)e 
442 (ZJ 

411(100) 
404(25) 
394(32) 
389(32) 
379(62) 
371(sh) 
361(15) 

246(1) 

).71(44) 

154(49) ~ 

67(12) 

(a) A1C1 4-. 

ref. (161). 

ref. (160). (b) SbC1 6-. ref.(128). (C)SbC1 3 • 

(d) SbF 6-,. ref.\162). (e).AsF 6-. ref. (163). 
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< 0 

FIGURE,VII.1Raman spectra (51~ A) ~f a) TeC14; recrystal-
lized from_ S02' 77~, b) TeC13(AlC14)~ 295 K, c) T~C13(SbC16)' 
77 K, d) TeC13(AsF6), 295 K. (*) indicates Vi of TeC13+. < 
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The Raman spectr~m f!!f these, crystal s 

VII.IJ was significantly diCferen~' 

reported for this c~mpound (106), 

,;/ 
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(Table/vII .1 and f,i g. 
. , 

previ ously from that' 

but a subsequent X-ray 

cry~tal structure determination confirmed the composition to" 

be (TeC1 3)(ASF 6)., 
.... "'" . 

2 T e C 1 4, + . 3 '.As F S·--- 2 T e C 1 3 ( A s F 6) + As F 3 + C 1 2 VII .1 

VII.4 Prepar.ation of (TeC1 3 )(SbF6) -~Attelllpted Recristalliz­
ation of TeF4(SbF S)" 

Tellurium tetrafluoride (0.47.14 g," .2.31S mmo'l) was 

combined with 5bF S (0.4970 g, 2.293 ~mol) and 30 mL of S02" 
. 

in a double-bulb vessel and the reaction mixt'ure stifred for 

~ h .befo~e the 50 2 
solution leaving a 

.' 
was slowly distilled off of the colorless 

"? ' 
white powder. trrhis,product, presumably 

, 

, 'TeF4 (SbF S) (107), 

good crystals so 

proved to be too .soluble in S02 to obtain, 
" a portion of the product (0.4842 g, 1.IS2 

mmol TeF 4 (5bF S)) was transferred into 

vessel, alo~h IS mL 50 2 and 20 mL 

colorless solution free of residue. 
:-. \': 

"-another double-bulb 

CH 2C1 2, producing a 

A large ,quantity of 

white powder precipitated after half of the solvent had been 

slo~ly removed by distillation. The remaining solvent, 

,presumably mostly 'composed of the less-volatile CH 2C1 2 , was 

left over the powder to encourage crystal growth. After 

, 

• 

" 

'J" " 

two we~ks the iolution was a pale plnk color 

-__ colorless plate- and 'needle-shaped crystals had 

and thin, .' 
~ 

formed' at 

the ,vap&r-liquid interface. The Raman spectrum of these 

crystals (Table VII.I) was consistent with (TeC13~(SbF6) and 

• 



• 

.. 

~, 

the X-ray crystal structure determifation 

compos it Pon. . 
VII.5 Preparatton of'(TeC1 3)(SbC1 6). 

Tellurium' (0.4016 g, 3.147 mmol) 

one bulb of a d le-bulb, vessel and ~n 

was weighed 

excess ~ 

147 

this 

into 

SbC1 5 
(4.67 g, '15.6 mol) was, added with a syringe to th'e other 

bNn ~ dr~-box. Thirty mL of S02 was condensed into the 

ampoule with ~e S'Cls'at 77f and after sealin~ the vessel 
, I 

and al,lowing the's'olvent to melt this. yellow solution was 
, r 

poured onto the tellurium and the mixture stirred at room 

temperatu,re. A .pale magenta solution c9-:l,~r Mas observed, 

indicat~g i~it~a,l ,formati~n O'f Te 4
2+. After 2 h all' the Te 

~acted, producing a yellow solution free of r.esidue. 

The vessel was heated at 340 ~ for 24 h with no apparent 

change. After slowly d!stil~ of the solvent to th'e 

oth~Oule large yellow crystals were deposited. The 

Ra~~ spectrum of these crystals indicat~d that they were 
'-.Y 

(TeC1 3)(SbC1 6) (see Tab~e V'I.1, Fig. Vii.1). A subsequent 

~ crystallographic analysis revealed that the chlorine 

'" ha.m,s' were disordered ~ the structure was not ',' completed. 

"~cegroup and unit cell data are included'in the Appendix. 

VII.6 'Preparation of (TeF3)2~SO~1. ~' 

trace 

Thirty mL SOc'~:~ AsF S (2.187 g, 

8r 2 (20 mg) ~e condensed o:to of a mixture of .Te 

.~ 
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. frO.8ll5 g, 6.360 mmo1) an'd Se (0.5082 g, 6.4,36 mmo1) 'at 77 K -,~, 

~ a double-bulb vessel. After allowing the solvent to melt 

the r~action mixture was stirred produ\in g first green, then 

.- brown and blood-red solution colors, retur,\ing to green 

after 2 h of mixing.' These colors, are consi.ste~ with the 

initial fo-rmation of se/+ and/or se,10 2+ (bot·h green) fo1-

.. lowed b.y the production of mix,ed Te-Se cations (red or brown 
.!"-

in cOlor) , . which react further fo produce colorless Teff 

and Se 8 
2+ 

an:/r 
. 2+ 

Se10 , • After 24 h a 1 a rge quantity ot' 

finely-divided black powder had precipitated. The green 
,. 
~olution ~as fjltered and the solvent slowly disti11ed:off, 

leaving a 'de~p gre~noi-h. ,A'few mL of S02 were distilled 

onto this oil in an'NMR'tube and the 77Se ~ s'pectrum .of 

this solution· identified tb~ se1Q
2+ cati~ (see sectton 

111.7). No other spe~fes were ob~erved. 

weeks a r;~w ,colorless crystals formed in 

These were isolated and were ~ :y X-'ray 

to'be(TeF3)2(S~. , 

&. 
VII.6 D1scussi~n of Cryst,l Structures~' 

After several 

the NMR tube. 

crysta 11 ography 

(TeC1 3 )(A1C1 4)-tric1inic:, The g~ometri~s of the two indep-

endent TeC1 3+ ~ations 'in this new.modifitation of 

(TeC1 3 )(A1C1 4), (~~onoc1inic form has b~en rep~rted (104)), 

are given in Figure VIl.2., complete with secondary Te ••• C1 

interactions. 
. . ' l' . . ' 

.Both cati.ons have a tetrahe.dral AX3E.pr:ima~Y:::7c 
I 

bond geometry, with VSEPR theory. Three 

" 

> 
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FIGURE VIIr2- ORTEP views of t~ two TeC13+ cations i~ 

TeClJ(Alcl4)-triclinic, examples of the AJC3Y3E geometry.:Lower views 

... 'owor' 'h. a~~'d po,ition of th1"' pair of .1",rona. 
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/' second~ bO! 

, tr~.'llOno~ 
th~ primary bonds '~Plete a dis­

octahedron (c;. F~~,. 111.5). The 

\ 
o 

+ 
Tefl3 'C 

'+ " , 
,i.e. ['(TeCl 3 )(tl-)]4,ijlso has an 

A X 3 Y 3 E~"lrIlll!i T'he di'mensions, of the TeCl 3+ cations 

however,. are subst~ntially 'different in this salt, 
-,' 

'-. 
from The re' those of the same cation in, TeCl 4 (Tabie VII.2). 

-" 
sig~ificant decrease in the'Te--Cl bon,d' length in-9oing , 

Te~to the AlCl 4 - salt, witI'! a cor~es~Onding .lengt'hen-' 

i's . a 

from 

ing' ·of tlje'secondary T,e ••• Cl contacts., Thjs correlatio,n' 

~t~'een pr,imary and secondary bond lengths'is expected if 

the chlorine atoms in the anions donate electron density 

into "* antibon'ding CJ orbita,ls ,associated 

of the cation (s~e~tioh in .9). 

with the Te--Cl 
> ' 

b'onds Confistent with 

the ,weaker nature 'of the iecondary bonds and the. stronger 
,\," • l, \ 

primary Te--Cl bonds,. there is also an increase in the mean 

i ntr,r'amol ecul ar Cl-Te~Clangle in the AlC1A~ ~alt over t~at 
, ' , 

in. TeCl 4 

in the 

(Table V I 1.2 ) • 
• + 

The di~ensions of the TeCl 3 cation 

triclinic ~:~l4'- salt are ,very Simil~those of 

the pre'viously publ"i,shed monoclinic salt. (104)' .. ·(Table 

,VI1.2). 

are In th) present struc:,ture the two i\lCl 4 -','anions 

slightly ,flattened tetrahedra with some signifi'cant,' 

differences in bon'd 1 eng,ths (Tabl e VI 1.3): 
~ 

Noteably, eac'h 

• anion contains a bond which is ca. 0.04 'to 0~05 A shorter 

than the remai ni ng. bO,nds and these two short bonds ,are to 

the teo chlorin:e atoms of the anions that are not invoiv,ed 

, 

.... 

I 
I 
I 
I 
I 
f , , 
\ 
! 

. '] 
:; , 
i 
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Table VII.2 

HX + 
,3 

SF 3 (BF 4 ) 

SeF 3 (HbF6 ) 

SeF 3 (Hb 2Fn ) 

Hean Dimensions of MX + Cat1ons. 3 

Bond Lengths (A) 

H - X H ••• Y 

Bond Angles (de9) 

X-H-X X-H ••• Y Y •.• H ••• Y 

1.492(2) 2;614(3) 97.5(1) 

1.73(4) 2.35(4) ,94.9(3) B5(3) 
• 

1.66(2) 2.43(2) 94 ( 2) • B4 (1) 

75(1 ) 

96(3) 

99(1 ) 

101 (1) 

Ref. 

130 

125 

126 

46 

SC1 3 (IC1 4 ) 

SC1 3 (SbC1 6 ) 

1.988(3) 3.115{3) 101~3(1) 159.5(I)b 77.1(1) lIS 

1.956(2)' 3.220(3)103.7(2) 8B.31(7) 76.52(5) 116 

SC1 3 (UC1 6 ) 1.96(1) 

seC1 4
d 2.166 

SeC1 3 (A1C1,) 2.11, 

3.25 c 

2.B37 

3.04 

102.3P), 

96.0 B9.6 

9,9.3 1l8.5 

SeC1 3 (HoOC1 4 ) 2.14B(2) 2.878(2) I, 

SeC1 3 (SbC1 6 ) 2.10(1) 3.13(1) ,~ 

89.9(3) TeC1 4
e .2.311(3) 

TeC1 3 (A)C1 4)' 2.276(2) 

TeC1 3 (A1C1 4 )9 2.277(2) 

. ' 
2.929(3) 94.8(2) 

3.061(2) 95.0(2) 

3.075(,2):, 95.21(7) 

8 •• 6~2) 

86;81(6) 

84'.0 

82.1 

85.0(2) 

93.8(2:) 

90.94(5) 

2.264(2) 2.796(~)a, 96.00(B) 80.9fl) '102.0(2) 

,131 

1j2 

132 

132 

116 

108 

~04 _ 

h 

h TeC1 3 (AsF6 ) 

TeC1 3 (SbF 6 ) 

se,Br4
i 

SeBr 3(SbF 6 ) 

TeBr3 (AsF 6 ) 

TeI3(~sF6) 

2.258(2) 

2.36(3-) 

2.269(8) 

2.739(5)a 95.8(1) 81.2(1)- 102.3(1) h _ 

(. ) 

(c) 

, 
2.98(3) 96(1) 90(1) B3(1) 133 

2.77(4) 100.9(3) 86.4(9) ~6(1) 102 

2.432{1) 2.84(1) 

2.667(2) '2.9B(1) 

97.92(8) 84.4(3)92;2(4) 10'2 

99:9(1) 134 

f three face-cap~f~g contacts. (by Trans- angle. 

two contacts'report.ed. (d) ~1-»)4: 
, + 

[(TeC1 3 )(C1-»)4' (f) Monoclinic mOdification., 

, . 

(9f Tric1inic modification. 

~(i) i.e. [(SeBr3+)(Br~)J4' 

(il) This work. 

, . 

.' "'-: 

.. . '. ' 
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Bond Lengths 
~ 

~e-Cl(l) 
C 1 (2) 
C 1 (3) 

. , 

• •• F ( L) 
• •• F ( 2) 
• •• F ( 4 ) 
• •• F ( 6 ) 
••• F(l'l, 

( , 

2.258(2) 
2"266(2) 

.. 2.268(2) 
2.738(5) 
2.689(4) 
2.962(6) 
3.149(6) 
3.259(5) . 

\' 

, . 
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Bond Angles 

Cl(l) - Te - Cl (2) . ,95.65(9) 

"I Cl (2) 

. 'Cl(3) 

Cl (3) 96.66(8) 
.~.F(I) 84.6(1) 
••• F(2) 82.9(1) 

..... ••• F(4.) 169.5(1) 
••• F(6) 143.3(1)" 
••• F(l') 144 • ..()(1) 

- Te - Cl (3) 95.6.9(8) 
----:--;;F(l) 17B.7(1) 

••• F(2) 80.9(1) 
.;.F(4~ 77.1(1) 
••• F(61. ) B8.7(2) ~ 
••• F(l } ~120.1(1) .. 

Te ••• F(I) 83.0(1) 
' ••• F( 2 ) 176 .4 (1 ) 
••• F(4) 76'.8(1)' 

.••• F(6) 119.2(1) 
••• F(l') 85.1(1) 

F(I) ••• Te~.":F(2) 
.••• F(4) 
••• F ( 6) 

AOO.5(2) 
~02.5(2) 

91.9(2) 
59.8(2) ~ •• F(I') 

Fr2) ••• Te ••• F(41 163.1(2) 
,' •• F(6) " 61.8(1) 
••• F(I') 97,3(2) 

... 
F(·4) ••• Te ••• F(6) 45.2(2) 

•• ;F(I') 44.7(1) 

F(~) ••• Te ••• f(l') 43.5(1) 

,,' 
-; .. 

. . -
, . 

. , 
,:.- .-." " .. " 

• 

- ... 
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c) TeC1 3(SbF 6) 
, . 

Bond 1 engths 

Te(l) - Cl (1) 2.261(2) 
-C 1 (2) 2.252(3) 

·.~.F(l) 2.660(6) 
.~ .F(3) 2.950(6) 
••• F ( 5) 2.778(4) 

Sb(l) F(l) 1.879(5) 
F(2) 1.842(7) 
F-(3) 1.863 (6) 

- F(4) 1.843(7) 
F(5) 1.867(4) ; 

'., 
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, , 

Bond Angles 

Cl(1) - Te(1) -:'Cl(2) 97.6(1) 
. - Cl (1)92.3(1) 

••• F(l) 8r.8(1) 
••• F(3) 133.8(1) 
••• F(5) " 75.5(1) 
~ •• F(5') 167.6(1) 

Cl (2) - Te (1 ) ••• F (1 ) 
••• F(3) 
••• F(5) 

F(1) ••• Te(1) ••• F(3) 
••• F(5) 

F(3) ••• Te(1) ••• F(5) 

175.0(2) 
81.6(2) 
82.3(1) 

93~4(2) 
95.1(1) 

58.5(1) 

F(5) ••• Te(1) ••• F(5') 116.6(2), 

,', 

. 

- ,.:.. .. 

.. . . 

; . 

• i 

i 
',.: -

i 
L , , , 

, 

I 
. i 

I 
\ 
1 

'J 

" 

j , 
1 
" 

~ . 

, 
~ 
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Bond. Lengths 
~! " 

TeO) -F(ll) 
F (12) 

1.860(8) 
1. 9 0.0 (8) 
1.837 (8) -F (13) 

0'( n 
0(3) 

• .. 0 ( 2) 
~ •• F(21) 
•· •• F(23) 

.~ •• F (11 ' ) 

'2.213(9) 
2.321(1l~ 
3.131(10) 
3.321(8) , 
3.303(8) 
3.079(8) 

Te(2,) - F(21) , 1.850(9) 
,1.857(10) 
1.M5(8) 
2.374(10) 
2.343(12) 
2.667(9) 

:3.155(11) 
:, 3.274( 10) 

S( 1) 

/ 

"~, F( 22) 
- -F( 23') 
-0(2)' 
- 0(4) 

••• F( 12) 
.:.0(3) 
••• F(22') 

I 

~' o'r!l 11.471 (9"­
- 0(2' !I.477(10) 

0(3)/ 1.469(10) 
O(~Y' ~.:~53(1l) 
"/ 

,-

, Bond Angles 

F(11)-Te(1)-f(12) 
-F(13) 

, , '-0 (1) 
-0(3) 

f(12)-Te(1)-F(13) 
-0(1 ) 

" -Of 3) 

Pt13)-Te(1)-0(l} 
- 0 ( 3.) 

0(1)-Te(1)-0(3) 

F(21)~Te(2)-F(22) 
, -F(23) 

-0(2} 
-0(4) .. ' ' 

,F(22)-Te(2)-F(23) 
-0(2) 
-0(4) 

F(23)-Te(2)~0(2) 
'-0(4) 

0(2)-Te(2,)-0(4) 

'.~ 

\J, 
";:' 

" 

87.8(4) 
86.5(4) 
86.5(4) 

163.2(4) 

·155 

86.5(4) , 

166'4(4),1 82.8(4) 

80.8(4) • 
7 9 ~ 1 (4) , 

99.5(4) , 

85.3(4) 
89.4(4) 
73.8(4} , 

164~8(4} , 

89.1(4} 
156.8(4j 
81.8(4) 

-80.7(4) 
82.3(4) 

1'17 .0 ( 4 ) 

,.. 

.:.' 

" . \ j 

'~ 
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In any slanlflcant Te ••• Cl Interactions. In the monocll.nlc 

form ot: this compound the dimensions Of\ the AlCl 4 -. anion 

·.··also illustrate this same trend (-i04):-V 

(TeCl/)(SbF6 -) and (Te~6 -): . The hexafluoroantlmon:' 
+ ate sa·lt of ' the TeCl 3 cation crystallizes In the orthorhom-

blc space group Pnma. In this salt the cation has crystal~· 
4 

lographlc mirror symmetry with Cl~Te-Cl angles of '97.6(1) 

(x2) and ~2.~(1)O (Fig. VII.3). Furthermore, the independ-

ent Te--Cl distan~esof 2.261(2) (x2) and 2.252(3) . .. .. . 

o 
A are 

significa~tly shorter than those for (TeCl 3)(AlCl 4 ) or TeCl 4 .. 
(Table VII.2). These differences can be correlated with the 

strengths 
'. / + 

of. the interionic contacts i~volving each' TeCl 3 
cation. As discussed above,the Te-~Cl primary bond length 

/' ·decJases. as the .Je •• • Cl se~cindary bond ina direc.tj on, __ .. _.·_ 

approximately. trans- to the primary bond, increases· . in 

fength. 
. 

In' the present salt·there aredfour Te ••• F contacts 

shorter than van der Waals distances,. three of wh'i ch may be 

cons-tdered to 'be '" capping the Cl-Cl-E faces of the TeCl 3E . 

'tetrahedron, w.ith the fourth bridging a Cl. •• E edge of the 

same tetrahedron. This arrangement of primary and seEonda~y 

bonds.Jmay be '~described as AX 3Y3Y'E and is rela~ed to a 

tricapp~trigOnal:-prismaticarrangement of liga.nds 

AX3Y3Y'~ in which all three faces and all thr-ee edges 'of 

the AX3E tetrahedron containing the lope pair E would be 
.~ 

, , 
., 

\ 
I' .. ~ 
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F1 
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CI1 .. 

F3 
-~ 7/' -,J ., ~ 

, .' O'~ CI3 . i'~' ( 

2.660(6) 
2.950 l61 

2.252l3) 'l/ 3.259 (5) 

.C12 - ----/ 
~, 

',9 

"',., 
'6) ., 

\ F5' CI2 
/ 

\ b) / 
C11' F6 r1B • ~ . . 

'-., . 
'~ --" .. 

4,,, 

. .,; .. ,----- . 
FIGURE VII. 3 The TeC13~ cation in a) TeC'l3 (SbF6)' ~--example 
AX3Y3Y'E geometry, and b) TeC13(AsF6), AX3Y3Y'2E. Both views 
toward the assumed positions of the lone pairs of ~ectroli.s. , 
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i nvol ved in secondary<bonds. In the' present salt two of the 
,. / ( , , / 

generally ronger/Y' edge-bridging contacts are missing ... A 
/' . . // 

similar A}fi"3Y'E geometry has been descri?ed above 'f,pr, the 

three-co;~dinate tellurium e in Te4.Sse5.5(~SF~!Z~d,,(Fi9. 
111,8). A /91l0d ~ampl,e of an 'AX3Y3Y'3EgeOme,t,rY'~~~.!!;.,thiS 

class of compounds is available in the' sfru,ctu:recif .' , 

(TeF 3 )!Sb ZF11 ) (Fig. III.Z)' 

When :/he. di'fference in'vander Waals radii for • 
fluorine and chlori~e is taken tnto consideration, the three . 
face-capping Te ••• F contacts in (T~C13)(SbF6) are weak'com-

pared + to the Te ••• Cl contacts in other TeC1 3 s~ts (Table 

VIL2), but' are'consistent with the short Te--Cl p~ry 

b,ondlengthlobserved. This difference in s~cOndary ,ynd 
. 

strengths for fluorine and chlorine ligands is 'a;function of 

size and pola~izability' (tl > F). The effeci af the addi­

tional edge-bridging contact to F(3) is to lengthen the tWQ 

Te--Cl bonds (to Cl (1) and Cl (1')) trans- to F(3) relati ve 

/' - to, Te--Cl (2), which has only o,ne opposing Te ••• F bond (see 

Fig. VII.3). The contact to"'F(3) also s,erves to spread F(S) , 
and F(S'), apart so t'hat F(l) ••• Te-Cl(2) is closer; to 180°._ 

, 

(175.2(2)0 ) 'than are F(5) ••• Te-Cll1') and, F(5',) ••• Te-Cl(l) 

. (167.6(1)°). 

