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ABSTRACT Al i

- A

The study of the behavior- of the chalcogen elements

sulfur, selenium and tellurium with the strong lLewis acids

SbF5 and AsF5 in 502 solution has been continued. . A large
number of new salts of ppolyatomic cations of the chalcogens
have been prepared and characterized- by theif X-ray crystal

gl (AsFglo, (Te, gSeg o)
(Te,Seg)(TepSeg) (AsFy) (so‘)z; (Teg) (Seg) (AsF, ), (S0,),
(Te25é4)(SbF6)2, (Te2 7S 3)(SbF )2, (I€3-4Se2.6)(SbF6)2,

(T?25e4)(5b3F14)(SbF6), (T.e2

structures, namely (Te,Seg)(AsF (AsFel)o,

1 .
15e 9)(SbFG)2 and

(53_65e1.UJZ(Sb4F17)(SbF5)3. Hany of the cations in these

(s

compounds, those with non-integral subscripts, possess occu-

' pational disorder with some or alT of the cation sites
v partially occupied'by two djfferent chalcogen elements. The

‘&Brgvious1y* known, but incompletely characterized compounds

14)(5brgi ‘and (Te3_dSel-0)(Sb3F14)(§bF6) were &

reprepared from stoichiometric reactions and their c@mgg;i?

77 125

tions. confirmed by Se and

Te NMR spectroscopy and X-ray

62> |
(Tezs_ea.)(SbFs)2 and (Te Ses)(SbFs)z(SO ) were prepared .and.

crystallography. The new compounds (TeBSa)(SbF

were found to be isomorphous with theip’ uhexafluorparsenate

b

analogues.

The new Té25e62+ cation, which co-crystallizes with

2+ . | \
TeZSe8 1n‘the compound_(TeZSeG)(TeZSeB)(Asfﬁ)a(soz)z,‘ has

4
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2 novel cube-like strdcture, which is very different from

82+ and Se82+, the known homopolyatom1c cat1ons of .

2+

that of S

® the same average oxidation state. 'The TeZSe6
i J

cnmpared with the structures of the otheh~po]yatom1c cations

3- 3- . . 125
1o .gnd As11 anions. Selenium-77 and

NMR studies 1nd1cate that the Te25e62+ and Se82+ cétionéi

StPUCtUPe is

and with the P Te

retain their stridctures in solution. The'spectra for a
' =125

. TeZSeG2+ sample enriched to 77.3% in Te are dominate%fby

& - )
AA'X and AA'XX' satellite subspectra. The compound

(S3 OSe1 0)2(5b4F17)(SbF6)3 prov1des the first example of a

mlxed Se-S cation as well as the only example of the mixed-

;vaience, §b(III)-Sb(V),' 4F17' anion. ' The orientations of

‘ .Y EE .
secondary bonds to Sb(III) atoms in the Sb4F17 and Sb3F14

anions and to divalent and tr1va1ent chalcogen atoms of the

cations are’ described. These secondary bonds form in direc-
tions that cap faces or br1dge edges of polyhedra defined by
the p(imarj bonds and lone pairs of elgttrons. Unit cell

/»dﬁumes for the known structures of the polyatomic cations

6 ;]
SbFs* and Sb3F14 anions and the S, Se and Te atoms. These

volumes have some predictive value in determining the compo-

are compared to determine effective volumes.for the AsF

sition of unknown compounds of known cell volume. Selen-

125

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

cations, 1nc1ud1ng spin-1attice relaxation time (Tl) meas-
2+ A
4-x

Severa] new salts of MX3+:‘cati6ns (H =S, Se, Te;

urements for. the S Se cations. Py



¥

X = F, Cl, Br, I) were prepared and crystal structures were
~determined for the comﬁounds (TeCI3)(A1C14) - triclinic,
_" (féc13)(AsF6), (TeC]B)(SbFB) and (TeF3)2(504). The geomet- -

‘kries of th?se and other Mx3+ cations are cgmpared with each
6ther.aﬁd,with the_isoe]ectrbnic neutral moleculesa  Trends
are.exp1ainéd n terms of VSEPR ‘arguments and the ‘strengths

of anion-catjdh interactions (secondary bonds). The ;9

77 125

Fa

-~

Se 'and Te NMR spectra of the SeF,’ and TeF,", cations

were recorded and the reduced density M-F Cbup]ing constants

[

compared and related to the probable geometries of the

. \ . :
cations in solution. . - \:1w

Solutions of the mixed F/OTeF5 compounds

e o o4 A-
TeFx(OTeF5)4_x' and L}eFx(OEeFS)B_x] [AsFy(OTeFSTGQy] were

prepared and chéracférized by 125

19F_125 19

Te NMR 'spectrbscopy.
125

Te{1V), 1

Trends 1in the

125TS(VI) scalar spinQSpin coupling constants are explained

F-1297¢(Vv1) and Te(IV)-
R

in terms of the. greater ionic character of the Te--F bond:

Eompared to the Te--0TeF; bond. The As(OTeFS)G' anion was

75ps NMR spectra -to . be

5
of sufficiently high symmetry for

-»

recorded in CH3CN and SD2 solvents. .The activation energy

for Berry pseudorotation in Te(OTeFS)A was determined froﬁ

19 125

variable temperature F and Te KMR measurements.