The corresponding hexafluoroarsenate salt, 

(TeC13)(AsF6r, is not isomorphous with (T,eC1 3 )(SbF 6 ), but 

crystalli,zes in the m'onoclinic space group P2 1/n. This 

c, . 
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situation wa~ al~o observeb"(102)r for the cofreiponding 

$alts (SeBr3)(SbF 6) (orthorhombic; space group P212~21) and 
'4. '" , 

(SeBr3)(AsF6 ) (mono;linic, sp'ace group. P2 1/c), but. this does 

completely excl\Hle the possibility, that other"polymorph- . 

forms of these TeCl 3 + and SeBr3 + salt's i somorphous w~ ic 

the current structures might exist. 

In (TeCI3)(A~F6) the TeCI 3+ cation has no crys{allo­

graphic- symmetry and the Cl-Te-Cl bond angles show that the 

r cation is much less distorted from·e3v symmetry than that in 

the SbF 6- salt,_ although the average Cl-Te-Cl angle in bo\h 
". salts is virtually the same (Tables VII.2 and VII.3). The 

Te--Cl bond lengths in the 

than ;those' observed for the 

AsF ,.. 
6 

SbF 6 

salt are rginall,Y longer 

salt (Ta~le VII.3). These 

differences ~re again rel.~ted to the secondary bonds to the 

tellurium atom, and are consis~ent with ASF 6- being a'better 

Lewis base (F- donor) than SbF 6-. 
.', 

~ In (TeCI 3 )(ASF 6 ) there are five T'I! ••• F inter¥tions 

-rr4iich are less than the sum of the van der Waals radii of 
o ~ 

3.53 A (3~ and may be considered as Sec9n,dary bonding 

intera~tions. \Three of the;;e inte{actio~S are approxim:tel y 

trans- to the Te--Cl primary bon~ and cap the faces of the 

'. TeCl 3E tetrahedron, while two further longer interactions 

approximately bridge two CI ••• E edges of the same tetrahed-

ron (Fig. VII.3). Overall the environment of tellurium in 

this sal-lmay be designated as AXj Y3Y'2E. ' 

The hexafluoroantimonate and hexafluor~rsenate. an-

. 
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ions in these two structures are distorted octahedra ~ith 

o 
- ,'Sb--F and As--F bond le~gths of 1.842(7) to 1.879(5) A and 

. , 

. , 

-1.663(5) '~o 1.7~5) A respectively. THe primary bonds to 

fluorine atoms involved in'the shortest Te ••• F contacts are 

glightly longer than those to atoms which do not form a~y 

contacts (Table VIL3). 

(TeF 3)2(S04):In this salt the distinction between an ionic 

formulation and a covalently )inked sulfate adduct is not 

cle~r since some of the anion-cation Te ••• O distances are as 
o 

short as '2.213(9) A (Table VII.3). Similar '1--0 and Xe--O 
o 

bond lendths of 2.26(1) and 2.22(2) A respectively are fo~~d 

in 'I 2S206F2 (109) and the [(XeF2)2s03F]+ cati~n (110). In 

fact, 

\e--o 
each telluriuma.tom of (TeF.3 )2(S04) forms two 

bonds so that ,the primary geometry of these atoms 

'+. ' 
!!hort 

can 

be", considered to be distorted AXSE with the lone pairs ,in 

the remaining octahedralp6sitiori, trans- to th~ shofter 
. '~". 

',' 

Te11)--F(13) and Te(2)-~F(23) axial bonds (Fig.VII.4). The 
• ,II . 

,remaining Te--F bond lengths then appear tO,be a function of' 

the strength of th,etrans- related Te':'-O distances' (Table" 
'-

VII.3). The r"e(1)--F(12) bond",is partic~)arly 10'ng since, 

F02) -is also involved in ,a secondary bond to Te(2).The 

atoms F{ll), . F(12), 0(1) and,~(3) .constitute an e~uatorial~' 
, 

plane of. the Te(1) 'octahedron and -are all pushed slightly 

out of the/lane ~f Te(O ~nd towards the a~ical F(l3) 

'Valence-shell' electron-pair repulsion theory predicts 

.. : 0" , 
" ' 

atom. 

, thl s 

., 
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• FIGURE";~iI .4' ORTEP dr ing of the polymeric rteF 3) 2s04 

structure. Unfilled b ds between TeF3,imd S04groups 

<' 

. -. . 
rangefr~m 2.21 .to 2.37 A in length (see Table VII.3). 
Dottejl. 'J,:i:nes indicate primary bonds 'to ne'xt-nearest 

sulfur, atom's. 
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d,j"sto'rtion, resuJting from the greater repulsive 'effect of 

the.lone pai~ of electrbns'compared tothe pair of~ctrons 

forming the Te(1)-::'F(13) bond (01). The AXSE geometry obs-. . 
erved, here is rather di ff~~ent'" 'from that of 

above, but(S rathe~ ,si~'ilar' to 

+ the MX 3 sa],ts 

des,cri bed tha,t 

(111) • 
~ '-

Com~leting th~ overall ,coordination ~hell of each 

tellurium atom' of (TeF 3 '2(S04)' out to the '~an 'der, ,Waals 

limits are three further contact~.t Te(2) and four contacts 

at TeO) (Fig. V~I.S).,Th~ote ato~arearranged such 
. -... '. , . .",--- . " . 

that, they are approximately capping three or four faces of 
. .' ~ .'. 

',-,' 

the ,AXsEoctahedron descri bi ng 

ov,erallgeometry oJ Te(1) can 

the primary, geom,tri. The 

and 

_~hat of T~(2) a~ AXSY3E; Remarkably similar'AX SY4E' ~eome­

tries' are' observed f'o~the xeFs+ cation in (XeF S) (PtF 6 ) ~nd " . -" I" 
for IFs,~n the XeF 2 (IFS) adduct (H2, 113). "In T,eF 4 there 

a~~three face-·cappin g ... coptaCts; as :9r, TT~e(, 'ab"ove (Jl_l) __ .~<:, 

7" ,-r,+ )' 
VII.7 The Geometry of MX 3 CaUons.' " , r 

It is interW'ing to note the cJ-ose,' Similarity "Of" "',, 

thegeometr~of th,eM~3+cati,ons:to th0soelectroniC'GrOup. 
:- - ."J' ..f:. /~ liIi " , 

V trihalide mo~~.ciles. "rhe_bo<';.engt~s .areinevery cas~ 
shorter and the~ond an,gles Sli9htlr.1arger in the Group VI,~ 
trihil1ide cations '(~ee ·ref. (102); Table'6). The shorter 

, , . ", 

bond; lengths ·in the' cations are cons'istlent with 'the smaller 

covalent radii 
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• 
may also have a s~all bond-shortening effect. The bonding, 

,'. ~ 

el~ctron pairs in the s~ort bonds in the cations will be 

clos1!r, together and therefore repel each other more strongly 

than in the neutral molecules, 'leading to the-larger obser-

ved bond·angles. In addition, the electronegativity of a. 

positively-charged chalcogen central atom is' gr.eater· than 
. -.....:. . 

that ~a ne_utral group V .atom and according to VSEPR theory 
.' . . 

\ . 
. the- bon~ing 

closer to the 
) 

pairs of e~ectr~woulilthen be relatively 

central atoms of the cations .and take u~ more 

space in the valence.shell of the central atom, - . contributing 

" to the observed increase in the bond, angle •. 

Secon~ary bonding is. generally weaker in struct~res. 

-of the neutral molecules than the anion-cation interactions ';1... .• l 

observed in the MX 3+ s~ructures. 

to weaken th~ M--X primary bonds 

Since ~ecortdary bonds tend-

(see section VI.12), bond I. 

- . 

..... 2-
.:;'.:-:: ," . ..... 

pair. - bond pair. repulsions decrease with respect to lone 

pair :-. bond pair repulsions w;JincreaSingS~~On~ary bond . i 
strengt'h,.decreasi.n.g the .. X-M-X a~.·le.S .. ' T I:he angle ex)ansion .• :. 

in goi'ng from a n'eutral molecule ~~ cation-is ·t.ll<ere- ·1:' 
.' fore. not as large ~s might be-anti.ci.pat~d~~ examPle', ~he+ I 
.>~ . Cl-<p-C'b ari.gfe' from .the low' temperature crystal stru.c-·l . 

.. 
• ." • ,. -, . . " 

J '. \r 

t~f'e' of PCl 3 (114) is 100.09(9)o ..... and· thei\l.ter:::~olecul·ar. ..J 
G 

contacti ~e all greater tha~he' va'n tier w~~;;t distance~ 1 
This' angle, is only marginall,y 'les.s than the me'an ¥'f-~;.sl 

_ -",an'!tre,s , of-. loi.3 (It an~ ~03 .;J 21. ° 1'n (SC~~ 4) and "\.. '. t.l\.1 
, ."'<~..' :.. .~t-

~ .~ .; v.,.... (\:':; .f 

. .. Y ..... ( ~"+-",, 
( -. . ,'. , . .),;·i 

y---.. e .. ~ tf 
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• 
(SC1 3)(SbC1 6) respectively (115, 116). The larger ,angle, in 

th* SbC1 6- salt is consistent with tb~ weaker S ••• Cl bonds 

in this structur~ compared to the IC1 4- salt (Tabl~ VII.2). • 

In the two series MF3+ and MC1 3+(M= S, 'Se, Te) ~he . , 

bonding ,electron p~irs become,'further apart as M increases 

in size and the M--F cir ~--Cl bonds increase in ~th.' 

other less These el ectron pai rs therefore wi 11 repel each 
~ , 

strongly and the lone pair of electrons will spread out over 

the surface of the'central atom, 

the bonding pairs of electrons. 

reducing t~e angle between~ 

bond angle.~ 

ilyr decreases from sulfur to selenium to tellurium in both 

of eries (Table VII.2). Similarly, X-M-X is smaller 

in (T 

"be explained using a hy~ridization model ~nd the inert pair ( 

effect. The increasing s-p energy separation down a group 

leads t,o the'lone pair on telluriu'm having more s-character' 

than for the other chalcogen~. As a consequence, th~ M-~X 

, ...' primary bonds for tellurium have more p-character and there-

fore a corresPOndin~y smal}er bond" angle': Inre SnBr 3-' 

a perfect octahedron of bromine,atoms. The'lone pair is 

s'tere~;nactive i!'nd, pres'umably resides n' ", spherical s- ~ 
~i~],' The same argument holds ¥lr t e Tec'16 2-' anion 

(11~ \ 

~~, ,., 
in ~he orderF < Cl 

.. +" + + 
'In the series SX 3 "SeX 3 and TeX 3 ' 

< Br < 1. fA simil ar 

.I-;~f-.A...x' ncreases 

is noted' for 

.ill) • t' ,Il , 
f 

" • ~, 

• • 

'~ 
f ---.. ' • " J( .. ) 

') t 

?' '.;. - ~ . 'f • 
~ ,. 

'r' 

~',' \. :. '; 
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'the isoel~itronic neutral molecules and is consistent with . . 
the changingelectronegativity of X. The gr~ater the elec~ 

trfnegati vity of X, t·he more _X contracts the charge cloud of 

~e bonding pair and attracts it to itself, reducing the 

repulsion between bond pairs and decreasing theX~M-X angl~, 

~~1. -!J slla.rter bond lengths. For example, X-Te-X is 90(2)0 

ln~)(Sb2Fll) compared to 96.0(1)° and 95.8(1)° in 

(TeC1 3)(AsF 6 ) and (TeC'3)(SbF 6 ), 97.92(8)° in (TeBr3)(AsF 6 ) 

and 99.9(1")° in (TeI 3 )(AsF 6)(Table VII.2).,f , 

The geometry of the. secondary bonds also changes in 

a regul,ar manner. ~ general these i~teractions are formed 

in thoae irections which avoid the concentrations of elec­

tron dens ty due to the primary bonds and the lone pair. 

·They ar erefore formed in directions between the unshared 
'­

\ p\li rand the bond pairs. 
, 

It i s ri~ted above that the bonding ... , 

j pa~rs are forced 

.~ se-ries MF3+' 

out on the surface 

closer together as M increases in size in 

MC1 3 + and MBr 3+ as the .lone pa:-ir spreads 

of the 1 arger .. central ato~. The second-

ary bon·ds thaJ form around this spreading lone pair are 

)( forced further and further apart and Clo~O~imary 
bo.nds·in the same series. For example, the mean ~;2o.ndarY!J 
-secondary .bond 'angle~ ,y ••• ./'I.~.y;'llfireasesfrom 7~.52(5). to . 

, - . 
. ~ . 0 " , . . 

82',110_90.9,4(5)<"in (SCl a)(SbC1 6 ), (SeC1 3)(A1C1 4 ) anq" 

(TeC13)(A1C14~triclinic r~spectively. The ~ame' tr~nil y( 
t .' . +' . +' A\.+ 
,observed for SeF 3 and TeF 3 . or SeBr:3 and H!'Br 3 ·.- salts. 
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(Table VII .2);' 

'VII.9 
,+ ' , 

Anion'-Cation Interactions in HX'3 ,<;,ations. 
• 

There are significant anion-'cation contacts in 
. ,. all 

HX 3+, cations. The of the characterized examples q! the 
\ , 

strength of these interactions at -M., Le. H ••• Y, increas~s 

Te, rSistent with t~e increasin~ 
of the chal~ogens in the same·~rder. 

in the series'S < Se < 

electrop~sitive nature .. 
For exampl e, H ••• Y is 3.220(3) ,'. 3.13( i) and 3.075(2) A 1n 

. .is> 

.the compounds (SC1 3 )(SbC1 6 ),(SeC1 3 )(SbC1 6 ) and 

(TeC1
3

)'(AlC1 4 )-triclinic re'spectively (Table VII.2). These 
.. ." . o~· 

distances 'aM! 0.3"5, 0.52 and 0.73 A respectiv ly"less .than 

the van ?erllaals limiting distances ..... (~g). ~ , 

s~Ondary, bon-ds are probably 'partially resP~sible f 
....... ~. 

i ~rease in the 'Y ••• H ••• y, angl e down' the group.. The 

~on2er 

r he 
trend 

in this angle is described ·above in relation to the jreater 

stereoactivity of the lone pair down the group. ' .. " . . 

:'f' 

" 

• 

" 

, ", The 

'COllt~ctS to H sim~'arlY depend on the, ,~ature. of Y: 

de~r~e of charge-transfer from the anion to the TeC1 3 

:) 

,----: .. 

, : 

cation is apparent~y'greater in the A1C1 4- salt than in the 
, 

ASF 6- and SbF 6-'salts, SinceZhe Te--Cl p,rimary bonds are 

s0l!1ewhat longer ~n the Al.Cl'4::' s',a (Ta~I.?). This is 

not too surprising since chlor ne ,is la~g~nd'more polar­

izabJe than. fluorine •. The above compar-ison is co;nditior?af, 
,iiJ. 

.~ however, pn the'·o·verall envi ronme~t. of the cent.ral atom 

r.-emaining ess~·ntiaT.1Y"the ~ame'in' the different salts. Host 

(' (. 1 . 

, 

.1 . 

\ 

• 
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of the cations' have simple AX':!Y 3E geometries. T,he 
. -----1 . 

, +' 
TeCl,a 

cation' has additionai edge-bridging contacts in the' Asf 6- , 

and SbF 6 - salts, but, the degree of Charge-trayfer.~ still 

apparently somewhat less in these salts than in the A1C1 4-

s a.Jt • Ther€ are vari~tions in the H ••• Y interaction for ~ 

given Y as well, depending on the Lewis 'basi~ity of~he 
.! . ' 

anion.' The H ••• Y djstance in (SC1 3 )(SbC1
6
), 'for example, is 

somewhat longer than in (SC1 3 )(IC1 4 ) (Tabl'e V-i>I.2), consis~ 
"-

tent with SbC1 S being a stronger Lewis acid than IC1 3 (1~6) • 

Variations in the length of the Te--Cl bond irt TC13+ salts 

can be correlated with the positions of TeC1 3+ s'tretches' in 

'ji thei r ~aman spectra. 

the TJC1 3+ cati n 0 
• 

in ~he ~aman spectra, 

(TeC1 3 )(A,sF 6 ) (Fig. 

the primary Te--Cl 

The symmetriC stretching vibration of 

curs at successl,vely' hi gher frequenci~s 

f Te~, (TeC1 3 )(A1C1 4 ) and 

VII.~~, consistent with a, de'creaser in 

bond~engt in the sami series (Table 
,-- ',;. 

, 

VII.2). ,This stretch at a. hig~er frequency in 
',I ~ .' 

(TeC1 3 )(SbC1 6 ) than in 
, ~, 

cation ~teractions are 

ng that ani on-

primary bond . ' 
some~hat shorter in the 'SbC1 6 - salt than in the'A1C1 4 

- sa It. 

The SbC1 6 - ,anion then is apparently ~a somewhat w aker Lewis 

base than A1C14:~or'in,other'words SbC1 S is a stronger 

Lewis aci,d ~an 1lVl{. 
~(jr '.'a ~ven '!fi th,e te'riden'iYfor contacts to X ,that 

is X ••• Y, to become significant'increases in the order F < . '. 

.4 Cl 
~ « th~increa~ing polarizability 

J " 
"~ .. 
• 

1 

~ 

• 
• I • 
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and electropositive natu re of X in the same ser-fes. In the .. 
structures~report!d here this type of contact is not preval-

.~ 

can be seen in structures of the' compounds '.1 
(TeBr3 )(AsF 6) and (Te~3)(AsF6) (lot;: 134)/ 

Consistent with the increase in the interactions at X ap­

pears to be a ~endency for the contacts to M to simultane­

ously decrease in strength, that is th~ degree of charge­

transfer to the cation via both th2 M and X contacts appears 

.t.o be constant. The M.~.Y distlnce steadily increases from 
o 

2.59(3) to 2.738(5) So 2.84(1) to 2.98(1) A in the compounds 

(T eF 3) ( S b 2 F 11), (T e C 1 3 }( S b F 6 ), (T e B r 3) (A s F 6) and 

(TeI 3 )(AsF6") respe.ctivel y (Table VII.'2). 

V Lo.IO + + F-19. Se-77 and Te-125 NMR of SeF 3 and TeF 3 , 
It is clear from the above discussion that the X- :X 

bond angle decreases st~adily in the serie~ SX 3: > SeX 3 > 
+ TeX 3 for the crystal structures examined. It was also of , 

.' 
'.i·nterest to determine if the same angle dependence coul be 

,: .. 
, 19 . 77 . 125 observed in solution. To this end, the. F,. Se an Te 

/ 

• 
\NMR . spectra of ,the seF 3+ .and TeF 3+ cat'ions !!ere obt~ined so 

tI 

that"the 19 F_77 Se and'19 F_125 Te coupli,ng consta"nts 'could be 

used t~ compare t~e f:-Se",-F and F-Te-F bond angles in these .... 
. ' . 

cations in solution. The Fermi contact mechanism, w~ich is 

con.cern·ed witht\e ~egree o~-i:ha~cter in a bond,' gJlf(1eral­

ly dominates s~~psPin ~ou~n high resolution NMR 

> Since th'e" i~M-X bond angle is .I'ela'ted to the amount (ltv . 

.. 
• 

<, • 
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r-
of s-character in the M--X ond, that is a large bond angle 

i! .. '\ 
corresponds tjJ a hiOgh deg~ O.f r.;-chara~er, trends in the 

X-M-X bond angl e can be: re'l ,d fo .chan·ge~." in the spin-spin 

~ upling constants. 
o , 

/ 

Observed sca.lar :coapling constants involving ~ifff­

ent nuclei canntt be compa'red di rectly, but useful campa 1-

sons :can b~ made usfng reduted coup~ing constants, K i," 

which take into accbunt the dtf~~rent magnetogy~ic, tati s 6f y 

the nucl'ides being compared (120). Reduced density 
, 

constants,' LMX ' additionally correct for relativ ef-

fects whhch become importa~t for heer-nuclei (121-123)(" , 

K MX = (41T2!h)JMXOM¥X)~1 VII.2 

L MX = (41T2/c2iKM~(V~-1)MV("1)X)-1 VII.3 

where h is Planck's constant. c is the speed of light; 1M i~ 
,.... 

the m~gnetogy~ic ratio of ,nucleus M (in nuclear magnetbns) 
~ 

andV (-1 )~i s th.e hyperfi ne 

of the ~electron density 

integrals f the main gro 

ref. (121): F = -0.52;;5 

The 
, + 
TeF 3 cation wa 

integral of nucleus M (a measure 

f nucleus M) • , The hyperfihe 

ts have been fabulated in 

-,0:8300371, Te = -1'.258S161. 

obtained by three"routes ,(Table 

VII.4): 1) the r:eactio ,of TeF 4 With~S~ ~SF5 1'[1 502 , 

2) the reac;ion of Te(0!eF 5 )4 with 'excess~'sFs in 502 ~d 
3) the direct {luorination of elemental tellurium wit~· 5bF5 

i~02. Excess ASFs"'ias used ion the 'Nrst t'wo re~ to 

reduce' line broadening by suppression o~oride ,ex-

",' 

.~ 

, \ i 

, .i ------" 
1 
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change in the presence of excess LewiS acfa'-h24). Trifluor­

oselenium hexafluoroarsenate .. ,as prepared by the reaction of 

Se4 (AsF 6 )2 wi'~2AsF6 (reactionQ,/II.4). 
.- I, . H F . 

. Se4 (AsF6 )2 + 141 02ASFI? - 4 SeF 3AsF 6 + 

~ 
An ..... of Se 4 (AsF 6)2 was us~d since 02~ is excess 

12,AsF S 
VII.4 

,paramagnet i c 

and if present in .e,en small amounts. could cause 'significant 

line broadening in the ·NMR spectra. Anhydrous' hydrogen 

fluoride was used as the solvent in the preparation since 

O2+ would be expected to oxi~i·ze S'0 2 to S03' Sulfur dioxide 

~
waS"the preferred solvent for the NMR samples and, wit~, the' 

. excepti'on of thO/SbFS sol'ution, iow t;mp~.ratures were 
" 

employed to reduce line broadening resulting.from fluori~e 

exchan~e •. The 1?5~e NMR spectrum of a TeF 4/AsF S solution in 

502 recorded at 200 K is giv~n'as Fig. VII.6. 

The· 19F,"77 se and 125~e NMR parameter~ for"the SeF 3+ 

.. ' and T~F3 + cations are gi ven In Table VII .4. The me·an. 

19 F"_77 Se and 19Te _12S T'e coup'li ng constants ar'e 1.2'02 add' 2907 
" 

Hz .respectively.' The seF 3+ coupling c~ares well withthe' 

value of 121~Z reported fo.r th.e 19 F NMR s~ect/um !o( ~ 
solution of SeF 4 (BF 3 ) i~ HF·~i24).~· The 19F~775e and 

19 F_12S Te coupl ings ,j'11'JeF3 + "and leF 3 + are bcompared with 

other Se-F and Te-F compounds:in Table ViI.S •. The reduced ~ ... ' ..... --- ~...,/.. .. 
densi~~ coupling constants for a giVen pair of ~e(VI) arid 

~y'I) .compounds"KoU10'be approxima~e].y:equal since, the 

environments and"~~ing of the species <Ire expected to ~e 

." 

~\ 
.. 
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~Guru: VII.6 

/S02 at 200 K 

/ 

". 

" 

, . 

• 

\ . 
700 650 ·600 
Ii. (ppm trom Te(OHI61-- . 

, 
125T~'_ rom spectrum or the -rep)+ cation i11 

(7B.97,Mllz; '0.47 m; 5800 Dcans; 6.1 Hz/ptl. 

a . + + 
Table VU .41, NMR Para •• ters for ~eF3 and TeF 3 • 

J(HZ) 

.Catlon .·19r 
S (ppm I 
HSe 

-112.0 

125Te .19F_77 Se i9F_123Te 19F_125 Te 
~'- +b 

SeF3 11.2 

• e TeF 3 -47.2. 

. . h . 
-45.1 f h 
-,43.1 • 

(a) Spectra recorded 

663.2 e 
673.ge, f 

688.9 f • h 

671.21 

at 200 K unless 

1201~ 
1203 ., 

2430 c ,e 2915 c •e 
2914 9 ,e 

'. 
2885 c ,h 
2918 9 ,f,h 

2905 9 ,1 .. 
otherwise Indicated. S(19n , 

5{~7se) .and S(125 Te ) referenced to exter"",l tFC1 3 , saturated aque-' 

ous H2seO~ and saturated,a~ueous Te(OH)6 at 295 K respectl,eiy. 

(b) a 0.20 m soiu~loi or S~F3(AsF6) In S02'(c) From 19F spectrum • 

(d) From 77Se spectrum •. '(e) TeF4 (0.3862 i,"l..897 'mmol) :';·'l\sFS. 
, . 

172 

" 

-. 

• 

(1.289,,7.51 mmol) •. S02 (3 g) (s~e f19. VII.6)., (f) 295 K.' ( 

(g) From ,125 Te spectrum. '(h) Minor product of 0.2 9' Te • 0.4- mi:~' 
SbF. 5 I~ J mL S02' stlrreda~d' f'l1~ered aft~r ,48, h.(I)'Te(OTeF5 )4 .... 

(0.9287 9, 0.8583 mmol) • AsF 5 (0.729'9, 4.29 mmol),. 2.5 9 S02 " 
, . 

~a~le VIII.I, Fig. VII!'3). 

• 
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" 
" 

19F~n Se and},_125T~ Table VII .• 5 Comparison of Coupling 
Consta'nts. 

..~ • 
" 

Solute JM/ 
b LMX 

c Ref ." ~MX ' 

(Hz) (10 21 NA- 2m- 3) (l0-43 NA -2m3) -

120~~ + 5.579 t'" f SeF 3+ 
TeF 3 2907 8.142 .664 f 

SeF 6 1421 6.595 '.957- 135 ;; 

TeF6 3736 10.463 7.279 t 36 

HOSeF 5 
1300e 6.033 

, 
6.364 ' 137 

HOTeF 5 3577 e 10.018 6.970 138 

Xe(OSeF 5)2 13'38e • 6.210 6.550' 139 ' . 
Xe(OTeF 5)2 3600e 10.082 7.014 139 

I 

F SeOOSeF 1431 e 6.641 7.005 139 
F~TeOOTeF~ '~3830e, 10.727 7.463 139 

'. 
(a) Scalar,' coupling constan.t. An coupl,ings are absolute 
values. (b) Reduced coupling constant. (c) Reduced densit~ ~ 
coupling constant~ (d)M~an value, see Table Vfr.4. 
(e)fCoup:ling.to equatorial F atoms. (f,) ,This work. I ~ . • 

) 
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. 
nearly identical (i.e. octahedral, or pseurtahedral for'" 

th~ OMF 5.specjes). These couplings are in fact very close 

in _value, although LTeF is generally somewhat,larger than 

'LSeF (Table VII .,5). The reduce~ density coupling constants 

for 

" 
SeF

3 
+. and 'TeFj"': are smaller than for the Se (V I) and 

Te(VI) species and in this case LSeF 's larg.~·than ~TeF' 

\~hi s + i nd\Cates ~:\t tile M--F bO~dS have more s-character in 

SeF 3 than T,\!F 3 .• or, in other words the F"'Se-F bond ',angl e 

would be expected tq be som~what larger than ~he F-Te-~ bond 

angl e, whi ch is cons i stent with X-ray crystallographi c fi nd-

iogs (46, 125. 126) ; This NMR result .ay be 
, '\' , ' 

fortuitous. 

howeve,r,. since other, terms may also contribute to spin-spin 
, , 

couRling. 
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I nt:rofct"hln • 

The discovery 

VIII.l ,_ .. I 

;th'otel~c .acid, ... ' 

of 

HOTeF;. by' Engelbrecht and Sladky p~~ed ~he'door to a 
, . 

new 'cl,a~s of compounds; rTlI1!'~..eF,S lig'a'nd'. is ,almost as 
Q <". . 

£='3ctTonegahve as fluorine (136·)-and· OTeE S , analogues of 
: ' . ., " ' . . '. ,.--,;-. 

most~,of the~n f~uorides 'have~eenprepar:ed (14~,.142), 

'includ-ing 'the, riobl!!gas compounds X~T'eFS)2 and:- Xe(OTeF S)4-
. ' ... r' I ' .. , 

(143, 144L'" The reaction ~f HOTeF S with boron. tJ'ict}loride;' 

reaction VIII.l, leads to B(OTeFsli (liS, 146); which is ~. 

veryeffe-ctive ~TeFs-dono~ i)J' ~u'6stittttion feactionssuch as 

• 
_.,0 

VIII .1 ·----'·--:-3 1l0T~FS' -tBCT3 --: 3 HC1, + BjOreF S)3 
, • C", II " if . • .' 

, 3 TeF4 +4B(OTeF S)3:+3 re(OTeF~)4 + 4' BF3 ' . VI,II"f' 

,~. ;", 

,.; .. 

, The C4v symmetry ,of the OTeFs'~l1oUP'has be~n'estab"\.,' 

lished by vibrati~nalspec;tro~.cop'iC S~U~i+"'of OT FS -:: . sa1t~~ \ 

(147) and by th'e?'characteristic ABl!' patter.!1s,('Ii t e ~9F ,NMR ,... . ' 

spei:tr~l of th'e~ompounds so :far ~xa~-fn~d. (142). t! ", ,I 

crystall~graphy has~onfirmed thisge.ometr;y in a handful,"· 
:",,' " 

ray 

of compounds including Te(OTeF S)6 an~ 4, 146). 

An ORTEP drawing of B(OTeF S)3 is ~hown rfgureVIII.r: .... ' 
", "'. ~ 

A considerable portion of the\main-~~oup chemistry. 

of simple binary fluorides is based ~pon the fluoride ion 

donor/acceptor properties of the parent compou~ds. ... In 'the 

. ~ ... 

, . 

present work we ... have extended the analogy. to ' the oreFS - , ......... 

anion and have studied 

series 0: mixed F/OTeF S 

it~ donar/a'cceptory .. ,rolJert i es 

compoun<\s of Te(IV) •• Several 
- ' 

. -J',., "'. . 

i n-'"'a 

examp-

• 
( , 

) 

• • 
~:- - ',', 

. " ... 

, , . 

.• , 
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120.0 
~ '\ l-I-_\ • 

.. 

F(3) 
, 

, I , " 

, . 
\ .' 

( 

, . 
FIGURE VIII.1 ORTEP drawing-of B(OTeF

5
)'3 (reproduced 

from reference- (146». . ' 
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1es, of -pTeF!;-fF- fi9i~d redistributions have ,been reported for 

,"(jerivati'ves of Xe(OTeF S)2' Xe(OTeF S)4 ,and OXe(OTeFs14 (148).-. 

The OTetsana10gue of 'AsF S ' . As(OTeFS)S' has . ...... . 
and em~loyed, as an acceptOr species for OTeF S-

been prepared 

in the c:u. 

of 

been 

.' 
the present i nv.est i gat ions. Its preparation 

• 
has 
-I' 

(149). described recently by Lentz and Seppe1t 

also 

The 

precursor OTeF S ion donor used in the present study, 

Te(OTeF S)4' had been pr~pared died earlier using room 

temperature 19 F NMR spectroscopy chief means of 

,str.uctura1 charact\.r;zation i34',A subsequent low temper­

ature 12S Te NMR study showed'the structure of Te.L0TeFS)4 to 

bel consistent, with a tr·igona1 bipyramid undergoing rapid 

intramolecular exchange between the axial and equatorial 
• 

ligand sites (136). 

, VIII.2' Preparation of TeF x (OTeF S)4_x' 

""" Te 11 uri u,~ 1 V tra k i s ( pen t a flu 0 roo r tho tell u rat e ) 

prepared by the stoichiometric reaction of TeF 4 with 

was 

B(OTeF S)3 as"reported previously (34). Mixed f1uorides/-
, , , 

pentaf1uoroorthote11urate~ were prepared using one half the 

reaction amount of' B(OTeF S)3 ,required for com~e 

TeF 4 • , Ina typical reaction, TeF 4 (0.S906 g, 

with 

2 .• ,901 mmo 1 ) 

w.as weigtred into a glass vessel equipp.ed with. a Rotaf10 

va1ve,and B(OTeF S)3 (1.405 g, 1.934 mmo1)was distilled onto 

the TeF 4 , the valve closed. and the mixture fused at ca. 

400 K. B~ron trifluoride was slowly liberated.' When no 

,> 
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further gas evolution was observed the mixture was cooled to 

room temperatur~ and the BF3 remo.ved.by pumping. u_nder vacuum 

for several 'minutes, leavin~ a colorless crystalline solid. 
, 

VIII.3 Preparation of [T~ (Ole.F S)3 ]+[AsF (OT<eF s
l)6 ]':.' 

- . x -x y ""y 

.. _.Mixed F/OTeFSderivatives of (TeF 3)(AsF6 ) .were pre­

pared ~irectly in 10 mm NMR' tub~s by the addition of ASF S to, 

Te(OTeF S)4 or TeFx(OTeFS)4_x in 502 so~on. In. a typi~al 

reaction AsF S (0.0692 g, 0.408 mmol) was ~istille! onto's~ 

(2 ml) and Te(OTe~S)4 (0.4433 g, 0.4097mmol) in a 10 mm NMR 

tube and the end flame-sealed. Upon th~wing the rea~on 
mixtdre a colorless solution was produced with no residue. 

-J 

VIII.4 Prep~ation.of As(OTeFS)S' 

The synthetic route employed here is analogous to 

that used for Te(OTeF S)4' In a typical reaction B(OTeF S)3 

(S.7893 g, 7.96~mmol) was weighed into,one bulb of a double­

bulb reaction yess.el equipped with a magneti~ s'tirring bar 

and a glass frit separating the two bulbs. Arsenic penta-

fluoride (0.8217 g, 4.836 mmol) was added to a thin-walled . , 
g ass weighing bulb pri~r ~o condensin9, along with 502 (30 

ml), into t~e reaction vessel containing B(OTeF S)3' The 

vessel was then flame-sealed, fhe resulting colorless solu-.. ., 
tion for 48 h and upon removal of th~ solvent by 

static distillation into the other bulb of the reaction 

vessel, colorless crystals of As(OTeFS)S were deposited. 

'. 

, 
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The~low-melting cr~stals were washed several times with cold 

,(ca. 2S0~) ,S02" Residual S02 wa,s r'emoved by freezing the 

other bulb of'the vessel in liqdid N2 for 1 h before flame­

sealing the bulb, con~aining As(OTeFS)S' . Raman spectrum of 

As(OTeFs)S 'at 77 K (cm- 1 , values in parentheses denote 

intensHies): 760(6), 722(77), 690(8S), 679(31), 670(100), 

<' 6S8(13), SS4(3I)~ S3'S(All) , SI9(S6), 486(10), 331(16), 
. "" 

318(38), 283(6), 2S0(1S),' 21S(S), J'144(46), '134(13). This. 

spectrum is significa~tly 
" 

Lentz and Seppelt (149). 

different from'~hat reported by 

Their 19F NMR data, however, 

agrees well with Qurs, although a different sign convention 

was used. It is possible that their Raman ~ample, which was 

obtained via sublimation, was ~ different crystalline pha~e 

from .that reported here. '-

V1II.5 Preparatioh of Qs[As(OTeF S'6]' 

Cesium pentafluoroorthotellurate was prepared from' 

CsCl and HOTeF S as previously described (147). Cesium chlor­

ide was dr~ed at 430 K for 96 h and under vacuum at 4S0 K· 

overnight. Stoichiometric portions of Cs[OTeF S] (0.lS42 g, 

0.41S1 mmol), and As(OTeFS)S (0.52~T g, 0-.4138 mmol) were 

combined in an FEP t~be fitted with 'a valve and melted and • 
thoroughly mixed at ca. 3S0·K. 

• 
VII.I.6 Tellurium-125 ~~R of TeF x (OTeF S)4_x' 

When a mixture,of .the compounds TeFx(OTeFS'4~x was 

dissolved in S02C1F and the solution cooled to 200 K, fluor­
c 

I 



- " 

ine, exchange"wai ~lowed suffi~~eritlyon th~ 
s 

for the individual compounds TeF (OTeF S)4 " x -x 

~MR 

(x = 

181 ' 

~ 

time scale 

0,1 or ' 2) 

to be identified (Fig. l ~ .. _ _ _ _ .... VIII.2). As previous\y reported' , 
(l3~), a Te(OTeFS)~ signal is observed at 602.4 ppm in the 

. 
Te(IV) region of the spectrum. The monofluoro derivative, 

TeF(OTeF S)3' is identified by the doublet pattern resulting 

from" a directly-bonded 19F_12S Te (IV) coupling of' 2810 Hz~ 

The 19 F - 12 S T e c 0 u~ 1 i n gin T e F 3 +, w'h i Ch a 1 so ti a s tell uri u m- i n 

its +4 'oxidation state is '2914 Hz (section VII.8). The 
.) 

1:2:1 tri"plet assigned toTeF~(OTeFS)2 has a direS!ly/bonded 

,19~_12STe(IV) co~pling of 28S0 Hz. There is a further 

coupling of Te(IV) to the equatorial fJuorine atoms on 

Te(VI) of 40 Hz. This long-range coupling was not resolved -
for the other two TeF x(OTeF S)4_x compound~,""but has b~en 

reported (136) to be 31.8Hz for Te(OTeF S)4 i'n S02C1F. Long-

I range \:~Pling of Te(IV) to the axial fluorine atom was"n~t 

resolved for any of the'compounds. The 129 Xe NMR spectra of 

xeOTeF s+ XeFy (OTeF S)2_y' OX'F x (OTeF S)4_x' XeF x(OTeF S)4_x 

and 02xeFy(OTeFs)~~y (x = 0-4 and'y =0-2) similarly display 

fine structure resulting from 129 Xe c?upling to the equa­

torial fluorine atoms of the OTeF S groups only (138, 148). 

All of the peaks in Figure VIII.2 are broadened due to these' 

small couplings and/or rJ!sidual 'ligand exchange. 

Satellite peaks resulting from 12S Te (IV)_12S Te (VI) 

couplings are observed for TeF(OT~FS)3 and TeF 2(OTeF S)2 with 

\ 

". 

• 

./ " 
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A 

, 
. 2000 Hz 

c 

( 
c c 

• b,t b , 

600 550 ; 500 
He (ppm from TtCOH)6' --

12 ~ 
FIGURE VIII.2 5Te rn.m spectrum ot a 3:2 mixture ot TeF

4 
e.."ld B(DTe:'s)3 in S02CU' at 

200 K, Te(lV) region (0.77 m Te(IV); 48,000 scans; 6.' H.!pt). (A) Te(OTeP5) ; 
(B),Tep\~eP513; (el TeP2(OTeP5)2' tb) and (e) denote 2J['25Te(lV)_'25Te(Vl)j • 
3J [ 9p_ 5Te (lV)] is resolved ~or TeP2(OTeP5)2" . 

I 3000Hz 

A 

700 

I 

A 

B 

'A B 

B 

A 

650 600 550 
Ho (ppm from TeIOH)6) 

,...-.... 

FIGURE VIII.) 125Te NMR spectrum tor the reaction ot'Te(OTeFS)4 with excess AsPS in 
5°2 , Te(IV) region at 200,K (0.34 m Te(OTePS)4i 35,000 Bcans; 6.1 Hz/pt). CA) TeF3+; 
(B) TeF2 (OTeF'S)+. Inset shows quintet r'esu1ting trom coupling ot Te(IV) to the equa-

torial rluorine atoms ot the OTePS up in TeP2(OTeP
S
)+. Coupling to the axial 

fluorine atom is not resolved. 



analogous 

(136) and 

670 and 

VIlLI) • 
.... 

observed 

similar 

(148). 

-
coupling for Te(OTeF S)4 is only S44 Hz in CH 3CN 

couplings to, a'xia;and eqtatorialOT~Fs gr.oups a:e 

8~O Hz respectively in S02ClF at 143 K (Table 

Analogous tw~-bond 129 Xe _12S Te coupli'ngs have ~een 

i~,the case ofOTeF S derivatives ,of xenon and are . . 
in magnitude to those of the Te(IV) derivatives 

Th " t t ' , ' S'l' nc:e 129 Xe and 12STe lS )S no 00 surprlslng, 

have similar magnetogyric ratios. The tetrakis derivatve, 

Te(OTeF S)4' is ( 

which individual 

distinguished. 

the only member of the TetIV) series for , -axi al and equatorial OTeF S' groups ha-ve been 

Intramolecular exchange cannot be slowed 

" sufficiently for the other species above the freezing point 

of the sol~ent, S02ClF (see section'VfII;10). The increase 

in the 12S Te (IV)_12S Te (VI)'coupling constant as x increases 
, . ' 

in the compounds TeF (OTeF S)4 'is consistent with an in-x -x 

'crease in the c~valenCy of the Te-'1TeFs bond. Since fluor-

ine is more electronegative than OTeF S (~36) and a Te--F 

bond is more io~iC than a Te~-OTeFS bcind. an increase in the 

n u' mb e r 0 f Te ( I~ - - F' 1l'f!'i1, c a use san inc rea s e ,i nth e co val en .. 

cy of the remaining Te~~OTeFs.bonds. As covalency increases, 

so does the magnitude of the coupling. This same effect is 

observed in the long-range 19F_12~Te(IV) couplings noted 

above. A decrease in the' directly-bonded 19 F_12S Te (IV) 
• 

coupling 

is also consistent with the above description, i.e. as more 

• 
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TABLE Vr!Ll lZ5
Te -Para::1eters for TeFx (OTeF5)._x and [Tef~(OTeF-5)3_xf 

-.. 
, Sol ute °12STe · 

a J(Hz) Solvent Ter.1)" Concn" > 
.J 19F_12STe 125Te _12STe ~. (K 

(molal) 

Te(OTe"5)4 b Te 633.3. al.8e SOZCl Z97 0.18 

Te'-160.8 FiEl3565d 
F A 3555 

Te(OTe'F 5)4 Te 581.6 SO·ZC1F. 143 0.18 

Te' (E)-155.0 FiEl3520d 840 
, A 3440 

Te' (4)-157.7 
'i

E
l
3714 670 

, A 360Z , 
Te(OT.""5). Te ·50:'.' S02Cl , ZOO 0.18 

Te'-159.' 