-
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INTRODUCTION




Tellurium Qas reported fo produce a .red solution
with sulfuric acid as early as 1798 (1). Selenium and
sulfur similarly were reported to prodﬁte colored so]utiéns
when ziéso]ved in oleum (2, 3). The nature of the species
producing these colors was unknown'until fiftéen years ago,
howeQef, whén copductimet?iﬁ and'cryoscopic measurements
perfqrmed in Profeséor Gillespie's laboratory at ﬁcMgster
indicated that the colors were produced by bosjfively-ch;rgﬁ\_//’
ed agdregates of chalcogen atoms, that,is po1yhtomjc cations

2% and Se82+. At about the same time, Corbett

such as Te,
and coworkers identified po]yatohic cations of sefenium and
tellurium from phase diagram studies of the S}stems
Se-(SeC]4-4A]C15) and Te-(TeC14-4A1C13) (4) and Bjerrum and
. smith €oncluded that polycations of tellurium were formed'ﬁn
reactions of tellurium with TeC]& in molten AfE13;NaC1 (5,
6). These. early develobments have-Peen discussed in some
detail in several reﬁﬁew articles (7,18, 9).

The forpunate crystallization of Se4(H5207,)2 from a

solution of se]eniuﬁ in oleum allowed for the first X-ray

crystal structure determination of one of these polyatomic

2+
4

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

cations and confirmed the squafe—p]anar-geometry of Se

compounds were“isoiated from A1C13 melts (12, 13), but the
vast majority of compounds have been isolated as ASFG- or
'SbFs' salts from S0, solution. A1l of the salts of the

polyatomic cations that have been chqracterized by X-ray



A
- bl

crystallography prior to the present work, or by other
research groups during this work, are listed in Table I.1.

A polyatomic cation of.oxygen, 02+, has also been isolated

*

as PtF.~, ASFG', SbF ", PFG“ and BF,” salts (7).

6 4

The polyatomic cations are highly electrophilic,
hence tﬁe need for-]arge'anions such as SO3F', A1014' and

SbF.”, which are the very weak conjugate bases. of. very .
strong acids, and solvents of very low basicity such as{
HSO4F, S0, or AsFy. None of the cations are stable, in

aqueous media or even if exposed to moist air since dispro-

portiOnation\Eaﬁ occur, as in reaction I.1.

28e42++-6H0—->-7Se+Se02+4H

2 3
The structures of these polyatomic cations provide

ot 1.1

us with important basic information on the nafu}e of* the
bonding in cambounds‘of—the mgin-gzoup elements. Relation-
ships between thése structurés and S' few basic cluster
-ghapes Have been dgzeloped by Gillespie (9). _Comparisons of
these relatively electron-rich compounds with the transithn
metal clusters and the electron-deficient boranes have -also
been made. (9). - -

The objective of.the preseht wo§k was to prepare new
polyatomic cations of the chalcogen elements, and to deter-
mine tﬁeir structures so that a more comprehensive structur-.

al model with greater predictive value could be de@e]oped.

The preparation of mixed, or heteropolyatomic cations was of

S



.-particular interest since the homopolyatomic cations had al-
ready been sfgdied in great depth and. it was clear that new
_struTtural types could result from the mixed systems. The.

TeZSe\42+ cation, for exampTé, has no isostructural homopoly-

2+ 125

~atomic MG analogue. Selenium-77 and Te NMR spectros--

copy were used to examine the species in solution, while
. X-ray crystETiography.proved tb'be invaluable in determining
the solid-state structures of the new compounds. |

_ A few TeCIjZ and TeF3+‘éa1ts were isolated as bypro-
ducts in reacfions designed to prepare new chalcogen polyat-
omic cationg;’ Salts of these MX3+ .cations (M =_S,'§g, Te;
X =F, C1, Br, 1) were of interest in terms of both_th€ cat-
idn geometry -and the stfong 1nteracti6ns bétwéen the anions

and cations in the structures. Several additional salts 'were

prepared to further investigate these features. The IQF,

77 1257,

Se and NMR spectra of the SeF3+ and TeF3+ cations

wére recorded jtbAdétermine if trends in the cation geometry

observed in,the‘soTidastate could also be observed in:so1u;

tion. A number of Te(IV) F/0TeF. derivatives were also ex-

19F and 125

amined in solution utilizing Te NMR spectroscopy. .
‘These subjgdts are explored in more detail at the beginning

. "of each chapter.



Table I.1

2+
19

2+
10

24

2+

i+

5alts of the Polyatomic Cations of the Chalcogens
Characterized by XfRay Crystallography.

Compound /f Ref.
 SyglAsFg), (14)
Syg{SbF), {15).
Se o (AsFg), . (16)
Sejo(SbFe), ' {(16)
Te,Seg(AsF,(50,) {17)-
Te3_7Ses.3(AsF6)2 _ {(17)
Sa(Ast)z (18)
SglSbaFy,) (SHF) - (19)
Seg(A1¢1,), - - 12)
Te3S3(AsF6)2. . (20)
TeZSe4(AsF5)2 {21}
‘ 7?55e4(5bF6)2“ (20)
Sg(AsFg)o(30,)0. (22)
S4(S,8r),(AsF e, (22}
Sa(S71),4(AsF ) {22)
 Se, (H5,0,), (10, 11}
Se, (A1€1,), {23)
Seq{SbgFgg) - (23)
Te (SbF,), {23)
Te, (AICY ), : {13)
Te (A1,60,), . - (13)
Te,Se,(SbyF, ) (SbF,)P (24)

Tey 4Sep 7(SbaF ) (SbFE)® (24) +

Tes(AsF6)4(A5F3)2 (25, 26)

Tes(Ast)q(SOZ)2 {26)

(a) Compositiaon suspect - see chapter V. (b) Incompletely
characterized prior to present work.

.

-f



CHAPTER 11

 EXPERIMENTAL




L
5§

11.1 Preparation and Purification of Materials.
Acetonftri]e. CH,CN (Caledon Laboratorieg) was triply dis-
tilled onto and then stored over P4010.