Te(OTe"5)4' Te 556.8 SOZ ZOO 0.03 

Te'-160.7 

Te,(OTe"5)3 Te 5.53.p Z810 1730 SOZC1, . ZOO 0.45 

Te,(OTe"5)3 Te 535.3 7.814 SOZ ZOO 0.03 

Te'Z(OTe' '5)Z Te 540.7 40c 2440 SOZC1, . ZOO 0.1I 
Z850 

.Te' 4 ." . 506,6 502 ZOO Sat1d 
'.'<!, + Te 545.0 , 

311 502 ZOO O.IZ Te(OTe'F5 )3. 
Te'-152.S 'iEl3736d 

, A 3706 

Te,(OTe"5)Z+ 
.. 

Te 537.2 ISc SOz" ZOO 0.12 
. Z530 

\ Te'-159 .. Z 'iEl37Z4d 
, A 3581 

Te'2(OTe'Is)+ Te .'544.5" ZI c 502 ZOO 0.17 
2735 

/ Te' -151.3 'iEl3724d 
, A 3555 

TeF3+ . 571. Z Z905 502 200 0.17 

a Referenced with respect to ,.tu razed3aq~90ulZ5e (OH) 5 at 295 K. 
b Tdken from reference 13". J( ,- Te). 

'd 
A dnd E denote axial and ~qudtorial. r~spect~velY. 

t 
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relatively e.lectropo~itive nTeF S groups are added, the re- . 

maini.ng /Te(IV)--F bo'nds 
. , bec()me·';'.~oreionic and' J(lg F_ 

12s Te (I V)L i s ·redyced • 

VIII.7 . Tellurium-12S NHR 6f [TeF (OTeF S)3 -J+ Cations. x -x 
. • 125 . 

Figure VIII.3 depicts the Te(I~) region of the Te 

NMR spectrum resulting from the reaction. of Te(OTeF S)4 w~th 

AsF s ' In,a procedure identical to',tnat used for the accumu" 
~ . 

lation of the TeF 3+ spectra (s!ction ~II.10), an excess of 

AsF s w~s employed to Ihelp juppress fluoride.LUJeFs exchange. 

fwo distinct species wer.e· observed in the Te(IV) r.egio.n. 

The + 
~eF3 quartet appeared 'and was approximatel);' equal in 

i n ten s it y t·o· a t rip 1 eta s s i g neil to Clearly, 

.ASFs behaves .as a fluor~nating agent as well as an' OTeF S 
19 F , -acceptor in this reaction. The directly-bonded 

12ste(I~) coupliqg in TeF2(OTeF5)~,'~2736 Hz, is somewhat 

lessA'than that obser\(.ed for TeF 3+ (Table VIII.1). . Each .----
, . • + 

the peaks of the TeF2(OTe~s) triplet was further split into 

'a quintet (J = 21 Hz) arising from coupling of Te(IV) to the 

equat6rial. fluorine atoms of the OTeF S group. 

Wh'~SS ASF S' wa'~' allowed to react WE't Te(OTeF )4' 

the Lmore a~;p{-rich TeF(OTeF S )2+ cation was observed. The 

1.9F_12sTe(IV) coupling "in TeFCOTeFs)2+ is 630 Hz' (Table) 

VIlLI). The ·~teady decreas'~'\n J(19 F_12S Te (IV)) in the. 

series TeF/, TeF 2 (OTeF s)+' TeF(OTeF S )2+ /is consistent with 

the greater covalency' 'of the Te--OTeF s bond' in comparison to 

, . 

.\ 
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I 

the Te(IV)--F bond,~as was noted above for· the TeF (OTeF 5 )4· x -x 

compounds. The coupling of Te(IV) to the fluorine atoms on 
. . . + 

Te(V!) in TeF 2(OTeF 5) is larger than that' observed fi'r 
.-i-

TeF(?TeF5~2 and this, again, is consistent with the in-

creased coval,ency of the Te--OTeF 5 bond in the presence o~· a 

larger number of relatively ionic Te(IV)--F bonds. The 19 F_ 

125 Te (VI) couplings reflect this sante tr,end. Stron~ger (m~re 
.'. 

~ovalentr .Te--OTeF 5 bonds are offset by . weaker Te(VI)--F 

bonds and a smaller. J(19 F_125 Te (VI)). Cpuplings of Tdvl) 1If# 
to both axial and equatorial fluorine atoms .decrease stead-

ily in the series Te(OTeF 5)3+' 

(Table VIlLI). 
+ . 

A significant concentration of Te(OTeF 5)3 was not 

obs!!rved in reactions ()If T~(OTeF5)4 with ASF 5 , but was 

produced when~ As(OTeF 5 )S was used as the OTeF S acbtor. 

The Raman spectrum of a solidified 1:1 melt Qf Te(OTeF 5 )4 

an'd As(OTeF 5 )5 identified the starting materials only (Fig. 

VIII.4). When this melt was dissolved in SOt, however, it· 
J 

was clear from the NMR spectra that a reaction did· take 

, pl.ace in solution. The room temperatur; I2S Te NMR spectrum 

of this sOluyron co~sisted of a single broad resonance at 

501 ppm in thejTe(IV) region. ~pon cooling to 200 K, two 

distinct resonances were visible (Fig. VIII.5). The reson-

ance at S70 ppm corresponds fo that observed' for Te(OTeF S)4 

in 50 2 at this temperature (Table VIII.I). The remaini.ng 

, 

n 
J. 
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a 

b 

-
900 700 500 

~"\I.cm-1 
300 100 

, ~. 
FIGURE VIII.4 Raman apectra (297 K, S'4S A) or (a) As( eF) (b) Te(OTeP sl4 
and (c) a rused ':' mixture or As(OTo.F) and Te(OTeF ) S s' 

S S S: 4) 

(, ) 

A 

2000 H. 

• 298K 

58 

I 
650 G25 600 575. 

Ho (ppm from Te(OH)6 ) 

FIGURE VIU.S'2STe llMR spect""" or en 502 8olution or a.'" re(,OTelS)4/Ao(OTelS)S 
mixture at 200 K, Te(IVl region ("the initial concentrat1~n. was 0'.24 'm in Te(oreP'S)4; 
78.97 fJHz; 30,000 Bcans. 6.1 H3/pt). (A) Te(OTePS)3+ with (a) satellites re8Ul.t1n. II 
rrom '2STe (IV)_'2Sre (VI) coupling; (B) re(OTeFS)4; (x) reF(OTeFS)2+ impurity. Inaet 
shows exchange averaged resonance at 295 x. 

, 

• 
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reSOnilnc.e, at 646 ppm, was in the same region, as Te(IV) in 
> + '. + 

the TeF 2 (OTeF s) and TeF 2(OTeF S) cations ajd, the satellite 

peaks observed about the main resonance were' consistent in 

intensity with cO;tlpling to three natural abundance tellurium 
, 

atoms (se~ Table IV.4). These observations indicate that 
+ second resonance results from the Te(OTeF S)3 cation. 

The Te(IV)-Te(VI) coupling of 311 Hz is considerably smaller 

than those !Jbs}!rved in th.e neutral. TeFx(OTeFS)4_xcompounds. 

The, averaged Te(IV) invironment observed at 29S K 

for the above solution indic?tes OTeF S group exchange at 

this temperature. 'As described above, the chemical shift of 

this resonance lies bet'ween those of and 
. 

indicating that the 29S K resonance may result 

from exchange,averag1g of the Te(OTeF S)3 + and ?Te(OTeF S)4 

resona~ces. The chemical shifts of these latter two species 

were necessarily recorded at 200 K, however, and since the 

chemical shift of Te(IV) in Te(OTeF S)4 !s markedly tempera­

tu"e~depen~en{ (see Table VIII.1), the posilion of the aver--aged resonance could be fortuitous. Three groups of reson-

/ ances (doublets of quintets) were observed in the Te(V!) 
.. 

~ region of the spectrum. One of these, .at -lS8 ppm, split . -• into two sets of resonances at 20P K. The componerit at -160 

ppm. corres'ponds to Te(OTeF S)4' while the other component, at 

H;;~)f11In",:-l<ras assigned to Te(OTeF S)3+ bas~d' on the similar 
• 

exchange behavior -observed in the Te(IV) region of the 

spect rum. The Te(OTeF S)4 1 ines\ in the Te(V!) region' are 

I' 

, -
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, J 
very broad at 200K owing to the slow Berry pseudo.rotati on 

at this temperature. 
, 

Of the two other groups of resonances 

in' 'the Te(IV)· 'region' at 29S K, • ~ -6 the group centered at -1 S 

ppm corresponds to As(OT~FS)S' while the other, at -171 ppm, 
. . 

was assigned to As(OTeF S)6- (Table VIII.3). This anion was 

observed, along with 7SAs-_-12S Te coup1 i ng, 'i n t-'he 7S As NMR 

spectrum of the same solu1:ion at 29S K (see below). Clearly' 

then, the OTeF S 
VILL3), 

exchange is not between Te(IV) and As (equa-

all tion which would result in equivalence of , ~ 
of 

the OTef S groups ,and a single set of reson~nces in the 

Te(VI) region. 

Te(OTeF S)4 + As(OTeFS)S Te(OTeF S)3+ + AS(OTeF S)6-

VI 11.3 

. A1tho,ugh a 1:1 stoichiometry of Te(OTeF S)4 and 

As(OTeFS)S was used,in the preparation, it was' clear that a 

significant quantity of_Te(OTeF
S

)4 r~mained un reacted and 

th~ observed facile exchange of OTeF S gro~ps in solution was 

between Te(OTeF S)4 and Te(OTeF s)/. That is, the Te(OTeF S)3+ I 

initially formed in the reaction competes as a ligand 

accepfo'r towards un reacted Te(OTeF S)4' 

p1ete rea~tion of Te(OTeF S)4 

12STe (lV)_12S Te (VI) and 12STe _19 F 
,.<",,~. 

with 

thus preventing com­
~~ 

As(OTeFS)S.· Since . . ' 

lamp1es.of Te(OTeF S)4 alone in solution ~t 

would appear that, Te(OTeFS )4 does not 

297 K P36), 

,d~ ssoc\ate . to 
. + 

Te(OTeF S)3 and OTeF S- i~ns at this ~emperature. The observ-

• 

• 
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ISO 

+ ed facile exchang~ of nTeF S groups between Te(OTeF S)3 and, 
"-Te(OTeF S)4 in the present sample then implies that OTeF S-

bridged species such as structure VIII.1 may act as interme­

diates for this exchange •. ,' Such proposed bridged intermedi­

a~ would be· of considerable interest since there are .at 

present no known. compounds with OTeF S bridges. The presumed .. 
lack of bridging in OTeF S compou~ds may be cited as a key 

di fference between ~,he donor-acceptor chemi stry of OTeF 5 and 

that of fluorine • 

• 

VIlLI 

Excess As(OTeFS)S was observed in th~ Te(VI) region 

of the 12STe. NMR spectrum, ~ut was not identified in the 

7SAs.spectrvm, presum.bl~ because the resonance was severely .. . . ~ -
quadrupole relaxed and therefore severely broadened and 

collapsed ~nto the spectral bas~line~ A sample of pure , 

As(OTeFS)S in 502 similarly did ~ot produce an observable 

,7S As signal. The ,linewidths of 7S As resonances are distuss-

ed in more detail below. 

VIJI.B Arsenic-7S NMR of the As(OTeF S)6- Anion. 

The only solution NMR study 6f 7S As was reported by 

Balimann and Pregosin (150), although there have been appli­

cations of jS-As NMR in solid-state physic~ (151). Balimann 

.. 
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, 
and Prego!>in report~ the 75 As 

) , 
chemic~hifts for a series 

o! tetrahedral arsonium ions in aqueous solution a~·well. as 

Arsenic-75 has a spin of 3/2, ~OO% natural abundance . 
and a ~ensitivity of 2.51 x' 10- 2 relative to lH, which is 

similar to that of ~25Te. Despite a favorable natural abun~ 

dance and sensitivity, 75As NMR spectra are· difficult to 

obtai~' as a res~lt of the large quadrupole ~oment of the' 

spin-3/2 75 As nucleus (Q = 0.3'.x 10- 24 cm 2) which tends to 

produce very~road lines owing to quadrupolar relaxati~n. 

Under extreme narrowing conditions, linewidths, bV 1/ 2 , ar,e 

given by equation VIII.4. 
r-

..... VIII.4 

where e is the charge· on the electr.on, q is the' eleCtric 
. , 

field gradijnt at the nucleus, with qzz as its ~argest 

component, ~ is "the asymmetry"parameter for q and LC is the 

isotropic tu'mbling correlation time' (1-10 ps for non-~iScouS 
liquids). NMR spectra for quadrupolar nuclei can only be 

observed if the nucleus is in a highly symmetric environ-

ment, pref~rably a cubic environment, i.e. Td or 0h. In 
. . 

such "an environment qzz and ~ a~e dramatically reduced and 

therefore so is 5V1/ 2 "(equation ,ViII.4). Arsenic-75 has the 

add it ion a 1 dis a d van tag e o'f h a v i n gas pin of 0 n 1 y 3/2 sot hat ' 

the spi n term' of equat i on' V I I 1.4 is relatively 1 a rge and 

C 
• 

" 
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bV 1 / 2 will even be large in a highly symmetric environment. 

In contrast, 209 Bi with I = 9/2 and Q = -0.4 x 10- 24 cm2-

would have lines one tenth as wide as those of 7S As in the 

same environment, while 93 Nb with I = 9/2 and 

Q = -0.2 x 10- 24 cm 2 would produce lines approximately 1/40 

as· broad. 

The 7S As NMR spectrum of the As(OTeF S)6- anion in 

CH 1CN solution is presented in Figure VIII.6. The 7S As 

linewidth at 298 ~ ~s surprisingly narrow (16S Hz). It is 

clear that the local symmetry about t~e arsenic atom in this 

anion must be nearly 'octahedral for a signal to be observed 

at a 11. Balimann and Pregosin (ISO) h.ve reported a··value 

of 94Hz for O.IM aqueous KAsF 6 at 303K. An additional 'fea-

ture of the As(OTeFS)6-spe~trum is the observation of long­

range· ?SAs_ 12STe cOUPling~hi'ctt.appears as shoulders about 

'the central- re~onance. The magnitude of 2J(7SAs_12STe), as 
, . 

I " 

measured from the simulated spectrum, is 420 t' 42 Hz. 

The As(OTeF S)6- spectrum was'~imulated using the two 

dimensionless· parameters x = (W.-IJ)2irJ and y= 27rJ'l:, where J 

7SAs is " 

The jelaxation time of repre-

sented try'l: while the ang'ular frequecies Wo and ware taken 

at the center an~'any other point of theNMR multiplet 

respectively. 'This method- has been successfully applied in 

the simulation of spectra of other quadrupolar nucle:) coup­

led to spin-l/2 nuclei (IS2). A summation of sever(al spec-
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SU04UlA1'ED 

SIMULATED 

FIGURE VIII.6 Observed and simulated 75As NMR spectra 
of (a) CS[As(OTeF5)6] in CH3CN (42.82 MHz; 0.15 m; 
60,000 scans;, 12 Hz/pt) and (b) a 1:1 mixture of 
AS(OTeF5)5 and Te(OTeF5)4 in S02 (42.82 MHz; 0.12 m; 
340,000 scans; 6.1 Hz/pt), both at 298 K. ,Shoulders 
result from 75As_125Te coupling. 
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tra for the most ~robab1e isotopic distributions of telluri­

um (12S Te , spin-1/2, 6.991 natural abundance) was included 

in the present simulation. The contribution of 123Te (spin-

1/2, 0.h71 natural abundance) was cons1dered insignificant 

and ignored. The probabilities for the possible isotopic 

isomers of ,As(OTeF s )6- are listed in Table VIII.2. The 

cDncent~ations of only the first· three isotopic isomers were 

considered to be high enough to be included in the simu1a-

tion and the coupling constant, J, was assumed to be the 

same in all of the species. Simulations for a range of y 

values are presented in Figure VII!..7. Large values of y, 

which imply long ~ values for a given J, indicate slow 

quadrupole relaxation rates and narrow lines. .Sma11 values 

of y indicate fast relaxation of 7SAs and broad lines. At 

y = 100.0 the three individual spectra for the isotopic 

isomers considered are observed and at y.= 2.0 all collapse 

to a single line. The simulated spectrum with a y value or 

5.0 appeared to best match the shape of the,observed spec-

trum. The uncertainty in J of ± 101 is a measure of the 

uncertaintY-'in the choice of y. The simulated spectrum for 

y. = 5.0 was expanded to fit the observed spectrum and 

2J(7SAs_12STet determined by comparing the known distance J 

on the simulated spectrum with the frequency scale /Df the 
~ ~ o. 

observed spectrum. The AS(OTeF S)6- resonance i.n~the 7S As 

.spectrum of an S02 solution of a 1:1 mixture of Te(OTeF S)4 

and As(OTeFs)s is considerably broader (&Vl;~ = 240 Hz) than 
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Tlble VIII.2 Probabilities of the Natur,l Abundance 
Te lsotopi.c Iso.,rs of the As(OTeF S )6· Anton. 

, of lUTe 
, 

7S"s Probability 
nueht resonln" 

0 0.6414 singlet 

0.2919 - doublet 
...... 'I., 

2 0.0548 trtplet 

'" 3 0'.0055 quartet 

4 0.0003 '. ,~~, q~tntet 

5 9 x 10. 6 sexht 

6 x 10. 1. septet 

r + 

) 

I 

.., 

] 
~H 

. __ Ju. m 
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r' ~ 

FIGURE VIII.7 
of Aa(OTeP5>6-

, 

., 

Simulati'tm or the 75"8 ram spectrum 

tor a range of y values. • I 
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.. 
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that observed for As(OTeF S)6- in CH 3CN (Fig. VIII.6).· The 

best fit was obtained with y = 4.2 and in 

2JeSAS_12STe~ was found to be 432 Hz. 

this instance 

The narrow 
~ 

7S As resonances in both solvent media are 

consistent with an octahedral arrangement of OTeF S ligands 

and the observed 7S As _12S Te coupling is consistent with the 

six tellurium atoms maintaining an octahedral disposition 

about the central arsenic atom, despite the presumed non-

linear As-O-Te angle. Rapid rotation about the 'As--O bond 

wQuld allow for the ,required high symmetry about arsenic, 

b~t this proposal seems rather unlikely in view of the lar~ 

; size of the OTeF S' group., The cenval uranium and tellurium 

atoms in U(OTeF S)6 (lS3) ~nd the two crystallographic forms 

of Te(OTeF S)6 (34) are octahedrally ioordinated to the oxy­

gen atoms of six OTeF S ligands and all three central atoms 

lie on inversion centers in their respective-,structures so 

that the tellurium atoms of the OTeF S groups are octahedral-

ly arranged about the central atoms as well. It therefore 

seems reasonable to suppose that the same arrangement is 
\ 

foun~ tn As(OTeF S)6-. •• 

The reduced· density coupling constant, 1 
LAsF ' of 

AsF 6 calculated from the observed scalar coupling constant 

of 930 Hz (ISO) ·is 6:38 x 10- 43 NA- 2m3 , in good agreement 

with the reduced density coupling cons~ants of the isoelec-·' 

tronic SeF 6 and TeF 6 molecules (see Table V~I.S). The two-



Table.VIII.3 NHR Para~eters for As(OTeFS)S and As(OTeF S)6-. 

Solvent 

Te.,p.(K) 

Concn.(m) 

6(19 F)(ppm)a 

0.31 

A:b -49.3 
E: -39.6 

As(OTeFS)S 

S02C1F 

190 

0.24 

S02 

29S 

O.OS 

-46.4 
-37.2 

[As(OTeF S)6r 
~s+ [Te(OTeFS)3]+ 

-28.9 

S02 

29S 

0.12 

-28.2 

197 

&(7S AS )a 

b(12STe )a 

J(19F_19 F)(HZ) 

J(19F_123Te ) 

178 

A~Oc 
E: 308.0 

-16S.8 -16S.8 -171.1 -170.3 j 
A: 36S0c 
E: 3714 

36S0d 
3722 

3082c 

3714 c 
3724 

3408d 
3S98 

420e 

3396d 
3616 

432 e 

(a) 19 F• 15As and 125 Te spectra are referenced with respect to 

external neat CFe,.3" a saturated CH 3CH solution of Na.AsF6 and 

saturated aqueous Te(OH)6 respectively at 29S K. (b) A and E 

denote 

trum. 

axial. and equatorial F atoms. (e) obta1~ed from 19F spec­

from 7SAs 
. 12S 

(d) obtained rrom Te spectrum. (e) obtained 

spectrum. 