Aluminum f}ichloride. A]Cl (McArthur Chemica] Co.) was
vacuum sublimed (dynam1c vacuum) at 380 K through a 1ayer of
a]um1num pe]]ets to remove any iron ch10r1des. - -
Antimony Pentachioride. SbC]S.(J.T. Baker) was ﬁsed direct-

: .t
ly from the bottle. )

Antimoﬁy Pentafluoride.. SbFs_(Ozark4Mahpning) was distilled
under vacuum and stored in an E{E.P. bottle in a dry box.
Arsenfc. Arsénic'metal powdér (A1fa Inorganiés, 95.5%) was
heated to 470 K under vacuum to remove arsenic(lll) oxide by
sublimation. .

"Arsenic Trifluoride. AsF3 was prepared by d1réct f]uorlna-
tion of the metal at 77K in a n1cke1 can and the product was
stored in a nickel can aver sod1um f1uor1de. An a]ternat1ve
route from A5203, CaF
Arsenic Pentafluoride. After f1rst prepar1ng AsF as des-

, and H2504 was also fo]]owed (27l

cribed above, a 10% excess of-f1uqr1ne (for the production

of ASFS) was added éhd the nickel can heated to 470 K over-

-,

night.  The product was then cooled to 77-K and the excess
“fluorine pumped ‘bff'through a‘goda 1ime f}ap. AsFg  was
stored in a n1cke1 cy11nder f1tted\w1th an Autoc]ave valve
(Engineers™Inc.).

Boron tris (Péntafluoroorthqtellurate)%  B(OLeFS); was pre_-

p) : y . ’ s
pared.from 8013 (Matheson) and HOTeF5 as previously dE§p¢1b-



.1ed (28).

Bromine. Bromine (Fisher Scientific Co.) was k{ndly sup-
plied by Dﬁ:‘ B.H. Christian. It'was stored over anhydrous
calcium chloride for 1 week and‘tﬁen digtiIied‘ onto and

<

stored over 4010.

Chlorihe. Chlorine (Canad1an L1qu1d A1r, 99 5%) was passed'

-

through sulfuric acid and P4010 suspended in g]ass wool

before use.

Fluorine. Fluor1ne (Matheson, 98%) iwas passed through

sodium fluor1de before use. ' |

F]uorosulfuric Acid. HSO F (J I\- ‘Baker Co.) wh1ch had been

purifiéd by standard procedures (29) was k1nd1y donated bj
Drs. J. E Vekr1s and G J. Schrobilgen.

'1Heptasu1furte1lur1um dich]oride. S TeC]Z was prepared in a

e
. sca1ed down -version of the published procedure (30).

Hethy]ene. Chloride. : CH2012 (Fisher Scientific Co.) was

stored over anhydrdus ca]cium.ch1orfde fof one week and ;hen
distilled ontb and stored over P4010f ‘e
Pehtaf]upfoorthﬁté]juric Acid. 'HOTéi-‘5 was prepared from
~telluric acid (BDH) and HSO3F by standard procedures {140).
Phogfhprus Pentoxide.. 4 10 (Br1t1sh Drug House) was USéd
direct1y from the bottle.

Sodium Fluoride. NaF (J,T._ Baker) w#s-dbied uﬁder vacuum at
420 K for 48 h before use.

Su]fur; Se]énium and Tellurium. Sh]fur (BDH), selenium

'



S T

(Koch-Light Laboratories Ltd., 99.95%) and tellurium {(Koch-
’tTEht Laboratories Ltd., 99.7%) were dried under vacuum at

”

room temperature overnight'before use.
{ .
- Sulfur Dioxide. SO2 (Canadian Liquid Air) was stored over

P4010 for at least 24 h before use.

Hexafluoroarsenate SaT;s' of Sulfur Pofyatomic” Cations.
SiQ(ASFG)Z’ _SB(ASFG)Z -ahd 54(ASF6)2 were prepared using
- standard .procedures (14, 18, 22), 54(ASF6)2 was pumped
under vacuuﬁ 6vérhight at room-temperature éo remove '502
initially trapped in the lattice and stored in the dark at
250 K. .
~Sulfuric Acid. 100% HZSO4 was prepared from 96% stod - and
3b% oleum (Fisher Scientific Co.) fo]lowfﬁg the previously
: estabiished procedure (31). - .
Su]fu}yl Chlorofluoride. SOéC]F (Columbia Organic Chemicals
Lfd.) was distilled onto crude SbF5 to remove 502 impurity
before distilling onto and storing over NaF, .
Te]]urium_Tetrach]ﬁride. Te614 was prepared by the réact{;n
| of chlorine 'gas with hot tellurium (33).
Tellurium Tetrafluoride. '13F4 was prepared by the method of
L?ntz et al. (34) andl'kind1y supplied by Dr. G.J.

Schrobilgen.

11.2 General Experimental Techhique. |
Manipulation of Materials. Most of the cohpounds studied

were moisture-sensitive and had to be handled in dry
: ' ‘
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If'

-~ nitrogen atmosphere or under vacuum. ~Solids ‘were
transferred inside a glove box equipped with an evacuable
porr (S. Blickman). When not 1in wuse the box was
‘éontinuouslyH flushed with nitrogen-that originated as the
boil-off of: a liquid nitrogen tank and was subsequently
paSSed‘through a dehumidifier (Lectrodryeri. The moistu

level was ca: ;.1 ppm H20 or less.\ Ga;eswand Iiduids . of
high vapor 'preséuré wére transferred using 'a calibrated

Pyrex vacuum line fi ted with Rotaf]o va]ves and a mercury

.

manometer. Reactiom vessels and reagent storage vessels
were ‘attached to:&hg line using 1/4“ ‘o.d. Teflon wunions
(Swagelok) and Teflon valves {32). Other liquids were trans-

ferred in a glove bag or 4« the g]ove box- - 100% H2304 was -~

. transferred with Pasteur p1pettes, SbC]5 with a g]assasyr-_:, \?
inge ;§uipped witﬁ a long stainiess steg] needle; and SbF5
with an all-glass syringe with a 3 mm_o.dﬁéglaés?tube exten-
sion as the "needle". Al g]assware_was-d%igd refore u;e'in
an Jven set at 450 K for at‘léast ong‘haff—hour and/or under
vécuum overnighf. | |
Reartion- Vessels. A typicd] reaction vessel 'is shown in '
figure II.i.‘ Bulbs A and B were both eQﬁipped with 1/4"

| ?.d.'glaSs-tubing for atfacpmgnt tq the vacuum line and were
flame-sealed .after‘ all the,reacfants.had.been transferred
ihto the ressel. Rotaflo vaTve§ D and E énd“side{rm C were

oo R - X
éptiona] depending on the ebmp]exnty of thg. reaction.’



@%,.
Reactions were generally carried out in buiblﬁvﬁﬁgﬁd,m{x{ng
pf‘reagents accomplished with the magnetic:sti}ridg bar - and
lﬁan external magdetig* stirrer. Afterrcomp1etidnm of the
reaction the.solution was filtered through a mediﬁﬁ porosity
glass[.frit into “bulb B and the products allowed to
crystallize. Cry;ta]]ization Was usual]y prompted by slow
disti]]atiod of the solvent back into bulb A, accomplished
by slowly drippjng ;d]d water onto bulb A, The remaining
.so]ution was thenlpéured back into bulb A, residua].so]venf

distilled off of the product by-freezing bulb A in 1iquid N

2
and the product 1so]ated by flame-sealing. Severa1 crops, of -
crystads could be obtained by repeated f]ame -sealing 'in

/-
-segments of “sidearm C. If a crystalline product was suspec-

. ted to ave - 2 (so1vent) mo]ecu]es 1ncorporated in the

lattice, the so]ut1on in ampou]e A was otoled to 245 K on}y

in a dry 1ce / acetone bath so that a pressure in the vessel -

*
was ma1nta1ned (just under 1 atmosphere) and the 1/4“ tubing

could still be f1ame‘sea1ed Rotaflo.valve D was required

rfor react1ons 1nvo]v1ng SbF5. The SbF5 was introduced into -

-~

bu]b "B with valve D closed. The vessel was weighed before

and after this addition and quant1t1es of the pther reagents

were theq_based on the we1ght of.SbF5 and were transferred

into bulb A. Valve E was required if the solvent or insol-
uble reaction products were to-ﬁe‘ recovered. Sidearm C
‘could b€ replaced with an NMR tuberto monitor.the reaction

solution.

]
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NMR Samples. Samplies were prepared in 5 mm and 10 mm o.d.

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

1/4" o.d. standard wall tubing) The appropriate solve was
either pipetted (100% H,S0,, oleum) or vacuum distillg

.

(AsF3,' CH3CN, 302, SOZCIF) dnto_the_éo]ute before flame
sealing. Samp]és-frOm reaction ﬁixtﬁ%é;zwere.obtained using
the apparatus as‘described above. Reactions'designed «for
NMR anatysis only were performed‘using a scaled-down version
of the apparatus in Figure 11.1 wi&h bulb B removed so that
the solution was poured'directl& throth the frit ‘iﬁto an

"NMR tube. |
Crys;a1:Hount1pg. Samples to be examined by X-ray crystal-=
lography were handled in a dry box equipped with a stereo- !
scopic 'microscope (Bauﬁch and‘LomS). The crystals we;:
manipulated dnder the microscope using an iridium wiré probe
and cut to size, if requiréd, wﬁth‘a stainless steel s?%]pel.'
H?tﬁ the aid of the probe they were placed insi&e O.ZIﬁm and

- 0.3"mm. o.d. Lindemann glass capillaries {Wolfgang Mueller),

that had‘previously been dried under vacuum at 470 K for at .
-1east-thkée days. The crystals were pushed into the capil-
1aries'ﬁith thin glass fibres‘until wedged and the capillar-
ies - sealed inside the dr; box with a stainless ~steel wire
that was heated until red hot by passing'an é]ectric current
through it. The capiliaries were cut to size outs%de the

dry box with a micro torch.
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11.3 Instrumentation

Laser Raman Spectroscopy. The spectrometer was. &8 Spex
Industries Model ‘14018 double monochromator equipped with
1800;groovés/mm Holographic gratings. An RCA C31034
.photbtube detector in conjunction with a ﬁulse count system
consisting of pulse amplifier, analyzer and rate meter (Ham;
ner NA-11, NC-11 and N-780A respectively) anaﬁa.Texas- In-
struments Méde] FSOZWBA strip-chart recorder were used to
record the spectra. -Two choices of exciting radiation were
available: the green 5145 3 argon ion laser (Specfra-
Physics Model 164, adjustable to 900 mW, or a Coherent Model
Innova 90, giving up to 3.5 W); and the red 6328 R.helium- |
_neon laser (Spectra-Physics Model 125, with a fixed power of
65 mW).  “Samples were run in their reaction vesseTs.threx
glass) or in éy]indrica1‘Pyrex glass or F.E.P. tubes. The
sample tubes were mounted verticafly, at 45° to the incident
laser beam and the Raman scattéred radiation was ‘observed at
45° to the laser beam or 90° to the sampﬂe tube direction.
Low temperature spectra were recorded at 77 K by submerging
the samp]e in an un511vered Pyrex glass Dewar filled. with
liquid nitﬁﬁgen. ‘ Sample tubes could be spun up to 1000 rbm
by means of a VariacAcbntro]]ed e]e@fric motor. S1it widths
depended éﬁ}the scaffering efficiency of the :saﬁpie, laser
power, etc.," w1th 150 um being typ1ca1 (spectral bdand pass

5145 R, 1.8.cm 1; 6328 A, 1.2 cm 1). The scanning rate was
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generally 0.5 cm'ls'l. A1l spectra were referenced to the

169 cm~! band of Rg,C1, (35) and Raman shifts quoted are

estimated to be accurate to + 2 cm'l.