• 

• 
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bond 7S As _12S Te and 12STe _125 Te scalar couplings of 432 Bnd 

·1302 Hz in. As(OTeF S)6- and Te(OT:F S)6 respectively (see 
, 

Table VIII.3 and ref. (136» give comparable reduced density 

coupling constants (3.69 x 10- 43 and 3.16 x 10-43 NA- 2m3 

respectively). The Sb(OTeF S)6- anion (158) should have a 

scalar coupling constant, 2J(121Sb_12STe), of roughly 960 Hz 

if the reduced· densjty coupling constant is considered to be 

approximately equal to that of As(OTeF S)6-' Reduced density 

coupl i ng . constants have been di scussed in some detai 1 in 

section VIL10. 
.... 

.. . 
Vlll.9 Berry Pseudorotation in Te(OTeF S)4 and As(OTeFs)S' 

The Te(V!) region .of the 12STe ,NM~ spectrum of 

!e(OTeFS)4 in S02C1F solution at 297 K consisted of two 

overlapping quintets resulting from coupling of 12STe to one 

axial and four equatorial fluorine atoms •. Thi-s pattern is 

characte~istic of an OTeF S group and indicates that only one 

type of OTeFs..(s present. Valence-shell electron-pair 

repulsicin (VSEPR) predictions (61) suggest that Te(OTeFSl4 

should have a trigonal bipyramidal geometry wit~ both axiil 

and equatorial OTeF S groups (structure VIII.II). 

vilLI I 
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!2STe (IV) 

of , these OTeF S groups with retention of 

and 12STe (IV)_12STe (VI) coup~ing~ indicate 

199 

rapid 

intramolecular excha~ in solution (136). Such exchange 
.'. ) 

for rive-co'ordinate molecules (the lone pair of electrons is 

considered part of the coordination sphere) is generally 

believed to take place via a square-pyramidal tra~sition 

state (Berry pseudorotation (IS4)). If the activation ener~ 

gy for thi s pseudor-otati'on is sufficientl} hi gh, cool ing the 

sample can, slow theexchang~ enough on the'NMR tim~ scale 

for separate axial '~nd equatorial environments to be obser­

ved. Such was the case for Te(OTeF S)4 and two distinct 

Tet"I) 'pv.,j ronments were observed upon cool i ng to 146 K 
j { 

(Fill. :(111 .B). The axial bonds in -a trigonal bipyramid are 

\ " gene~allYI somewhat longer than the equatorial bonds (61) so \ __ 0::.) 

that the magnitude of the cotipling from t~e central Te(IV) 

to Te(VI) in OTeFS should be smaller for the axial groups. 

A weaker (longer) Te--OTeF S bond should be compl~mented by 

stronger Te(VI)--F bonds and large~dir~ctly-bonded. 

12S Te (VI)_19 F couplings. The axial and equatorial OTeF s 
groups are 'assigned, in Figure VIILB using these assumptions 

(the observed couplings ar~ listed in Table VIlLI). 

J'1,-e~9.F NMR spectrum of the same sample at 2~7 K 

(Fjg~ VIIL9) was an AB4 spectrum as expected for a single 
. 

OTeF S ligand environment. Upon cooling the solution: how-

ever, the signals broadened and eventually resonance~ for 

two separate environments emerged. The 19 F_125Te (VI) satel.-

J 

• 
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lite peaks. were of sufficient intensity to assign the two 

diff~rent OTeF S resonances by comparing these couplings with 

those observed in the. lisle .. fj'MR s'p~ectrum. For the equator­

ial OTeF S gr~ups,only a few of the lines of the second. 

order AB4 spectrum could be resiol ved (J FF /5VAB -.1). An AB4 

pattern was also observed for the axial OTeF
S 

groups but the 

JFF/&V ratio was clearly much smaller (JFF/~VAB = .066) and 

thi's spectrum more closely appr'oximates. a first order spec­

trum. 

The temperature dependence of the,lg F AB4 spectrum 

of Te(OTeF S )4 can be sepilrated into three distinct regions: 

(1) the range from room temperature'down to where the reson­

ances broaden, and begin to be resol~ed into two sets of A 

and two B resonances (177 K); (2), .the intermediate exchange 

-region (156-177 K), where the resonances for four fluorine 
1 

environments are resolved and the chemical shift differences 
t • between each pair of environments increase with decreasing 

'" temperature; (3) and, finally, the range where there is no 

,further, change in the chemic~l shifts, but the linewidths 

continue to decrease (the slow exchange region). Rate data 

have been extracted for an eq'ual population two-site 
", 

exchange process from the temperature dep~~dence of the 

chemical shift differences of the a~ial and equatorial en-

vironments in'the intermediate 'exchange region using, equa-

ti on VII 1.5 ~(55). 
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VIII.5 

,.. 
where 1/'Li s the exchange rate, fivo is the di fference in 

chemical s'hift fo'r the two exchanging sites in the slow 

e~change region and jv is the separation of peaks in the 

intermediat~ exchange region (in HZ). The activation energy 

for the excha~ge process was det~r~ined from the temperature 

dependence of the exchange rate via the Arrhenius equ.tioh 

(VIII.6) (55) • 

. log(l/t) = log A - Ea /(2.303 RT) VI Il.6 

• 
where A is a constant, Ea is the activation. energy, R is the 

gas constant (8.3143 JK- 1mol- 1) and T is the temperature (K). 

In the slow and intermediate exchange regions the 

exchange rate was determined from line width measurements 

• (equation VIII.7 (55)). 

NIII.7 

where.5V01/ 2 is the natural lin~width in the absence of' 

exchange as mE\asured at the fast or slow exchange 1 i mit , and 

~Vl/2 '" is the observed linewidth. An activation ~nergy oj-
, -1 mol-I) 30.7 ± 0.3 kJ mo) (7.34 ± 0.06 k ca 1 was determined 

from. the 19 F NMR spectra using exchange rate data extracted 

from the temperature dependence of both flv and . ~v 1/2 (s~e 

Fig. VIII.I0 and Table VIrI.4. ~orrelation coefficient 

R2 = 0.994). 

/ 

/ 
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Table VIII.4 Exchange Rate Data Extracted From Variable Te~p­
erature F-19 NHR Spectra of Te(OTeF S)4 in S02CIF. 

T(K) Tel(elxIOJ ) OV(Hz)a 6V
I

/
2

(H'Z)b 1:-1 10 9('1:- 1 ) 

\ 
146.9 6.81 86 9S c '- c 1.98 • 

151.0 6.62 . 113 180c 2.2Sc 

• 
156.1 6.41 1121 d 157 ... 319 c 2.S0 t 

161.2 6.20 1101 \;-308 793 c , 937 e a 
2.90 •• 2.97f;. 

204 / 

166.6 6.00 1032 1945e 
• 3.2g e o· 171.7 5.82 ~O 3348e .... 

3.S2e 

294.5 S6 f 

(a) separation of axial B reSonance and largest resonance of --of equatorial AB4 multiplet. (b) width at half-hei9ht of the 

high field component of the 

equat;on V\I.7. (d) .ti:. 
(f) &V;/2 

, 

/ r 

, 

axial B doublet. (e) obtained from 

(e) obtained from equation VIII.S. 

.,( 

, 
I 

I .L 

, 
.~ •. 

~ 
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The activation energy. Ea' can be determ~ned fro~ 

the coal.escence temperature. Tc (the temperature at which' 
• the ex~ ng peak,s just merge). accordi ng to 

VIILS VSs)~ • 

E a = \..l9 3 R T c ( 10 • 31 g - } 0 g (1T S-vol'i2) + log T c) 

equation 

VIII.S 

~s method is less reliable than the, Arrhenius plot si,nce 

I only one data point is used.' making it difficult to deter-

mine the ~oalescence temperature to a 
/ 

pr,ecision greater than 

± 2 K. In th:e '19 F NMR spectra, .. Tc ~ 177 '- ± 2 K,and f)'l.)o = 1121 
" -1 

± 3 Hz. The. ~tivationoenergy •. Ea' is 31.0 ± 0.4.kJ mol . 

(7.4 ± 0.1 kcal m61-!) according to equation VIILS. In th'e 
125, . . , 

Te NMR spectra. o coalescence' of the two lowest JreQ.uency, 

lines,of the OTeF S resonar:es J(~Vo= 1206 ± 4 HZ] w,as obs~rv­

ed at 179 ± 2 K. The a~tlon energy then is·31.3 ± 0.4 
• 

kJ mol- 1 (7.5 ± 0.1 kcal mol-I). The mean activation energy. ' 

fiom these three det~rminatio~s is 31.0 ± 0.4 kJ mol- 1 [7~4 

± 0.1 kcal ~ol-~); This value is very clrise ~o the ,value of 

7.2 ± 0.5 k~al mol- 1 ~btained for ,intramolecular ex~hange in 

both PF 3C1 2 and PF3 Br2 as f~llowed by 19 F 'NMR (1~6). 

Th~ 19F NMR spectrum of As(OTeFS)S dissolved in 
',' 

S02C1F at 297 K 'also cansiited of anAB 4 spectrum as expect­

ed Tor 

bonded 

,a single OTeF S 
19 F_123,Te and 

• r 

environment (y'g~ VII.I.ll). Directly-

19F_12STe couplings were observ~d as 

satellite peaks about the main resonances. 

'., .~ 

• 

, . 

,-,:I 
'\ , 

" 
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coupling constants agree well with those observed in the 

12STe NMR spectrum (Table VIII.3) and are typical for 19 F_ 

12S Te (Vi) co'uplings (Table VIlLI). Since a single OTeF S 
environment is observed i~ both the Ig F and 125 Te NMR spec-

tra, it would appear t~at this five-coordinate molecule also 

undergoes rapid Berry pseudorotation. Unlike Te(OTeF S)4' 

however, the exchange could not be slowed sufficiently on 

. the NMR time scale to observe separate axial and equatorial 

OTef S ligand environmen~s. No si~nificant broadening of the 

resonances in the 12S Te NMR spectrum was observed at temper-
.-

atures as low as ISS K. It would appear that either the 

lone pair of electrons in Te(OJeF S)4 is more effective in 

obstructing pseudorotation than is the fifth OTeF S group in 
,. 

As(OTeFS)S . (giving a lower exchange barrier in the latter 

compound) or the chemical shift difference between th~ axial 

and equatorial OTeF~ groups in As(OTeFSiS is considerably 

smaller than in Te(OTeF S)4' If the latter were the case, 

~oalescence could then occur at a substantially lower temper~ 

ature in As(OTeFs)s' than in Te(OTeF S)4 even if the exchange 

barriers in the two compounds are similar (see equation 

VIlL8) •. .,'--
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IX.l Summary ,and Conclusions. 

The Te/Se/MF S (M ; As or Sb) system has been exten-

sively examined in S02 solution. Tellurium is mO,re easily 

oxidiied than selenium so that (Te 6 )(Se S)(AsF 6)6(S02)' with 

tellurium in the +2/3.oxidation state and selenium in the 

+1/4 oxidation state, was produced at high temperature .in 

preference to mixed cations of intermediate oxidation state. 

Long (one week) reaction times le~d to homopolyatomic cat-

ions and' a very few mixed cations of particularly high 
2+ ~ 2+ 

stabilitl', .for example Te 2Se 4 and trans-Te 2Se 2 Cations 
2+ 2+ , such as Te 3Se 3 and Te 3Se were obtalned after only a few 

h~urs of reaction, but these were only isolated in compounds 

containing disordered mixtures of isostructural cations. 

severc@ of the publi'shed structures of the mixed polyatomic 

cations (17, 20) probably involve some disorder of this 

were prepared. Attem~ts to prepare Te-Se cations of lower', 

average oxidation state than +0.2, as in reactibn IX.l, 

resulted only in Te 2SeS
2+ and unreacted chalcog!n. There 

was no evidence for the formation of a Te 2se x
2+ cation where 

x > S. 

2 Te + 12 Se + 3 AsF S -*- Te2Se12(A~F6)2 

-_. Te 2Se S(AsF 6 )2 + 4 Se IX.l 

The novel Te 2Se 6
2+ cation was isolated in the com-

This cube-like cation 

is very different in structure from that of the homopoly-
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~ atomic cations of the same average oxidation state, SS2+ and 

and is more closely related to the structure of the 

3- 2+ and AS ll anions (62, 63). Both of the Te 2Se6 an~ 

structures can be derived, however, from their iso-

2+ 2+ structural parent cations Te 2SeS and Se lO The differ-

ence in the Te 2se 6
2+ and se s

2+ structures can be explained 

in terms of the preference of· the more electropositive 

tellurium atoms for three-coordinate sites, where the posi-

tive charges are'formally located. Selenium-77 and l2~~e 

NMR studi es i ndi cated that both the Te 2se 6
2+ and the. SeS 2+ 

.. ? cations retain their structures in solution. 

The new Te 2s 4
2+ cation was prepared and characteriz-

ed in the compound (Te2.lS3.9)(SbF6)2' which includes a 
2+ ..... 

small percentage of the isostructural Te 3S3 cation i n the 

same lattice. These are the. only two Te-S cations to be· 

isolated to date al~hough numerous resonances were observed 

in the l2S Te NMR spettra of Te/S/MF~ mixtures. 

mixed square cations S Se 4 2+ were x -x identified' 

in the NMR spectr'a 'Of S/Se/M.F S solutions in S02. Spin-

lattice 

2+ 
S3 Se , 

The new 

relaxation 

, S S 2'\ C1S- 2 e 2 
compcitJnd 

times (T l ) 

2+ and.SSe 3 ' 

were determined for S 2+ e 4 

with a mean value of 0.3S s. 

contains a 

disordered mixture of these cations and is the. only compound 
-" ,.' ...... 

with a mixe'f'Se-s cation yet to be character,fz.ed oy X-ray 
. .;. 

crystallography. 

.. . 

t 

... 
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The 

provided the only example of the mixed-valence Sb 4F17 - anion. 

The Sb(III) atoms of this anion and Sb 3F14- anions found in 

other fluoroantJmonate salts of the polyatomic cations all· 

have stereoactive lone pairs of electrons located in the 
. .. 

equatorial plane of a trigonal bipyramid completed by short 

bonds to neighbouring fluorine atoms. There are numerous 

longer (secondary~ds to fluorine atoms· attached to other 

anions in the structures. These longer bonds form around 

the presumed position of the lone pair a~d in directions 

.that can be described as,capping faces or bridging edges of 

the trigonal bipyramid. 

Anion-cation interactions are significant in all of 

the structures of the polyatomic cations. In the square 

cations the contacts to the anions either bridge edges or 

form along the diagonals of the squares. The 77 Se _77 Se , 

77 Se _125 Te and 125Te _125 Te coupling constants varied marked­

ly with differeRt solvents in the 77Se and 125Te NMR spectra 

of these square cations. Charge transfer from the solvent 

tot h e cat ion s Is- pro b a b 1 y si g n if i can tin the s e sol uti 0 n s 

just as anion-cation interactions are significant in the 

solid-state structures. The differences in the coupling 

constants probably result from the varying abilities of the 

solvents to donate electron density into antibonding orbit-

al s of the cati.on's. In crystal structures of the other 

. /" polyatomic cation,s, interionic contacts were observed in 
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directions that can be described as bridging edges or cap-

ping faces of polyhedra comprised of the primary bonds and 

th~lone pair(s). 
, 

Antimony pentafluoride oxidized elemental tellurium 

+ to produce TeF 3 as a minor product. Arsenic pentafluoride 

had previously' been shown (22) to react with tellurium to 

produce TeF 3+ in the presence of small amounts of Br2 or 12 • 

+ The SeF 3 cation resulted from the reaction of 

The reduced density coupling constant, 

in SeF 3+ is larger than that of TeF3+' indicating that the 

F--Se bond has more s-character than the F--Te bond in these 

two cations. This is consistent with the observed increase 

in the F--Se--F bond angle over the F--Te--F bond angle in 

crystal structures of these cations (46, 126). 

+ A number of MX 3 salts (M = S, Se, Te;, X = F, Cl, 

Br, I) were prepared and characterized by, J-ray crystallog­

raphy. The geometries of these cations were compared with 

those of MX 3+ cations in previously determined structures. 

The X--M--X bond angles in the cations tare somewhat larger 

than in the isoelectronic neutral molecules owing' to the 

shorter M--X bonds in the cations and greater repulsions 

bet~een the bonding pairs of electrons~ The' greater elec-

~ tronegativity of the central atom in the cations serves to 

pull the bonding pairs of electrons closer to the central 

atom, increasing bond pair repulsions still further. The 
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bond angle qifferences between the cations and the neutral 

molecules are not as great as anticipated, however, probably 

as a result of the stronger secondary bonding in the struc-

Bond angles decrease in the series tures of the cations. 

SX
3

+ > sex
3

+ > TeX
3

+ consistent ,with the longer M--X bonds 

and 

also 

This 

reduced bond pair - bond pair·repulsions. Bond 

decrease + + + in the series MI3 > MBr 3 > MC1 3 > 

is consistent with a more electronegative X atom 

angles 
+ \ 

MF3 • 

con-

tracting the charge cloud of the bonding electron pair and 
, 

drawing it closer to itself and further away from the cent-

ral atom, reducing repulsions between bonding pairs of elec-

trons ~espite shorter bond 1 ength.s~ Secondary bonds to the 

cation are also affected by the stereoactivity of the lone 

pair on the central atom. The Y ••• M ••• Y angle increases as 

X--M--X decr .. eases in the above series. In most cases secon-

dary bonds to the c~tion cap faces of the tetrahedron formed 

by the primary ,bonds' and the lone pair, although in 

(TeC1 3)(SbF 6) and (TeC1 3)(AsF 6 ) additional edge-bridging 

contacts were observed. The geometries of these secondary 
. r 

bonds are very similar to those observed at three-coordinate 

positions in salts of the polyatomic cations. The strength 

of the secondary bonds is very much dependent upon the 
p. 

nature of the anion. The mean Te ••• X distan~e increases and 
• . ~. 

the ,.Te--Cl distance decre.a.ses signif.icantl",y 'in the series 

TeC1 4 (i.e. [(TeC1 3+)(Cl-)J 4), TeC1 3(A1C1 4 ), TeC1 3 (SbF 6). 

The increase in the strength of the Te--Cl bond is reflected 



in an increase in the frequency of the symmetric 

stretch in the Raman spectra of these compounds. 
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+ TeC1 3 
Although 

the crystal structure of (Te~13)(SbC16) could not be deter­

mined, the Raman spectrum indicates a Te--Cl bond length 

intermediate to the A1C1 4 and SbF~- salts. 

In (TeF3)2S04 the distinction between an ionic form­

ulation and a covalently linked sulfate adduct is not 'clear. 

Each tellurium atom forms two short Te--O bon~ so that th~ 
primary geometry of these atoms is AX 5E. Longer contac~s to 

oxygen and fluorine atoms ca~ faces of the AX5E pseOdoocta-
+ hedron, as previously observed in XeF 5 salts (112), the 

XeF 2 (IF 5 ) adduct (113) and in TeF 4 (1lY-

The chemistry BfTe(IV) was e~ended in t~e prepara-
+ tion of new mixed F/OTeF 5 analogues of TeF 4 and TeF 3 

.Trends in the 19 F_125 Te and 125 Te _125 Te couplings abserved 

in the 125 Te NMR spectra can be explained' in terms of the 

·relative electronegativity of fluorine and the OTeF 5 group. 

As the number of OTeF 5 groups increases the remaining 

Te(IV)--F bond.s become .. incr>easingly ionic' and .. 
125Te (IV)) decreases. As the number of Te(I¥)--F bonds 

increases the Te(IV)--OTeF 5 bond becomes increasingly coval-

• ent and long rang~ 19 F_125 Te (IV) and 125Te(~I)~125Te(IV) 

coupl i.ngs increase. The As (OTeF 5') 6 - anion prepared was as 
:;{,t 

+ ~ the counter ani On of Te(OTeF 5 )3 . This anion proved to .. 

one of the few species of sufficiently high symmet ry to 

I 
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record an 75As NMR spectrum.' The two-bond reduced density 

l · t 't 2L(7SAs_12STe), ~oup lng cons an , compared favorably with 

,the analogous 2L(12STe_12STe) coupling in the Te(OTeF S)6 

molecu~e. The intramolecular exchange of Te(OTeF S)4 in 

~F solution was followed by variable temperature 19 F and 
. 12S 

Te NMR spectroscopy and an exchange barrier of 7.4 ± 0.1 

k~al/mo~ ias d~termined for ~his presumed Berry pseudorota-

t ion. ' 

IX.2 Discussion of Unit Cell Volumes. 

The unit cell volumes of all of the known structures 

of the polyatomic cations of the chal~;g~~sthat have been 

characterized 'by X-ray crystallography are given ,in Table 
• IX .1. 'When the\e volumes are divided by Z, the number of 

molecules in a unit cell, molecular volumes are obtained • 
• 

Comparison o~ 'these molecular volumes allow~ the volumes of 

the indi~idual atoms or ions in these structures to be 

determined. For example, the volume of a selenium atom,can 

be obtained by taking one quarter of the differenc, in the 

molecular volumes' of (Te 2Se8 )(AsF 6 )2 and (Te2Se4 )(AsF 6 )2 

(compounds 16 .and 20 in Table IX.l)or (Te~Se8)(SbF6)2 and 

The resulti ng ,vol-

um~s from these .~ "3 pairs of compounds are 2if.S and 29.2 A 

respectively,' o.r , 
°3 -

a ~ean of 28 A .' The volumes of the ASF 6-

and SbF 6 anions c~n be determined by subtracting the vb!ume 

of ten' selenium atoms from the molecular volumes of 
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Table IX .1 Unit Cell and H.olecular Volumes (Al) • 

~ Compound Unit Cell Za Holec. Vol. Ref 
Volume 

obsd b calc c 

I) SI9(AsF6 )2 21014.9 4 ·686 64,8') 14 

2) SI9(SbF6)2 2847.7 4 712 674ki5 
3 ) S8(AsF6 )2 3154 8 394 3~0' 8 

4) S8(Sb3FI4 )(SbF 6 ) 4570.3 8 571 569 19 

5 ) S4(~sF6)2(S02)0.62 
d 1381 4 345 350 22 

6) Se·IO(AsF 6) 2 3839.5 8 480 48t 16 
i 

;r: 7) .Se I0 (SbF 6)2 4036.4 8 505 ·508 16 -
8) Se 4 (Sb 2Ft) (Sb 2F 5) (SbF 6) 5 3617 4 904 23 

9 ) Te4 (SbF 6)2 706.2 2 353 380 ·23 

10) Te6~ASF6)4(ASF3)2 2760.7 4 690 '?6 

/' II) 
, 

/ Te6!AsF 6)4(S02)2 1414.6 2 707 740 26 

12) (~3.0Sel.0)2(Sb4FI7)(SbF6)3 3371.~ • 843 e 

13) Te2.IS3.9(SbF6'2 "'\ 6355 16 C1J 399 e 

I~) Te3S3(AsF6 )2 1521.6 4 380 386 20 

15) Te 3S3 (SbF6 )2 1669 4 417 412 e 

16) Te2Se8 (AsF 6 )2 4000.6 8 500 S02 e 

17) Te2SeS(SbF 6 )2 4244 S 530 52S e 

IS) Te2Se6(Te2SeS)(AsFti)4(S02)2 4543 4 1136. 1056' e 

19) Te4.5Se5.5(AsF6)2 2121.7 4 530 527 e 

20) Te 2Se4 (AsF 6 )2 3124 S 390 390 21 

21) Te 2Se 4(SbF 6 )2· 6614 16 413 416 e 

22) Te2Se4(S~3FI.)(SbF6) 4546 S 56S 569 e 

23) Te 2 .7 Se 3.3(SbF 6)2 1691.2 "4 423 423 e 

24) Te3.4Se2.6(SbF6)2 1720.0 4 430 430 e 

25) T~2Se2(Sb3FI4)(SbF6) 2142.1 4 536 513 e 

26) Te3.0Sel.0(Sb3FI4)(SbF6) 214S.3 4, 537 523 e 

\Z7) Te6 (Se S)(AsF 6 )6(SOZ) Z15S.7 2 1079 1112 e 

( a ) Numb'er of molecules 'per unit cell. (b) Unit cell volume 
divided by L (e') Ca'lculated volume" using values listed in " 
Table IX.2. (d) Treated.as 1.0 sulfur dioxide molecule in 
this calculation. (e) This work. 

4 

-
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Se 10 (AsF 6)2 and Se 10 (SbF 6)2 respectively~ The volume of the 

tellurium at m can be obtained by adding one half of the 

volume diffe ence between) (Te2seS)(A~2 an.d Se 10 (AsF 6)2 to 

the estab shed volume of selenium, or(bY comparison of the~ 

(Te 2 • 3.3)(SbF 6)2 and (Te3.~Se2.6)(SbF6)2 volume,. Simi­

larly, ,the', volume of the sulfur atom can be ca.lculated by~ 

subtracting the volumes of the appropriate number of SbF 6 
anions a~d tellurium atoms fro~ the molecular volume of 

d can 

be obtained by comparison of Sb 3F14 - salts'with SbF 6- salts 

,of the same cation. Mean values for all of these atoms and 

ions are given in Table IX.2 • The component volumes in 
• 

Table IX.2 ac~urately reproduce, the molecular volumes of 

most of the compounds in Table IX.l an~ can be useful in 

suggesting reasonable compositions for new' compounds once 

the unit cell vo}ume has been determined. The' unknown 

compound (Te 2SS)(SbF 6 )2' forcexample is predicted t,o have a 
°3 molecular volume of 4SS A a~d SeS(AsF 6 )2' if ever isolated 

in a 'cristalline form, would have a molecular volume of 

. roughly 426 P. 

IX.3,""Su ggestions ·for Future Work. 
, 

'Investigations of the homopolyatomic cations of the 

chalcogens had been very extensive prior to the start·of the 

present work. .,The isolation of ne.w. h?mbpolyatomi'~ cations 

will almost certainly require the use ol different oxidants 

. ,.. 
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Table IX.2 Component Volumes (.~3) • 

Species Mean Reference 
Volume . a Compounds 

/ 
! ............-- (~ 

ASF
6

-

SbF 6 

Sb3F14~":" 
S 

101 '--0 'I 

114~ 7 , 

267 2, 

23.5 ' 3 ' , . , 

16, 19, 

17, 21, 

4, 21, 

4, 13 

20 

23, 

22 

Se 28 16, 17, 2r' 21 

~8 ,Te '. 6, 16, 23, 24, 

S02 54 11, 27 

.( a) See Tab 1 e I X ;\: 

/ 
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! 
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and/or different methods.of preparation. For exa~p1e, 

tioo IX.2 may lead to crystalline samp1es'0~e 'long ... 
. 2+ ..... 

after Te 6 . cation. 

TeF 4 + 11 Te +4 -NbF 5 
, -
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reac-

IX.2 

This reactron is ana10gou's to the'formation of Te
6

(A1C1 4 )2 
, 

from a Te/TeC1 4 /A1C1 3 melt (4). Arse'l'nic .trifluoride may .... 
prove to be a better

4
s01vent than.S0 2 for this reacti~n 

since ASF 6- and SbF
6 

salts of Te 6
2+ have avery'low solu-

bi1itY,in S02' 
" The Te-Se'mi~ed catioris ha~e similarly been exten~ 

sive1y .studied usi~g AsF 5 or ~~F5 as oxidants in S02 solu­

tion. Few, if any, ~ new 'catiorrs can be expected from this 

" l' system other than cations is'ostructuM!l with the presently 

known cations, but wjth difrerent Te:Se ratios. It might be 
, • 2+ 

of interest, however, to compare the structure of TexSeS_x 
. 2+ 

cat~ons, ~ > 2, with the uniqu! s~ructures of the Te 2Se 6 

,and' ses,2+"' c'at ions. • Experi ence di ctates that attempted 

preparatio-ns of this cation, howevl!r, would iead instead to 

. 2+ ',' '2+ . • " mixtures of'Te xSe 6_x and Te xSe 10 _x ' cations:,.:, whi'cn more 

readi'lycrys,ta11ize with AsF 6 - and SbF 6 - anions.~I).the" 
. ~. 

search for new homollo1yato ·c· cations, new..alilions are needed 

to isoUte ~a~,,-~l • 

of tellurium and.\'! enium mixtures in oleum generate a .1arge 

, number, ofunidenN..~ed ~c:es in their 7,7se and 125 Te 

~ectra (Fill •.... ~ Salts, of 4bme Of these unknown 

cations could pe~ pr.ecipitatFd from ole\lm by the 

Solu:1;ions 

:" . 

·r .... • .. 

, . 

r 
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600'400 200 . 0 -200 - 400 - 600 

H, (ppm from H2Se03) -_ 
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FIGURE IX.1 • 77 Se NMR spectrum of a 1:2 Te-Se mixture in 30% oleUlI! 

(1.3 gT~; 1.6 gSe;' 3mLoleUlD; 17.19 MHz; 51,000 scans; 6.1 Hz/pt) • 
• 
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,addition of S02' Decaselenium bis(fluorosulphate) was suc-

cessfully crystallized during initial experiments with these 

mi xtur!!s (36). 

The similar size and electronegativity of selenium' 
, , 

and sulfur iqdicate that new,mixed cations of these elements 

will ~lmost certainly be ~isordered. Consider for example 

The huge difference in the redox chemistries 

of. sulfur and selenium.also serves to limit the types of 

reactions that ~an be attempted. The reaction of Slg 2+ ,with 

elemental selenium (reaction IX.3) somewhat surprisingly 

resulted in oxidation of ,selenium to se4
2+, which was ident-

ifi ed by its 77 ' Se NMR spectrum. Mixed Se-S species or 

selenium cations of lower oxidation state were not observed • .. 
Reagent stoichiometries m~st be set io that there 'is more 

than enough oxidant to take al,l of the selenium present to 

se4
2+, otherwise the sulfur present will remain es~entiall~ 

unreacted (reaction IX.4). 

S 2+ + 4 S~, 
19 IX .3 

4 S + 4 Se + 3 AsF S ---- IX.4 

'" Some. mixed Se-S o-ations-of u,nknown structure were ob'served , , 

in the 77Se NMR ~~ectra of Se/S/AsF S mixtures' in S02 solvent 

'(Fig. IV.7). These proved to be extremely soluble in S02' 

but, c~uld perhaps be isolate~ from a S02/S0~Cl\F' sol vent 

mixture. ,The homopolyatomic .sulfur c'ations are extremely 
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it 
soluble in S02' but are less soluble in S02C1F. The same 

, 
was -found. to be the case for mixed Se/S and Te/S cations in , 

the prese'nt work. ""-
Perhaps th,e m'Ost lucr,ative a rea for the p repa rat i on 

of new polyatomic cations would be with Te-S mixtures. The 

pref-erential oxidation of. tellurium over sul"fur limits tlle-

possible products somewh~t, but the. preparation of salts of 
. 2+··.. 2+ 

the Te 2S4 an9T~3S3 cations is a promising sta~t. Cat-

ions w.ith long chains of sulfur atoms· a,ttached to three-
-. 

coordinate tellurium atoms can be envisaged. This fits the 
~ 

tenden~y of sulfur towards extensive catenation and' the 

preference. of el ectropositi ve tell urium atoms for three-

.coordinate positions. Reactions of tellurium and selenium 

in 2+ attempt5:to prepare Te 2 Se x x>.8, could be repeated 

with sulfur inst.ad of selenium: Antimon~ pentafluoride is 

preferable over AsF S in most cases since the crystal quility 

'~f SbF
6

- salts is generally better tha~ that of ASF 6 

Some 'of the cat.i on·s may only be obtai ned with ,1 arger 

anions. 

" 
salts. 

Sb F -
x Y 

Ternary reactions, that is reactio~s involving mix­

tur.es of sulfur, selen~u~and tellurium, may also be of in­

terest-. In the·first such reac~.vestigated" a 1:1:1:1 

mixtuie of S, Se, Te and A?FS led to the preparation of 

(T e 2 S e 6 ) ( T e 2 S.e 8) ( As F 6 ) 4 ( SO 2 ) 2 (s e e sec t ion I V .3 ) . 

The number of new salts of MX 3+ cations that could 

• 
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be prepared is pract~a11y limitless. The trends establish­

ed for the presently known structures could be fleshed out 

with new examp1~s. Orientations of secondary bonds abtiut 

the central M(IV) atoms in these structures are 1im,ted to 

a very few different types at present, but new, less ionic 

examples could possibly have a whole range of geometries, as 

descri;bed for the isoe1ectronic Sb(III) atom in a recent 

review article (87). Comparison of the ~X3+ cations with 

isoe1ect~onic group ]V anions may also be instructive. The 

NMR spect~a of the snF 3-, anion could tle recorded and the 

coup1 i ng 'constant compared with those of the isoe1ectronic 

TeF 3 
+ and SeF 3 

+ cations reported here. 
I 

cry sta 1" st ructu re 
\ +' A of a salt of the Tl!(OTeF s )3 

cation would be of interest to compare the steric activity 
.~ 

of the lone pair of electrons on Te(iV) with the bulky OTeF S 
,1 i gands. The 121Sb NMR spectrum' of the recentiy reported 

SIi(OTeF
S

)6- anion (IS8) should be r~corded and 2J (12'STe_ 

121Sb) compared with the analogous coupling in As(OTeF S)6-' 

The reduced density coupling constant for As(OTeFS)6~ is 

3.69 x 10- 43 NA~~m3, indi\ating that ~he t~o-bond scalar 

coupling in the antimony anion s~ou1d be approximately 960 

Hz ; since both cations are presumably octahedral in struc-

tu re.' The preparation of As(OTeFS)S and, the recent report 

Of'Sb(OTeFS)S (IS8, 142) means that many of\the reactions of 
" 

MFS lewis acids with sim~le fluorides can be-repeated with 

OTeF S ana10gue~.' For example, the reaction of As(OTeFs)S 
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with Hg(OTeF S)2 and mercury. could lead to new metallic 

compounds such as Hg 3As(OTeF S)6. Similar reactions involv-

ing mercury, HgF 2 and NbF S or TaF S have recently been repor-

ted (lS9). The large difference in size between the MF -
6 

and M(OTeF S )6- anions separating the mercury chains Qr laY­

ers could lead to significantly different physical prop-

erties. 

Bottom Line. 

on the 

This thesis has prese~ted a 

reactions, structures and 

variety of perspectives 
. { 
bonding of. a number of 

simple co~ounds of sulfur, selenium and tellurium •. It is 

hoped that 

helped to 

~hese results and discussion~ have in some way' . /"/ 
demon?trate that main-group chemistry 'remains a 

rich and exciting field. 

-
( 

/ 
<. 

• 
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TABLE A.I Unit Cell Dimensions and Space Groups for the-Compounds Charlcterl'zed by X-R:'1'Cr1stlllo9rlph~ in thts Thesis. 

Compound S·pace Group b erA) <>< p ~ (0) U(AJ) 

TezSea(AsF612 Pbcn 16.ll8(3) 13.089 (3) 18.951(') 90 90 90 .001(11 
II 

Te2Sea(SbF612 Pbcn 16 •• 89(3) 13.251(') 19.'22(6) 90 90 90 '24412) 

T' •• 5S'5.5(ASF6 )2 Pbcn 1 • .190(3) 10.783(2) 13'.lo'(2) 90 90 90 / 2121.7(7) 

Te2se6(Te2Sea)(ASF6)4(SOt)2 P2 1/c 12.'32(') 15.95616) 23.053(10) 90 96.6113 ) . 90~13) 

T'6(S'8)(AsF 6 )6 IS02) Pl '12 •• 07(.) 12 •• 65(3) 1 •• 109(5) 96.62(2) 90 •• 9 (3) 95.13(2) 215 (1) 

Te t Se.(SbF 6 }t 0, 
Pbcn " 12.12'(') 18 •• 93(6) 29.503(7) 90 90 90 66H (3) 

T'2S,,(S~3Fl.)ISbF6) . Pbcl 15.288(5) 17.189 (5) 17 .300(5) 90 90 90 45'6(2) 

T'2.7 S'3.3(SbF 6 )2 P2 12.j2 1 12.192(2) 8.770(2) 15.817(3) 90 90 90 1691.1(6) 

T'3 •• S'2.6(SbF 6 )2 P2 12121 12.266(3) 8.~28(3) 15.88.(.)· 90 90 90 1720.0(9) 

T'2.1 S3.9(SbF 6 )2 Pbcn 11.988(3) 18.220(6) 29.096(8) 90 90 90 6355(3) 

T'3 S3(SbF 6 )2 . P2 1/n 8.689(8) 12.217(1) 15.732(1) 90 91.59(5) 90 "----1669 (2) 

T'2S'2(Sb3FI4)(SbF6) P~cm 8.293(2) 16~37(3) 15.811(') 90 90 90 2H2.2(8) 

T'3.0 S'I.0(S63Fli)(SbF6 ) Pn2 1a 16.59.(8) 11.61'(') 11.128(3) 90 90 r'90~ 2H8c'1) 

G ' , 
I S3 .OSol.0 )i(Sb.F 17) (SPF 6J 3 "B211.C . 15.267(3) 13.440(') 16.'37(6) 90 91.59(2) 90 3372(2) , 
T,CI 3(AICI.) Pl 6.55'(1) .. 19.691(.) '8.391(1) 92.79(1) 97.31(1) 96.11(1) 1065.8(3) 

"' T'CI 3(SbCI 6) C2/c or Cc 22.137(') 12.781(2) . 19.308(3) 90 112.47(1) 90 50.8(n 

Te.C13{ASf61 P2 1,n 8;82f(2) 10.009(3) 10.592(5) 90 108.2 7( 3) 90 888.7 -, 
T'CI 3(SbF 6) Pnma 17.031(3) 8 •• 60(1 ) 6.398(1) 90 90 90 921.8(' ) 

, ;:., 

(T,F 3 )2(SO,) P2 12121 . 8.758(1) 8.983(J.) 9.9.6(2) 90 90 90 782.5(3) 
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TABLE 1..2 Ato~lc Positional (x 10 4 ) and Thermal (x IOl) Parameters. 

'" 
(a) TeZSeS(AsF,)Z' 

• 4 
y(Xl04) l(X104) ATOM x (xl0 ) 

U(ll) U (22) U(J3} U(U) UPl) U(24) '. (6(5) ~ 
Te (i) 2462.6(8) 2,97.4(9} Sm.2(5) 46.'(1) l1.4(1) 26.'(5) - l.'(') 1.1(') '. \ '-'" Te(2.) 3612.4(8} 2814.5(9) 2987.3(6) -46.0(8) 39.4(7) 31.1(6) ).6(6) 9.3(,5) 3.8(6) 

,-, Se (1) 3552(1) 1187 (l) 4639(1) .41.2(11) ~4.1(10) 43.3(11) 1.0(') - O.l(') lO.Oeg) 

Se(2) 2986(l} 1189(1) 3528 (l) 68.7(14) 30.4(10) l1.l(11) . - 6.6(10) 2.1 (10) - 2.5(') 

SeCl) 221'(1) , 3651(1) 2646(1) 51.5(12) 40.3(11) 36.4(lO} - 0.'(') - 4.5(9)_ 10.5(8) 

Se(",> 1207(1) 2484(1) 2910(1) 46.4(12) 4S. 8 (11) 35.9(10) - 7.SCSI) -10.1(9) '. 2.4(8) .. 
SeeS} 137(1) 2.5'(1) 40l1(1) 35.4(11) 40.0(11) 45.2(11) l. l(') l.1(8) - 0.4(9) \ Se(6) 1121{l} lS9S(l} 4721(1) 40.9(11) 3!LO(lO) 43.5(11) -, '.0(') . 2.1(') 5.4(9) 

Se(7) 2628 (l) 3866(1) 4630(1) . 42.3(11) 27.5(10) lSl.SeID) I. 8 (8) I.SI{S) - 1.7{1U 

SeCS) 3927(1) ·3716(1) 4158(1) 37.1 (II) 40.7(11) 39.8(11) -10.8(9) - 2.4 (8) 0.3(8) 

( V ,I As (1) 4177(1) 633 (1) 1358(1) 39.7~ 47.4(12) 32.7(11) - 5.4(9) - 9.2(9) 4. J (9) 

A5(2) 5.62 (1) 522'(1) "38(1) .31.9 ttl} 34.7(10) 2'.4(') 4.' (') - 0.1 (8) 0.4(8) 

Fell ) 4735(8) 
"-

1700 (9) 1575 (8) 73(9) 64 (8) 1I8(l2) .-25 (7) -12 (8) -32(8) 

'- F(l2) 3631(9) - 432(10) 1146(7) 129(12) '0(10) "(')0 -10(') 8 (8) -10(7) 

F(ll) 4986(10) 64 (11) 1118(15) 68{lO) 65(10) 564 (43) -13(9) 132(18) -114(18) 

F(U) 4131(17) 2~(2n) 2110(') 26'(28) 277(27) 48(10) -168(24} - 1(1l) 5(1l) 

3986(19) 1149(13! 592(10) 390(34) 107(14) 107(15) 91(18) -1l0(l9) 70(12) .I 
3305(11) 1266(20) 1639(18) 82 (14) 220(25) 348(36) 0(15) 39(18) -145(2-1) 

F(21) 5536(6)' Ib 5301(8) 4376(5) 58 (7) 73C8} .25(5) 12(~) 5(5) - 1 (5) 

F(22) 5500(8) 4011 (8) l411(7) 81 (') 50(7) 1'(i) 1l(6) ,.(1) 20(7) 

-F(23) 6803(7) 4600(9) 3884(6) 54 (8) 76(8) 69(8) 25(6) 4 (') ]7 (7) 

F(24) .6397(7) 50.7(.) 2699(5) 68 (81 61(1) , 40(6) 14 (') 12(6) l(6) 

~r 
F(25) 

~ 
6312(8) ''''(') 18(') 50(7) 10(') ,. (') 12(7) 5(6) 

------' F(26) 5135(7) 5820(91 ""(S) 52(8) 92(8) 39(7) 29 (7) 6(5) 7 (6)' 
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(t) "25.~("25'8)(ASf6).(502)2· 

")( 
i 

r-J 
~ 

X(xl 04 ) V(,)O·) '.(,10
4

) Arar" Ull 
U

22 
UJJ 

U
12 U

13 
U23 , 

" ,.(1) 5153(3) 1755(2) 2984(2) 60(2) 40e2} 74 (;). •• (2) 21 (2) . '(2) 

,.(2) 4362(3) 3929(2) I 4324(2) S6 (2) 58 (2) 70(3) • 7(2) ) 21(2) ~ 14 (1) 

I) \ T.(3) - 154(3) 847(2) 1964(2) 86(:\) 48,l) 72ell - 3(2) 24 (l) - 7 (2) 

T.( 4) - 298(3) 3429.(2) 1232(2) 68(3) 47(2) .1 (4) 4 (2) 15 (l) • (2) 

5.( 3) 6632(6) 2727(4') 2724(3) '6(5) 74 (4) 96(6) -21 (4) 45 (~) -13 (4) 
" , 5.(4) mOl?) 2M8(4) 3584(3) 61 (4) 86(4 ) 9.\ (6) - "(3) 24 (4) - 4 (4) 

" 
50(5) 7236(5) 4235(4) , 3904(3) S6J4) 77 (4) , . 89(6) -21 (l) 25(4) -14 (4) 

5.(6) 6383(5) 3B9B(4!. 469B(3) 11 (4) .1 (') 76(6) - 5 (l) 10(') - 2(4). 