Nuclear Magnetic Resonance Spectroscopy. Spectrd were re-
corded using a Bruker WH-90 Spectrometer equipped with a
N;%B]et 1080 computer and Bruker WM-250 and wM-400.Spectro-
meters eﬁuipped'with Aspect 2000 computers. The 400 MHz
spectra were recorded at the "South Western Ontario NMR
Center, Guelph. Acetbne’d-ﬁ was used to tune the shim coils
in all cases-and as the low.temperature Tock 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.

Eie]d drift was < 0.1 Hz/h on the WM-250 and sohewﬁat Taréer
on the HM-46Q._ For variable temperature'measurements, samp-
les were 'a110wed tq equilibrate for at least 15 min after
each temperature change and the temperature waslmonitored b}
placing a copper-cohstantén thermocouple within a genifron-
fiiléd NMR tube 1into the sampling region of the probe.
Temperatures were considered to be accurate fo within £ 1 K.
Typical aquisition parameters are_fdhnd in Table II.l1.. The
pg1se widths correspond to nuclide tip angles of approximate-
1y 90°. No re]axation-de1ays were applied. Line broadening
pérameters used incexébnentia1 mu]tip]fcation of thew free

induction decays were generally less than or equal to the

data 'point resolutions. F1uorine-19 spectra were obtained
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on the WM-250 in 5 mm o.d. sample tubes with a combination

H/lgF probe and a fixed frequency transmitter, or in 10 mm
o.d. sample tubes using the 1H degpupler coils of a broad
band probe retuneduto 235.361 MHz as the obéerve coils., All
other nuclei were recorded in 10 mm 6.d. sample tubes, with
the exception of 125Te on the WH-90. The 125Te probe on
this dinstrument was not equipped w1th an interna1 locking

125

substance and Te samp]es were run in 8 mm o.d. NMR tubes

inside 10 mm o.d. NMR tubes with theespace between the tubes
filled 'with 020 for rosm temperature spectra or acetone-dé
for low temperature spectra. _ |

X-Ray Cryéta]lography. Prelimina?yﬂgbrecession photographs
were - used to check crystal quality and to obtain cell _and
symmetry informafion. X-Hay measurements wére made on a
Syntex P21 ‘or a Nico]et P3 diffractometer. using graphite
monochromatized Mo K& radiation (o= 0.7i069 ‘i). - Accurate
unit celI"dimensiohs for each compound wgre‘obtainéd by a
least-squares fit of 28, w and XJfor 15 high-angle reflec-
tians. The X-ray crystallographic analysis was performed.in
co%Taboration with Dr. J. Fl Sawyer, who collected intensity
‘data for twelve of the compounds reported here and so]Vgg
thirteen of the structures (see Appendix).  ORTEP drawings
of the finished structures are ‘to the 50% probability level

unless otherwise indicated.
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 d
“ .
2
100mg
magnetic
stirring bar ) C
FIGUME II.1 A Typical rezetion vessel, i)
o :
Table I1.1. Typical NMR Aquisition Parameters.
Nucleus - F-19 As-75 ~  Se-177 Te-i25
Field {T) T 5,8719 | 5.8719 9.3950 ] 2.1139 5.8719 9,3950| 2.1139 5.8719 9.3950
. ‘ =
Frequency (MHz} 235.361 ] 42,83 68.52 | 17.19 -47.77 76.41| 28.43 7B.97 126.33
Pulse width (us) 5 30 - 70 - 20 30 40 20 20 20
Receiver gain s 64 - - 800 . - 400 -
Delay time {us) 5 2 8 150 5 5 | 150 5 2
Spectral width (XKz) 50 100 - 31 50 50 50 50 50 100
memory (K) ° 12 32 8 16 32 16 16 16 ' 16
Resolution (Hz/pt) 3.0 "5.1 7.6 | 6.1 3.0 6.1.] 6.1 6.1 . 12.2
Number of scans (K) 2 3 20 o0’ 100 10 300 20 20
> feference {ext.) CFCI3 AsFB' 2 sat'd aq HZSeeab‘ sat'd aqg. Te(OH)sb
{a) Saturated solution of NaA'sF'5 in CH,CN. a

{b) Conversions to chemical shifts {ppm) with respect to neat Hezse and HezTe at 29% k are

™ given.by §[He,Se] = §[H,Se0,1 + 1302.6 and §[He,Te) «§[Te(0H) ] + 710.9.
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Mo2* CATIONS |




I11.1 Introdu;tiqn.

2+
10

has been isolated as SeiD(ATC14)2, SelO(ASFG)Z’ SelO(SbFS)Z

(16) and Se, (SO4F), (36). The mixed Te,Seg?" cation in

Although no 5102+ or Telo2+ salts are known, Se

) ‘ s sl - . 2+
TeZSeB(AsFG)Z(SOZ) is isostructural with Seqg (1?). An-

other compgund,  Te3.7§e6_é(AsF6)2 apparently contains¥ a.
disordered mixture of TexSew_%2+ cations (17). In ali
cases the cation has a bicyclo (4.2.2 ) decane _structure
(Fig. 1II1.1). It can alternatffe]y be thought of as a six-
membered, boét-shaped 'ring linked across the middle by a
four-dtom lchain. . This structure can be derived from ‘the

basic cuneane or‘peqtagona] prism clusters by adding bridg-

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

- (9, 16). As the two three-coordinate positions must

carry a formal positivé charge, it is not,surﬁrising that
théy are ‘occupied _By the more electropositive tellurium
atoms in Te‘ZSeB2+ (Fig. III.1).