5.(7) 3912(4) 234B(3) 4346(3) 66(4) • 59(4) 67(5) - '(l) 32(4) - 2(l) 

Se(B) '5525(5) 1796(3) 4109(3) 77(4) 58 (4) G8 (5) 3(3) 2; Cot} 8(l) 

5.(9) . 3609(4) 2836(3) 2877(3) 57 (4) 62(4) 80(5) l(S) - 7 (4) -18(4) ( I 

;'Se(10) 4526(4) 4043(3) 3212(3) 67 (4) 45(l) S!(S) - 7(l) '(l,. - 4 (l) ,~" ('I 
Se(l1 ) - '611 (5) 312B(3) 22B5(3) 69 (4) 64 (4) 100(6\ 11 (3) 29(4) -15(4) 

\ 

Se(12) 560(5) 2124(3) 2584(3) 83(5) 67(4) 75(5) 12(l) 7 (') ·lS(4) 

5e(13) - 1992(4) 1536(4) 1556(3) 45 (4) 15 (4) llJ(6}' -12(l) 20(4) - 6(4) ( 

5.(14) - 1537(5) , 2244(4) 752(3) 74 (5) 91 (5) 92(6) - 6(') -12(4) - 7(4) 

Se(15) 1510('V 2554(3) f2B2(3) 38 (3) SS(l) 103(6) - 4 (l) " (') • 8(l) 

Se(16) 796( 4) 1205(3) 1042(3) 57 (4) 52(3) 74 (5) .7 (l) 28 (4) -lOll) 
G .~ 

A.(1 ) 4605(5) 1567(3) \. 1170(3) 58 (4) 66(4) SOC") 2 (l) '(4) - 1(l) • 
A.(2) 10996(5) 1151(3) 795(3) S3 (4) 69(4 ) 59 (5) - 8(3) 11 (4) - 5 (ll 

.'~ 
3177(3) 5l(4) A.(3) - 2240(5) 64(3) ( 76 (5) . I09(7) 1'(l) 32('0) 15 (4) 

A.(4) 7362(4) 5104(3) 19B9(3) SS(4) 55(4)· # 10l(6) 14 (3) 20(') 2(4) 
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~i Te2Se;(TeZSea)(ASF6)4iSOZ)2 conttnued._ 

\ 
, . "'~ -. ,.. o· .-

. , 

X(xl03~~ 
\I 

ATOM 3 • 
Y(,103) l(,103) ATOM Y(,103) ,l(,101) X(,10 ).J,. u u 

;~ 387(5) 116(4 ) 161(3) 213(25) f(34) 179(5) 46(4) • 378(3) 220(l.) 
542(4) i89(3) 68(2) 163(18) ... f(35) 103(6) 42(4 ) 322(3) lSI (3O) 

f(13) 522(5) 67(3) 116(3) 200(22) " f(36) 654(7) 46(5) 307(4) 345(41) 
f(14) 558(5) 180(4) 164(3) ZOB{l4) f(41 ) 130(3) 601(2) 229(2) 92(10) 
f(15) 407(5) 241(4) 112(3) 228(26) f(42) 745(3) 415(2) 169(2) 109(1l) 
f(16) 369(5) 122(4 ) 63(3) 225(25) f(43) " 861(3) 530(2) 180(2) III (13) 
f(2l) 1004(4) ~8(J) - 129(2) .168(18) f(44 ) 681 (3) 555(2) 131(2) , 128(14) 
f(22)' 1091(6) 212(4) - 122(l) 265(33) f(45) 191(3) 469(2) 263(2) 107(1l) 
f(23) I 006( 4) 143(3) - 39(2) 176(l9} f(46) 612(3) 486(2) 220(2) 130(14) 
f(24) 119,2(4) 81 (3) - 119(2) 152(11) 5(1 ) 510(3) 408(2) 13(2) A ", (13) 
f(25) 1120(5) 24(4 ) - 51 (3) 227(25) 5(2) 38(4 ) 122(3) 447(2) 267(18) .. f(26) 1196(4) 163(3) - 29(2) 157(17) 0(11) 365(9) 425(7) 36(5) 40l(S8), 

) f(31 ) 281 (4) 19(3) 362(2) 150(16) 0(12) 626(12) 385(9) 22(7) 494 (79) 
f(32) 278(4) 52(3) 254(2) 155(17) 0(21) 74(6) 136(5) 458(3), 231 (30.) 
f(33) ) 179(4) 67(3) 272(2) 161 (18) 0(22) 155(7) 85(5) 475(4) 269(35) 
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(d) T,,(S'B)(ASF.).(,O,). 

U1l U22 
U
33 

U12 U13 U'3 
MO!.l x y z \ 
Te( 1-) 2431(1 ) 419B( 1) 304(1) J 4B.9(9) 25.B(7) 50.01~) 2.6(6) I.B(7) 5.t(6) --7 Te(2) 831 (1) '603( 1) 2B2(1) . 30_0( 7) 47.5(B) 54.4(9) 4.5(6) 9.5(6) - , 5.1 (I) 

Te(.!) 1616(1) 3109(1) - 1 3Ul (1) 50.0(9) 51.2(9) 35.9(B) 13.0(7) .10.6(7) 13.6(1) ~ 

T e( 4) 32BO(l ) 1530(1) • 1422(1) . 49.1(9) 41.9(B) 35.4(B) 10.0(6) 10.B(6) • 6.2(6) 

Te(~.1 - 256B(1) 8BO(1 ) 243(' ) 45.8(8) 31.2(l) 50.7(9) 4.7(6) I.B(7) 15 _ 7(6) 

Te(6) - 4165( 1) 2477(1) 256(1) 29.3(7) 47.0(B) . 50.7(9) 2.3(6) " 9.8(6) 5. 7( 7) 

Se(1 ) 5869(2) 2105(2) 5369(2) 3B.7(12) 5B.B( 14) 4B.5(14) 1.9(10) • 4.8(10) 10.8( 11) 
Se(2) (6995(2) 2770(2) 663B(2) 65.9(1t) 64.7(15 ) 37 .4( 13) 5.8(12) • O.B(l1) - 5.3(11) 

Se(3) 796B(2) 12BB(2) 6527(2) 7B,0(1 ) 71.7(17) 69.5(19) 11.0( 14) -25.5(15) '3.1(14) 

Set 4) B954(2) 1950(2) -5303(2) 37 _3( 14) 87 .5( 19) • B7.5(21) 6.4(13) - 6,2(13) - 3.3(16) > 

Se(5) 7625(2) 142B(2) 415B(2) 57.7(15) 46.4(13) 49,1(14) 6 .5( 11 ) 1 ,1 (11) • 10.3(11) 

"- Se(6) 7719(3) 28B7(2) 32Bl (2) 119.2(25 ) 70,B(lB) 46.3(16 ) 0,3(17) 27 .7(16) B.B(14) 

Set 7) 7455(2) 4250(2) 4492(2) 87.0(19) 42.1(13) 63.6(17) 4.9(13) 6.0(14) 5.5(12) ) 
Se(8) 5654(') 3649(2) 4629(2) 62.B(16) 64.0(16) 67.4(17) 26.1(13) • 1.7(13) " .4(13) 
As(1 ) 4719(2) 4645(2) - 2035(1) 36.4(11) 34.0(11) 30.7(11) 4.3(9) • 0.2(9) 3,3(9) 

As(2) 7505(2) 2507(2) 8,2(2) 33.5(11) 33.8(11) 47.6(13) 4.1 (9) • 0.5(10) 6.0(10) 

A,(3) - 167(2) 196(2) 2033(1 ) ~.'(11) 36.8(11) 32.2(11) 2.8(9) 4.5(9) 5,3(9) 

As(4) . 4766(2) 543(2) 2462(2) 33.5(,11) 36.0(11 ) 48.1(13) 9,7(9) • 9,6(10) 0.6(10) 

~s(5) . 2333(2) 1947(2) • 42B7(2) 49.3(13) 51.9(13) 32.9(1') 2.0(11) • - 4.3(10) 11.6(10) , 
As(6) 2BB(2) 5062(2) 252B(2) 35.5(12) 35.3(11) 57.2(15) B.4(9) • 3.3(10) 1.1,(10) 

5 2469(6X 
2974(6) 3141(4) 100(6) B9(5) 37(4 ) 5(4) 3(4) '0(4) 

0(1) 2575(1 ) 281B(13) 2141(10) ,63(10)' . 87(12) 3B(9) 27(9) - 4(7) • 9(8) 

0(2) , .3086(15) 3B47(16) 3655(12) 103(15) lDB(15) 56(12) 24(12) - - 19(11) 29(11) 

F( 11) 6065(10) 4647(13) .'IB55(I') 33(B) 124(13) -T\6(13) 7(8) • 4(B) 22(10) 

F(12) '46ift(12) . 3251(10) • 2178(11) 99(11) 37(7) 101(12) 5(7) 8(9) 12(7) 
F(13) 4523( 12) 4583(13) - 828(9) 106(12) 119(13) 31 (8) 6(10) • 4(7) 10(B) 
F(14) 3344(10) 4612(11) - ?161 (10~ 41 (B) -, 96(11 ) 86(11) 10(7) • 8(7) 23(8) '-> F(15) 4B70( 11 ) 4674(11 ) - 3223(9) 92(10) 8B(10) 32'(7) • 16(B) 15(7) 10(7) . 
F(16) 4B5'(12) 6011(9) - 1832(11) 104(12) ~Ii' 109(13) • 14(7) 5(9) - 6(8)-
F(21 ) :-'6581 (15) 3407(15) 9(14). • 121 (6) 

F(22) 8451(16) 1607(16) · 131 (15) 134(7) 

/ 
continued. 
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Te 6 ($-e a )(ASF 6 )6(SO£) cont1·n"ued. 

<0> ATOH 
.. U22 

U33 
U12 ( Uj 3 ~ U23 y ,1 U11 , ' 

'(231)" 8500(27) 3468(26) 414(26) 93(10) 

'(241)" 6518(26) 1528(26) 249(26) 89(10) 

'(251)" 7810(37) Z791(35) 1098(32) 135(15) 

" • '(261)" ,,7246(34) 2079(35) - 1220(30) 124(13) 

'(232)" 7774(39) 2988(39) - 1109(35) 147( 16) 

'(242)" 6931 (A3) 2161(41) 911 (38) 163(18) 

"(2521" 6G30(30) 1569(29) - 614(30), 108(11) 

'(262)" 8371(31) 3470(30) , 443(30) 114(12) 

'(31) - 1498(10) 145( 12) 2249(9)' 42(8) 124(12) 59(9) 15(8) 8(6) " 6(8) 

'(32) "134(11) 440(13) 3188(9) ;Jl (10) 117(12) ,- 39(8) - 30(9) 0(7) - 9(8) 

'(33) - 469(11) 117(13) 829(9) 69(9) 125(12) 37(8) 3(9) , 8(7) 20(8) 

'(34) . 1169(10) 223(13) 1763(10) 39(8) 12,8(13) 83(11) 4(8) 5(7) 26(10) 

'(35) - 216(13) - 1161(10) 2082(12) 111(13) 41 (8) 110(13) 1(8) - 12(10) 22(8) 

'(36 ) - 135(14) 1516(11) , 1877(13) 127(14) 47(8) 139(16) 0(9) - 8(12) 34(9) 

'( 41) 61~4(9) 626(10) 2538(10) 36(7) 67(8) 89(10) 3(6 ) - 12(7) - 2(8) 

'(42) 4881(11 ) 185(12) 1236(9) 75(10) 10700 42(8) 6(8) 9(7) 21(8) 

'(43) 4729(10) 796(10) 2584( 11 ) 61(9) 51 (8) 103(12) 4(7) 5(8) 38~) 
'(44) 4712(13) 892(16) 3640(10) 181(18) , 

-;. 

,41 (9) " 91(12) 21 (12) 5(8) - 40{ 0) 

'(45) 3404(9) 464(11 ) 2342(10) 36( 7) 93(10) 86(11) 19(7) 1 (7) 2(8) 

F(46) 4825(12) 1869'{ 1 0) 2250(14) 73{ 10) 44(8) 177(18) 24(7) - '28(11) 9(10) 

H51) 1507(14)' 2656(14) - 4859(1~ 107(6) 

'(52) 3105(18) 1295(18) - 3595( 17) 148(8) 

'(53) 1345( 17) 954(16) - 4241(15) 134(7) 

F(54 ) 3390(15) 2818(IS) - 4432(14) 121(6) 

'(55) 2002(22) 2562(21) - 3258(20) 188(11) 

'(56) , ' 2645(23) ,1310(24) - 5273(22) 206(12) 

'(61 ) - 1075(9) 4999{ 11) '2630(10) 39(7) \. 74(9) 95(11) 1 \(7) 19(7) 11 (8) 

F(62) , 102(12) , 5090(11) 1318(10) 85(10) I 80(10)', 61 (9) - \ 6(8) 3(8) 0(8) 

'(63) 1660(10) 5129(11) 2329(11) ,46(8) 
, 

76(10) 115(13) 5(7) 8(8) 15(9) 

'(64) 336(10) 6451(9) 2668(11) ) 61 (9) 37(7) ,102(11) 13(6) 7(8) - 19(7) 

F(65) 251 (11) 3698(10) 2313(12) 70(10) 40(7) 129{,14 ) 18(7) 1(9) 14(8) 

'(66) 484(16) 5015(15) 3693(12) 163(18) 

~) 
64(11) '47(13) 9(11) .~ , 

" 

~ '. " ' . Refined as 1/2 a fluorine atom. 
, W ~ 

) 
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:/-
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r I 

) 

(0) T0 250 4(50F 6 )2' C 
Atom ; !. r ~ 
T.(lI) 2710(2) 1181 (I) 4364(1) 56J2} 

T.( 12) 526(2) .' 117(1) 4315(1) 34( I) 

5.(13) 
31 7(~~VJill2) 4452(2) 62(3) 

5.( 14) 441 (4) ,33 2) 39 2) 40(3) 

5.( 15) 5350.(4) • 661 2) 5535(~ 34(2) 

\ 5.(16) 2182(4)· (2) 3630( I) 71 (3) 

J T.(21) 2328(2) 1453( I) 1722(1 ) 51 (2) 

T.(22) .3508(2) 2717(1) 1930( 1) 36(2) 

5 .• (23) 1831(4) 3512(2) 2084(2) 71(3) 

5.(24) 769(4) 3102(2) .1493(1) \ 57(31. 

5.(25) 392(4) 1982(2) 1799(2) 31(2) 

5.(26) 3117( 4) 2303(3) 1138(1 ) 61 (3) 

5b(l) 0(0) • 139(2) 2500(0) 41(2) 

5b(2) 5000(0) 546(2) 2500(0) • 43(2) 

5b(3) 359(2) 2138(1) 106( I) 39(1 ) 

5b(4) ( 1992(2) • 246(1) 795(1) 34 (I ) 

~5) 3000,}--(2808(1 ). 3]65(1 I 38(1) 

~ . 
. Atom ! ! I ~ 

F(II) 809(26) 563( 15) \2212(10) 

F(l2) 845(23) 829(13) 2785(8)' 

F(I3) 952(34) 115(19) 2022(12) 

F(21) 5000(0) 1574(20) 2500(0) 

)~ 
F(22) 3511(27) 599(16) 2632(10) 107(10) 

F(23) 
) 

5000(0) · 463(32) 2500(0) . 177(24) . 

F(24) 4607(31) 596(19) 1908( 12) 1)8(13) 

.') F(31) 21(31) 2906(18) .460(12) 129( 12) 

F(32) 805(23) 1351(13) 229(~) 83(8) 

F(33) 1615(47) ~ 2012(26) 433(17) . 216(21) 

F(34) 863(37) 't 2720( 21 ) 345(14) 164(15) 

F(35) • 1065(37) 2151 (19) 134( 13) 152( 14) 

F( 36) • 287( 38) 1524(22) 541(14) 171(16) 

~. 

• .. -
I L 

• 

. Un U
33 UI2 U13 U23 

34(1) ( 52(2) 4(1 ) • 8(1) 7( I) 

~'" .. ," ",' 4(1 ) 9(1) 
4 (2) 79(3) 6(2) 

, ~4(2) 
56(3) 111(4) 5(2) 20(3) 20(2) 
58(2) 103(4) .' 5(2) • 11 • 16(2) 
69(3) 33(2) .• 12(2) , 13 2) 7(2) 

~ 75(2) 0(1) I( I) • 2(1) 

63(2 ' 67(2) • 3(1) , 14( I)" 
50(2) 79(3) • 12(2) • 8(3) 
59(2) 67(3) 13(2) • 15(2) 

62(3) 110(4) 7(2) y(zi 
99{)) 37(2) 3(3) · 10(2), Ill.) 
33(?) 46(2) , 0(0) 2(2) 
50(2) 5812) 0(0) .~) 

36(1) , 41 (I) 1(1) .. 4(1 ) 

49(1 ) 38(1) I (I) 4(1 ) 

49(1 ) 45(1 ) 3(1 ) 9(1 ) 

Atom ! ! 
F(41) 3028~ 29~(14) 

F( 42) 1005(23) 160(13) 

F( 43) 1285(24) 1075(13) 

F(44) 1098(24) 372(14) 

F(45) 2777(27) 570(16) 

F(46) 2863(28) . 851(16) 

F(51) 2131 (23) 2181(13) 

F(52) . , 383'<20) 2993( II) 
F(53) 2080(14) 3561(13) 

F(54 ) 2119(21). 2555(12) 

F(55 ) 3876(25) 2049(14) 

F(5lij 3879( 25) 3401(14) 

I 

- , .. 

I 

I 
1260(9) 

325(9) 

1005(91 

1146(9) 

596(10) 

419( I 0) 

3008(8) 

2863(7) 

3229(8) 

3856(8) 

3519(9) 

3697(9) 

C' 

!,> 

~ 

94(9) 
84(8) 

90(8) 
91 (8) 

110(10) 

115(10) 

84(8) 
66(6) 

86(8) 
75(7) 

. 94(9) 

96(9) 

, 

I~ 

tt-. 

N ..,. ..,. 

" 

\ 
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(h) r03;4s02.6(SbF6)2' 

.. 
U

33
/' 

JI' -" 
Atom X Y Z .-U l1 Uiz UI2 ,ull ',U Z3 . ~-' 
ro (1) 

, \ 
,'3.1(8) 2564(1) 38+1 (2) 4368(1)· 56.0(9) .• 73.5(12) '57.8(9) 4.6(6) -22.1(8) 

To(2) 1414(1): 2903(2) 2938(1 ) 4L7(BL .. 58'.1(9) .65.8A9) . 3.7(7) -12.7(6) LI(7) 
--->.~ 

To(3) 1792(2) 1061(3) '4219(1) 65.7(13) 70.2(14)' '4.,3(15) ;'.9(IOyu1~10) 33.5(11) 

To(4) 4234 (I) 1116(2) 3D).! (I) 59.2(10) 54.4(10)· ,.80;HII) .17 •. 4(9) 4.'(8) -1.,( 8) 

50(5) 4518(2) 3486(3) 3824(2) 44.6(14) 78.2(20) 7}.8(17) -1O.5(1Z) 0.3(10) -17,0(13) 

i 50(6) 3085(Z) 24011.3 ) 1"3( 1) 84(2) 72(Z).' 4! .4(12) 6.~ L'(IO) 0.7(11)' . 

Sb (.1 ) 2054'P) . '73'5 (2 ) •. ' 1'67(1) 4L2(7) 38.6(8) •. ~.2(9) . .3. 6) 4.0(6) -L4(6) . 

7'26(2) ~ ~f Sb(Z) 4674(1) 51"(1) 45.1(7) 43.3(8) '.8(7) 2. Z'c,6) 3.7(5) 4;2(6) '/ .. 
F(I ) .1289(12) 8988(20) 2472(12) 66t9) '.' • 74(10) 145(15) -7(9) . 31(9) \ -48(10) 

/ 
F (2) 316'6(20) 8663(24) 1768(25) 102(16) 57(11) 423(50) -9(12) 117(25) -39(21) , 

F ( 3) 1385(Z7) 7863(37) 1003,(14 ) 242(34) . 165.(25) 108(14) 6.6(28) . -31(18) r-, 45( 16) .' 

F(4) , 857(15) 5998(24) ... 2168(16) 76(11) " 84(13) 190(20) ."36(.U) -8 (I 2 I' 0(1'4) t 
F(5) 28.00(17) '5927(20) .. 1370(12) l24 (15) 65( 10) 110(12..( .' ,38(11) '.-1(11 ) -Z2(9) 

F(6) 2587(21). 6619(32) . 3000(14) 160(20) 164(24) • 106114 ) '39'(20) C25(!3) . '46(15), 

F (7) 3815(") 6157(81 ) 51~3i3i) 332(31) 

F(8) 4867(19) 8105(56) . 4078(10)' ll5(16) 452(63)'.' 46(8)' 112(30) . .26(9 ) 13(17) 

F(9) 4489(21) 7727(71 )' 6258(15) 122(~O) 599(96). 107(15) ll4 (38) -1~(14) 
.. 

56(36) 

F.(10) 3346(13) 8998(29) 5143(14) . 40(8) 128(18) 168(18) 39(10) -4(9)' . 2 (14)' . 
5990(23) 

-, . 
63i21) F( 11) 6912(41) . 5175(16) 1\3(21) 244(36). 158(20) 164(25) 38(16) • 

F(12) 5295 (19) . 95.89(37)' 541'5(45) 51 (13) 107(22) 10.48(144) -10(14) 24 (36) -ll5(53) 

.f 
/ .. 

N 
.p.. ..... •. 
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V 
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j~ ... <-~"_,, _____ ~,_, . .....:,,.._~ .• _~~ ____ ~ __ ; __ ~i!;"" __ .. _~ __ 
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(t) h3,OS'1.0(Sb3~14)(S~). .. 
Atom. .' F' .! i .!. l!11 l!22 !!33 !lt2 l!13 l!z3 

5b(1 ) 548.5(4), 0(0) , ,2570.9(7) ~5.3(3) 49. 51.4) 38.7(4) 1.9(3) 1.(Jt,l ) 4.1(4) 
Sb(2) -1787.5(4) -876.2(10) . 2368.0(6) 28.6(3) . 29.5(4)" 29.7(3) , 3.0(3) 1.1 (3) ~3.2(3) 
~b(~) -2904.?(6) '-3336.0(12) 515.3(8) W(5) 46.1(5) ~4.1(5) . '6.1(4) -8.1(4) -21.7(4) 
5b(4) -2126.5(5). ' 226i.6(llj ,581.5(7) 41.1(4) 30.5(4) \,."7(4) 0.8(4) -1.4(3) ~2.R(3) (,! 
Te(l) , , -873.0(8) 5340~4) , 3430.0(11) 56. 9( 7) 62.9(8) ;'0(7) 21.0(6) 17.5(5) 11.7(5) 1 
Te(2) , .. -163. 3(7) ~16 3) '.14.78.2(9) 54.4(6) 61.3(7) .8(6) 11.6(5) 7.4(5) 25.6(5) / 
Te(3)' • 37.7(12) 3650.4(15) 3659.7(13) 124.5(15) 56.1(8)" 64.8(9) 40.4(9) 38.7(9) 24.8(7i} , , 

79'2.9(9) 17i8.2(10) . 50.6(6) Te(4), , 4125.4(16) 84.0(9) ,78.5(9) " 32.2(7) 27.5(6) 9.7(6) 
F( 11) . 16,46 (5) 131 ( 10) 2277 (9) 26 (4) 88 (7. 84 (6).,. 1 ( 4) 13 (4) 2~ (6) 
F(12) -592 ,(4) -131 (8) 2915 (8) . 26 (3) 74 (6) ,64, (5) ,4 (4) 13 (3) -21 ( 5) .' 
F( 13) 111 ,(7) -787 (11) 3978 (9) 91, (7)' . '1\1 (9) 51 (5) 39 (7) 14 (5) 33 (6) 
F(14) 289 '.(1) : 895 (15) 1291 (11) 72 (8) 206. (17) 63, (8). 33 (9) 18 (6) 10j~ 
F( 15) 541 (7) 1300,.(10) . i ,3581 ( 13) 64 (6) 72 (7) lSI, (12) 3 (5) ·6 (7) -57 ( , 
F(16) , 480 (7) ·1336 (12) 1714 (13) 13 (i) 119 (10) 1'46 (12) -19, (7) 42 (7) ·103 (9) 
F(21 ) -1346 (6)" :611 (9)' 805 (6), 79 ' (6) 73 (6) 31 (4) -3 (5) 15 (4) ·8 (4) 
F(22) ·1203 (5) • -2257 (7) • 2603 (6) 46 (4') • 43 (4) 67 (5) 14 (3)' 1 (4) 1 (4) 
F(31) ·3125 (7) ,-4629 (10) -391 (10) 82 (7) • 73 ,(7) 88 (8) 7 ' (5) -21' (5) -53 (6) 
Fq2) -2/03 (5)' -2004 ,(7) 1508 (8) 44 (4) 50 (5) 64 (5)' -1 ( 4) 3 (4) ·29 (4)' 
F(33) -3939 (7) , -3337 "'(11) 1082, (12) 76 (7) 84 (8) 122 (10) ·22 (6) 19 (7) -54 (8) 
F(34) , -1833 (7) ·3282 (16) 49 ' (17). 52 (7) 170 (15) 179 (15) '9 (8) 43 (6) -110 (13) 
F( 35) -2596 (11) ·4212 (11) 1839 (12) 199 (16) ;0 (7) 96 (9) ,33 (9) ·52 (11) -6 (7) 
,f(36), , ·3226, (10) ·2324 (11) ·6»4 (11), 164 (13) ,75 (8) 71 (7) ,3 (6) ·29 (8). , ,., ) , F(41) .- ·1505 (6) 3460 '(10) 1036 (12) 120 (11) 70 (7) 102 (8), ·44 ~ ; -25 (8) ,-7 (7) , 
F(42) ·1285 (6) 1622 (10) ,·316 (9) 78 (7) 62 (7) 71 (6) 11 35 (5) 1 (5) 
f(43) -1766' (7) 1430 (8) 1935 :(6) ~ (9), 57 (6) 37 (4) 27 (6) 4 (5) 10 (4) /, 

r F(44) , "2993 (7)' 2646 (11) 1420 (13) ,78 (8) 62 (8) 119 (10) 23 (6) 43 (7) -4 (7) ~ , 
F(45) '·176i (7) , 967 (11)' 173 (13) 78 (7) 63 (6) 111 (9) -31 ~6V (7) -37 (7) • 

f(46) -2490 (10) 3040 (14) ': '.776 (11) 191 (17) 125 (12) 57, (6) / 51 (12) - ,(8) 29 (7) 

'" a '"All four ·Te~ sites are..parthll;- oc'cupfed by Se. 
01 
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(1) (S3.0'SOI.0)2(Sb.'\7)(SbF ')3' 

Arot:t X y Z 
Ull U22 . U33 U12 .... . Ull U23 

.Se(l)· 65510J 344 el) ,2356(1) 25.6(11) 46.0(13) 26.'(11) 7.3(8) 1.2(7) - •• 0(.) 

Se(2)·' 7473(2) 314 t') ~ 3380(') 35.0(15) . ,1.8(1') 23.1(1') 6.0(12) 1.1(10) -.S.I(l1) . 

Se(3)* 3202(2) . 784(2} 2432(1) 38.3(14) ~'.9(1') 31.7(13) ,1S.9(10) - '.8(9) 7.'(10) 

Se(4)- 27l2(2) 113(2) 3382 (') 43.2(17) 47.4.(18) 26.'(1') -13.8(13) - 3.9(11) '.'(12) 

'b(I)' 141.1(6) 2002.0(7) 2345.7(5) 34.8(') 28.9(') 16.4(.! 2 .6,(4) 2.S(3) - 1.3(3) 

. 5b(2) 33.6(5) 3556.1(6) .4498.6(4) 25.0(4} 27.6(4) IJ.2(4} ,0.2(3) 0.7(3) '.O(l) 

6b(3) 2S91.3(6} 2381 .. 8(7) 51:;., .... 3(5) 24.0(') 33.9(') .24.8(') - 1.3(4) I. 7 (3) 0.6(3) 

Sbe4 ) sooa.oco} .. 0.0(0) 0.0(0) 24.2(6) 23.0(6) 20.'(6) 0.1(4) - 1.7(4) 1.'(') 

F(l1 ) 227(8) 16'0(8) 1254(6) 100(9) 64 (7) 23(') - 2 (6) . 3(') - 4 (') 

F(12) 63(S} 2360(7) 3473(5) 93(8) 42 (') 21 (4) : , (5) 18(S) - 9(4) 

F(I3)' 4S (7) 3333(7) '209'(6) '9(6) 40(') 48 (6) I -12(') 1(') .9(') 

,/ F(I4) 13S6(6) .2154(8) 24>4 (7) 37(5) 71 (7) 66(7) 13"(5) . 4 (') 17 (6) 

F (I') - 1089(6) 1814(8) ,,,,,,, .)" 0' 71 (7) 67 (7) 4 (') - 1(') 23(6)' ., 
F(l6) 2SI (7) 67_3(6) 2627(6) . 72(6) 16(4) S7(6) 14(4) , 7 (') 6(4) 

F(21) 82'(6) 4163(8) 3768(') 38(') 67(6) 28(4) -19'(4) '(4) 9(4) 

F(22) - 921 (') 4048(6) 3811 (') , 33(4) 4Sf!» 0' (') 11 (4) - 2(4) 14 (4) 

F(222). 0(0) 50.00(0) , 5000(0)' , ',103(12) 25 (6) 32(7) ,22(7) '(7) - 8 (') 

F(3l) , 1913(8) 1'160(9; 594'(8) 76(8) , 80(8) 62(7) -23(7) 2.6(6) 21 (7) 

F(32) 3321 (8) 3012(10) 44'1(7) .9(7) 96(9) 45(6) -40(7) 19(') - 3(6) 

Fen) 3491 (8) .. 1418(9) 5368 ('1") 81(8) 82(8) 41 (6) 32(7) 13(6) 3(6) 

F(34) 1168(9)' 3396(10) '0'6(7) 94 (10) 100(10) SI(7) .SS(') - 8(6) 12(7) 

F(35) 2099{S) 1650(l2} 4]51(8) 53(7) 127(12) 71 (') ~24 (7) -10(6) -43(9) 

F(36) 3060C8} llSS(8) 6049(6) '87(8) '8(7) 41(') - 8(6) -24 (') -18(') 

F(41) 5839(7) 79(7) 877(6) 'I (') 44(') 40(') 10(4) , -18(4) - 2 (') 

'F(42) '094(6) 1386(6) '23(6) '6(6) 20(4) 48(') ~ 1 (4) -16(4) - 2 (4) 

f(4l) ~082(6) 90(~) 729 (6) 33(') 63(6) 40(') 5(4) 13(4) 2 (4) 

• 
j .. 

Population Pata~eters: 50(1), 0.6114(6li. 50(2), 0::552(7); 

..,. S.(l), 0.641(7); S.(4). 0.539(7) N 
01 .... 

" 



-,-, 

\1<' 

, , .' 
" 

\:. ' '~.' .. 
'. 

(0) TetI 3 (AltI
4
): .. . ' 

, 
At"'" X --..,.."V Z Ull U22 • U33 U

I2 U13 U23 I 
( '" J. Te( 1) 2473.6(5) 6186.3(2) 2607.4(4) ,33.5(2) 42.6(2) , 33.4(2) 8.5(2) 4.4(2) 0.4(2) 

T.(2) 7183.6(5) 1075.4(2) 2871.0(4) • 32.6(2) 37.2(2) 3>.2(2) 6.2(2) 9·9(2) 4.9(2) 

',36:2(9) " Al (1) 3146(3) 3972(1)~185(2) 36:1(9) '35.1(9) 6.9(7) , 5.3(7) 0.2(7) 
" AI(2) 2778(3) 1242(1) . 6727(2) 33.8(9) ,4Q:5(9) 36.6(9) 8.5(7) 7.6(7) 4.5(7,) , 

\016(3) 
, 

tl (11) 6015(lf 901(2) ,65.7(12) 108.4(16) 42.3(9) ,19.2(11) 21.9(8) 7.7(9) 

tl (12) 5668(3) 6595(1 ) 3913(2) 43.0(9) 63.3(11) 65.2(11) 3.0(8) -10.3(8) ,1.3(8) 

, tl (13) 1385(3) 7238(1) 2291(2) 72.8(12)' "53.6(19)' 77.0(12) 30.2(~) -1.5(10) , -1.5(9) 
/ 

tl(14) 3727(3) 4760(1) 3095(2) • 94.8(15) 44.5(9) 44,8(9) 17.0(9) -2.7(9) -7.1(7) 

tl(15) 1260(3) 3141(1) 1884(2) "C-55:3(IQ) A.'(10) 63;7(10) -7,1(8) 17.2(8) , 10.1(8) . 
tl (16) 6053(2) 3661(1) , 720(2) 43.0(9) 67.9(11) 54.5(9) 19.8(8) '15.0(7) 13.3(8) 

tl (17) 1802(3) 44i5(1) 9077(2) 50',2(9) 60:8( 10) SO.3(9) 5.9(8) -5:4(7) 15.6(8) 

tl (21) 4049(3) 579(i) 1630(2) 45.5(9) • 59.8(11) 71.0(11) -3.1 (8) -i.i(8) 5,5(9) ) , 
" tl (22) 6317(3) 2162(1) 2971(~) 61.0(10) 31-/(9) 72.1(11) 12.7(8) ) 8.0(9) 8.1(8) ,. 

tl (23) 8692(3) 1179(1) 585(2) .68.3(l;:j 84.4(13) 46.8(9) 12.0(10) \ 27.1(9) 12.1(9) 
,~. 

tl(24) 1)~(2) 1698(1) 4662(2) 43.5(9) 64.3(10) 53.6(9) 5.4(8) -7.7(7) 18.1(8) " 

tl(25)C33) 
• 956(1). 6178(2} 45.1(9) 83.7(12) 52.5(9) 28.5(9) 18.8(7) 20.6(9) 

tl(26) 901 3) 325(1) 7\66(2) 52.1(10) 42.5(9) 87.2(13) 3.1( 7) 21.2(9) 7.6(8) 
, . . 

,;- tl(27) '4(3) 1929! 1) 8724(2) 74.6(12) 54.0(10) 47.6(9) 11.4(9) 6.6(8) '-8.1(8) 
, ' 

-oJ 
.. . N 

", U'I 
N 



;: , 

(. .. 
\< 

9 

(n) 'eCI J (AsF6 ). 

'" 
Atom X y Z "11 "22 "n "i2 "13 "23 

T. • 659.5(5) 1440.9(') 319'.4(') 33.7 (21 3LO(2) 34.' (2) , 0.2 (2) 10'.2 ( 1 ) •• 1 ( 2") 

\ . 
As ' ,6091.6(9) 2908.7 (7) 2246.6(7) '1.5(3) 35.' (3) '0.2 (3) 7.50) 13.2(3) 3.3 ( 3), 

C1( 1) 1140(3) 3635(2) '3638(2) 68( 1) 34( 1) ,75'( 1) ,.5 (1) 27 ( 1 ) .1 ( 1 ) 

C1( 2) 906(3) 1520(2) 11 JO tv, 68(1) 72 ( 1 ) 42(1 ) 9 (I) 26 (7) 9 ( 1 ) 

~ Cl,(J) 3182(2) 723(2) 4226(2) 42(1 ) 69 ( 1 ) 63(2) 17 (6) 2 ( 1 ) O( 1) 

~ F"(1l 5'32(6) 3678(5) 711(5) 74 (3) 72(3) 49(2) 28(2i 23( 2) 19 (2) 

F(2) 7725(5) 2329(5) 1839(5) 46(2) 69 (31' • 69 (3), 20(2) 21 ( 2) 9(2) 

F (3) 5061(7) , 1551(5) 1586(1) • 69( 3) 48( 3) • 124 (') • -1'3 (2-) '. 31 (3) .12 (3) 
" 

F(') '463(6) 3586(6) 2568(~) 70(2) ,83 (4) 91(3) 26 (2) , 50(2) 7(3) 

F(5) 6770 (9) 2152(7 ) 3745(6) 146 (5) 119(4) 55 (3) 
r 

56( 4) 38(3) 38(3) 

F(6) 7086 (7) '4323(,6) 2860(7) 75(~ ) 59(3) 127(5) -7( 3) ·2 (3) .34(3) , 
d (0) 'eCI 3 (SbF 6 ). 

• l' 

Atolll X y ~ "11 "22 "33 "12 On j , , 
Sb(l) 4242.5(5) 2500 8497 (1) 58.6(4) 24,.4 (3) 34.5(3) 0.0 ·3.2(4) .0.0 

Te(1 ) 1049'.8(4) 2500 1295(1 ) 43.1(3) 29.4(3) 37.0(3) 0.0 4.7(3) 0.0 

CI (1) 3562(2) ·575(3) 4075(4) 119(2) .0(1') 66 (1) 12 (1) .34(1) , 6 ( 1 ) 

CI(2) 7120(2) 2500 16.8( 7) 48(2) 85(2) 101 (3) 0.0 18(2) 0.0 

F ( 1 ) 4715(4) 25~ 5840(10) , 63( 4) 70(4) 39(2)" 0.0 7(3) 0.0 

F (2) 3260(4) 2500 73201.20) 53(4) 60(4) 101 (6) 0.0 ' ·9 (5) 0.0 

F( 3) 5245(5) 2500 9610(10) 92(5) 42( ') 88(5) 0.0 ','3(') 0.0 

F(4) 3823(8) 2500 11170(10) 230(10) 97(7) 52(4) 0.0 52(6) 0.0 

F(5) 4268(3 ) 297(5) 8416(8) 109(4) 29(2) 72(3) ·4 (3) ·31(3) 6(2) N 
(J1 

( 
W 

V l 
." 

, 



I 

. ' 

, 
\ . 

t. 

, , . ' ". 

(p), (To'3)2 S04' , . 
Atom X ' Z UII 

To(l ) 401.8(9) 1421,2(9) 41L8(8). 20.1 (4) 

To(2) 538.~10) 6654.4(9) ·844.1 (8) 23.6 (4) 

5(1) 1100(3) 4503(4) 2013( 3) 22 (2) 

F (II) 2240(9) 2090(10) ·320(10) 24 (P) 

'( 12) 135(12) .408(10) ·493( 10) 49(6)' 

F ( 13) 1559(9) 649(11) 1186(9) 30(4) 

F ( 21 ) .841(~ 1188(11) ·2161(8) 36 (5) 

F (22) ·1094(11) 6861(11) 332(10) 44( 5) 

F (23) 3 (9) 4686(9) ·1084(9) 35 (5) /, 
( 

O( I) 514 (10) 3406(11) 1134 (9) '20 (4) 
• , 

O( 2) 3224(11) 3198(14) 2012(10) 21 ( 5) 

, O( 3) 14.19(12) 5052(13) 3442( 10) 33( 5) 

O( 4) 1109(15) 5699(13) 1090(11) §a(8) 

\ 

. , 

~ 
".". . 

-:; 

L 

• 

U22 U33 , UI2 

23.4(4) 16.94(4) .0.6P) 

26.1 (4 ) 11.4 (4 ) Ll(3) 

31 (2) 18(1) ·1 (I ) 

44(5) 31 (5) .6(3) 

29(4) 51(6) ·3 (4 ) .. 
50( 5) 33 ( 5) ~ (4) 

" (6) 23 (4) 13(4) 

50(5) 36 (5) ·1 (4) 

21(4) ,32(4) ·9 ( 3) 

44(5) 25 (5) ·6 ( 5) 

52 (6) ) 28(5). 8 (4) 

54 (1) 15 (4 ) 9(5) 

4 5( 6) 21(6) ·18 (6) 

r. 

J 
,; 

./ 

U13 

.2.0(3) 

·L I (3) 

·4 (I) 

6( 4) 

10(5) 

·15 (4) 

.8(4) 

9 (4) 

.4(3 ) 

6 (4) 

·4 (4) 

.1(4) 

,23(6) 

. ",--, 

, 

' . 

U23 

0.1 ( 3) 

0.5 (3) 

: 3 ( I ) 

1(4) 

·15 (4) 

12 (4 ) 

8( 4) 

3( 4) 

2(3) 

·11 (4) 

·5 ( 5) 

.1215 ) 
"-

12 ( 5) 

N 
01 ..,. 

, r 

( 