The sole example of a cation 6f 1owe:\}yerage oxida-

tion state than M102+ is 5192+ (14). Attempts to produce

the analogous Selg2+ cation or salts of Sex2+_(x > 10) have

produced only Se162+ (16), although the results of a potenQ-

tiometrjc and spectrophotometric study of-selenium in NaCl-.

A]C]B melts have been interpreted as indicating the presence

2+ 2+

of the Se;,” and Se;, 1cations' (37). Selenium-77 NMR

2+

studies also -indicate a Sex species where x > 10 . (see

section 11I1.8). In many of the preparations described in

p—— . ) »
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FIGURE III.1 ORTEP views of the Se102+ cation in Se1o(SO3F)2 (teken from
" ref, (36)) and the TegSege"' cation in TepSeg(AsFg) o,

¢ -

61
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the following sections the reagent stoichiometries were such
that.they cbu]d; in princip]e? have produced hixed cations
of average oxidation state < 0.2. In all cases, however,
the resulting crystalline compounds contained only the M102+

cation.

111.2 Preparation of (Te25e8)(AsF )2.

e

Using the procedure out11ned in chapter. II 0.5002 g
(6.33 mmol) Se and 0.1148 g (0.900 mmol) Te were .reacted
in 25 mL of SO

with 0.243 g (1.43 mmol) AsF The initial

5 2°
green solution turned brown after 1 h. The mixture was
stirred for 4 days and then filtered and.left to stand for 1

week. The resulting shiny bJack needles were separated from

. the solution and a subsequent X-ray crystal structure deter-

mination identified the compound as (T925e8)(AsF6)2 (Fig.
111.1). - | L '

. 111.3 .Preparation of (Te Se Y(AsF ), .
: . 4.5°%5.5 672"

Fo]ldwing the procedure outlined 1in chapter 1I,.
0.4804 g (6.08 mmol) Se and 0.7786 g (6.10 mmol) Te were

combihed with 0.607 g {3.58 mmol) AsF_-in 40 mL of 502.' The

5
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 fhe solubility of many
of the salts of tﬁe polyatomic cations in 502 increases at

depressed temperatures, i.e. the heat of solution is posi-

¥
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t
tive, the  reaction mixture was cooled in -11'qu1‘drN2 to just
abovel tﬁe-fqeezing point of the splufion before filterihg;
The solution bulb was pTaced in a .dry. ice/acetong bath,
which was slowly warmed fo 295 K.over a period of 48 h. The
resultiﬁg bfown-black_crysta]s and powder were then isoiateh
and a subsequent X-ray erystaT structure determination iden-
tified the crystals as (Te4.55e5-5)(AsFé)2. These.crystals
are isomorphous with (Te3_7596.3)(AsF6)2 (17) aﬁd the atoﬁic
coordinateé of this latfer compound were used in the initial
refinement of the structure. The Fatibn of thgse compounds

is occupationally disordered with several of the atomic

sites occupied by both selenium and _tellurium,

I11.4 Preparation of TeZSeS(AsFG)é(SOZ) - ATtegnative Route

The‘ published preparation 6fﬁ‘(fe25e8)(AsF6)2(SOZ)

involves the reaction of elemental Te with SeB(AsFB-)2 (17).

“In the present preparation elemental Te and Se are reacted
with Ast'(compare reactions I11.1 ?nd 111.2).

s0, | p )
2Te + Seg(AsF), 2z, Te,Seg(AsFg),(50,) 111

| | oso. t ,
. Y2 ‘
2Te + 85g + 3AsF TeZSeB(gst)z(;oz) + AsFy 111.2

Fo11owing the prdcédure as ouflined in chapier 11; 0.5114 ¢
(6.48 mmol) Se and 0.2080 g (1.63 mmaﬁ) Te were reacted with
0.415 g.(2.44 mmo1) AsF5 in 30 mL ofréoz. The initial green

: : \o .-
solution turned deep brown after several min. Stirring was

continued for 96h before filtering the solution. Within 24h
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a large number of dark'brown, needle-like crystals had
formed.',-Affer pouring offlthe solvent ié was observed that
the crystals turned a brisht red color upon cooling in
liquid NZ’ allowing a Raman spectrum to be recorded with the
red, He-Ne laser. Raman spectrum (77'K, 6323‘3, spinﬁing
sample, “values are Cm"lvwith relative intensitiés'in paren-
theses):  80(22), 87(22), 106(32), 112(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-
cessioa.‘ photbgraphs revealed that thé c;ysta]s were

(Te Se8)(AsF ) (SO ).
I11.5 Preparation of (Te 388)(SbF6)2'
Following fhe' procedure.puylined in chaﬁter T1,

2.0256 g (25.65 mmol)- Se and 0.6572 g (5.15 mmol) Te were

.reaéted with 1.668 g (7.70 mmol) SbF5 in 40 mL of SO The

9
inftial green solutioﬁ turned brown during the first hour of
stirring. After . heating ét 330 K for-12 h most of the
product had prec1p1tated 1eav1ng a pale green solution. The
| reaction mixture was thén st1rred at 295 K for a further
24 h, cooled in liquid N2 unt1: close to the freezing point
of$the solution and fiiteréd. A large numBe} of shiny black
ne;d1es formed from this brown solut1on dur1ng the fo]10w1ng
24 h. These crysta]s were a]]owed to grow for 1 week before
iso]at1ng ;hem from:the so]ut19n. Precession photographs-

x

revealed  that the 'Chystafs " were isomorﬁhous with
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C-

(TeZSeB)(AsFG)2 and their comﬁosftion was then ;presumab1y
(TeZSeB)(SbFG)z. Accurate cell dimensions were lQetermined
on a Syntex P21 diffra;tometer.(Appendix). Reaction III.3
Qescribes the reagent sfoichiometry used.to  prepare th{s
compound as descrised above. (Te25e8)(SbF6)2 was also pre-
pared in a room tempergﬁﬁ:; reaction using considerably less

selenium (feaction IV.5).
2Te + 10Se + 3SbFg — (Te,Seg)(SbF,), + 2Se # SbF; 111.3

I11.6 ﬁrepaégtion of (Te,Seg)(SbF¢),(50,) |

Following the procedure as outlined in chapter II,
Té (0.7515 g, 5.89 mmol), Se {1.3959 g, 17.68 mmol), and
SbFc  (1.916 g,” 8.84 mmol) were combined in 45 mL of 50,
" The initial green solution turned dark brown within 1/2 h
and large‘ quantities of finely-divided brown precipitate
formed. No furthe} changé was 6bserved after 3 h of'gtir-
ring. The solutio? wa§ th£; coo]ed td neér its freezing
.point; fi]tereq Qnd a11owe;}tg_stand in a dry ice/acetone
bath to. slowly come to room temperature. After 48,ﬁ4’théﬂ
mso]htion was poured off - e%vind a 1arge quadti?y of brown;
crystals. Precession 'photographs° of these needles ah&
'plates revealed that they‘were.isomorphohs.with
(Te,Seg) (AsF¢),(S0,), but .they were twinnéﬁ'an&_'accurate.;;

cell parameters were not détermihed on a 'diffractomeﬁer.l//Qﬂx
When some of the crystals were dissolved in'1001-h2504 the

pd

——
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Se- NMR spéctrum identified the Te25e82+ cation (section

—

I11,7) and therefore this compound was presumably

(TeZSeB)(SbFG)z(SOZ). _ .
4 ~ - o 2+ .
I111.7 Se1en1um-77 NMR of the TeZSe8 Catio
_When’ (Te Se )(AsF ), is d1ssoIved in 100% H,SO the
8 6’2 = 2>°a
7

. onances pf' roughly equ;Tf?htensity (Fig.

result1ng

lSe NMR specﬁrum m_initially cons1st of four 'Eeb-.
II1.2)." Since

‘there are -four separat® $elenium env1ronments in the solid-

state structure, each onta1n1ng two se]en1um atomiaﬁ;Fig. -

I111.1), it would appear that the same structure is rethined

©in - solution. {1£:re is a fifth, _rmal]er resonance in the

~to " react with AsF

E

.;qutrdm_ at -732. ppmJ " This ‘resonande became relatively

more intense with time and has been assigned to

(section IV 5). dNumerous -additional resonances
2+

appeare
with t1me as‘TeZSe8
2+

‘is slowly oxidized in 100% H,S0,.

Salts of the TeZSe cation are not sufficienf]y soluble in

77

SOé“"for a Se NMR spectn%y to be recorded and they . appéab

77

The Se NMR spectrum of the resu]t1ng

3.
so]ut10n din A5F3 (Fig. III 2) contains numerous signals  in

the_ same- reg1on as those observed in the 100% H, SO solu-

‘tioh, but'of different 1ntens1t1es. " This spectrum does not

cﬁénge w1th time and TeZSeszf is again one of the major

: decomp ition products (seé sectIOn Iv.5).

-~ L
.‘_,-‘ - . .

111.8 Selenium-77 NMR of the Seio.." Cation..

When a 2:1 Se-S mixture was dissolved in 30% oleum

PO

LR
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_FIGURE IIT.2 Se-77 NMR spectra (47.77 MHz) of a) -TepSeg(AsFg)p in 100% HpS04

(0.1 m; 100,000 scens; 6.1 Hz/pt) and b) TeoSeg(AsFg) o (802) in ASF3 (0 1 my ' R
400,000 scans; 6.1 Hz/pt) (#) indicates TepSeg +, N |
I



- these new resonances=probably result from mixed-:SxSe

cations.

26

o4

~the initial species observed was Se4 but over a period of

5 wéeks the Se42+ signal disappeared and the <characteristic

Tines of Selozf became dominant. The Se10?+_spec;rum con-

sists of two signaﬁ% of inténsity‘4:1 {38). At the ' same
time ‘a numﬁer ofﬁother resonances appeared in the same
rggioﬁ of the spectrum (Fig. III.3). ‘The Se42+,.5e82f
Sem2+ cations account for all of the resonances that are

and

observed upon dissolving selenium alone in 30% oleum, except

for a resonance at -511 ppm.
ved as Selng disproportionates at low temperature in SO,

2
g . -
2+ and an known species of presumably lower

This resonance is also obser-

solution to Se8

average oxidati'on state (38). The positions,dﬂ‘the bresentf

resonances do not correspond to any of phese‘spéties. Since’

2+
= resonances,

10-x

they are found in the same region as'thegSéiO

L

»
L]

I11.9 Anion-Catiﬁn Interactions in H102+ Structures.

There are a number of anion-cation contacts. in "the

;structures noted above that are signjficant]&'shbrter than

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

v

or fluorine and selenium (39) (F = 1.47;_ Se - 1.90,

Te = 2,06 A).  Interactions such as these have been called

l"secnndary bonds“-(40). They are common in compounds of the

main-group elements * where;there are holes in the primary
coordination -sphere of a given atom resulting from 1lone
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FIGURE
0.2985 I%
641 Hz/pt)

-200 : .-400 | -600
H, (ppm from H25e03)——- '

o

—

~ .
-

3 Se-TT NMR spedtrum of a 2:1 Se/S mlxture in, 30% oleum {1. 4551 g Se,-

5 g oleum) run after,5 Weeks at 295 K (17 19 MHz, 300, 000 scans;
Truncated peaks are Se102+. o 7

[
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pairs .of electrons., Secondary bonds ?Efthis'central atom, A,

. are assumed to be nucleophilic in nature with the remote

atoms, Y, donating electron density into antibonding orbit-

als assbciateq with the primary, A--X, bonds (40). In a.

3

‘récgnt high-resolution X-ray diffraction ,study of '

(CH3)ZIeC]2, the observed electron density distribution

supports this donor«acceptqr modeél for the bonding between

‘telluribﬁf and two 6h]orine atoﬁs on adjacent‘molecu1e$’(41,

42).

L3

‘The secondary bonds in- the M102+ structures - (Fig.

- 111.4) are generally approximgte]y collinear with the A--X

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

priwary geometry is a tetrahedron, AX2E2, where E is a lone

"paip. The addition of two seqondaryjbonds.trans to the A--X

bonds prdduces a bicapnéd‘tetrqhedrph AXZYZEZ (Fig; 111.5).
The arrangement of primary aﬁH“SéEondéfy bonds is planar,
Examples with this geometry are Se(l), Se(3) and Se(S)z/ﬁf B
, o o :
TeéSég(AsFG)z and Te(2) of Te4_5535‘5(A§F6)2 (Fig. 1II1.4).
. 24

Several of the divalent atomsrin,the MIO structures hé#ﬁ

additionaj secondary bonds that are trans to neither the

primary bonds nor the lone pairs. These are frequently in

positions which bridge the E<-E edge of the AX,E, tetrahed-

2!
ron. Exampfes with this AXEYZY'E2 geometry are Se(6) and

Se(8) of TeZSerAsF6)2} Fig. II1.4. The arrangement of weak

contacts to divalent sulfur and selenium atoms has been dis-

1



N
o
N

3.15C

CO——2u0_Te2
- 59

DA

F24 “' '
2 X\

FIGU'RE IIT.4 Interionic contacts in a)

TeySeg(AsFg) o and b) Tey 5Ses 5(AsFg)o.



li

rthe-‘M

30

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;Y,E monocapped octahedron (Fig. II1.5). This

-geometry s frequenf]y observed for the bridgehead atoms of

2+ .
10 stﬁucpures (see for example SeIO(SO3F)2, Fig.

I11.6). The same arrangement is observed for many of the
82+ (section IV.6) and M62+_sa1ts.(section V.7). and is‘very

promlnent in salts of the HX3+.‘ca£ions {chapter VII).
As was the ‘case for the d1va1ent ftoms, however, secondary
bonds are somet1mes observed to these br1dgehead atoms in
8ddition to those trans to the pr1mary bonds. Atom Te(l) of

(Te. Ses)(Te See)(AsF ) (SO )2 has Six sei/n%?ry bonds in an

. AX3Y3Y'§ arrangement where the pr1mary bonds and two sets

of secondary bonds are perfect]y staggered and ghe coordin-
ated atoms 1ie in three distinct planes (fig. IfI.;3. A
similar arrangement is obéerved for Te 1in -(TeF )(Sb 11)
(46) except that the upper ;;d lowermost sets of bonds are

ec]ip?ed, resulting in a tr1capped,¥¢¢gg££l~pr1smat1c ar-
rangement of priméry and secondary bpnds abouf Te with the

Jone pair capping a triangular faEe of the tfiéona%-

prism
(Fig.11/47). Another way of V1sua11z1ng th1s is to donsider
the secondary bonds to be capping the faces and br1;gin§:the

edges of the tetrahedron defined by the thnee‘pr1mary bonds

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

\are face-capping while F(2)', F(8) and F(13) are edge-

)
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FIGURE III.6 Anion-cation interactions at Se(1)
in Se‘,IO(SOBF) oo
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F(6) 2.54

b)

FIGURE III.7 Anion-cation interactions at Te in (a) TeZSes(TezseB)(AsFG) (302)2
(this work) and (b) TeF3(Sb2F11), redrawn by Dr, J.F. Sawyer from coordlnates in,
. reference (46).

A3



,'arel significantly 1onger than those of Te,Se

‘(Te Se

bridging in-(TeF3)(Sb F For Te(l) of

2 11)'
(Tey gSeg 5) (AsFg),. F(2), F(5) and F(6) are face-capping
while F(4) 1is edge-bridging, giVing an . overall AX3Y3Y E
geometry (Fig. III.4 and III.8). The geometries of primary
and secopdary bonds about analogous Sb(fII) atome have been

diseussed in some detail elsewhere (87).

Another general feature of the anion-cation contacts

C s
i

in the present structures is that there are more of them

directed toward the three-coordinate, bridge-head positions

" of the cations where the positive charges are formally 1lo-

cated. This 1is consistent with the nucleophilic nature of

these interactions.
Yoo - .
¢ ) 24 1 <
ITT.10 Comparison of ”10 Structures.

Bond . lengths of the.fexSelo_x2+ cation in the com-

»

_pounds (TeZSeg)(AsFB)Z, (TeZSes)(jeZSea)(AsF6)4(Soz)2 and

(Te, 5Seg g)(AsF.), are compared with those from the publi-

sheq structures . of (TeéSeg)(Ast)z(Soz)‘anq (Te3 7 3)-‘

(AsF )2 in Table III.1. The cation in (Tea.sses.s)(ASFa)z

is a d1sordered m1xture of Te Se10 2+ cations. The distri-
bution of the te]]ur1$m,and.se1en1um atomg,%n this cation 1is
. J v . @‘i -

outlined in Table III.2. The QOnd‘lengths of this cation

2+ .
2_ 8 in

8)(A5F6)2 or (Te,Seg)(Te,Seg) (AsFg),(S0,),, as would

be expected for part1a1 substitution of tellurium at the

selenium sites of Te28e82+. " The bond lengfhs of this ca%{pn



TABLE IIT.1 Bond Lengths in the Te Se

Bond Lengths (;«)a 1

Te(1l)-5e{l)}
Te{l}-5e(6)
Te(1l)-5e(7)
Te(2}-5e(2}
Te{2)-5e(3)
Te(2)-Se(8)
Se(l)-5e{2)
Se(3)-5e(4)
Se({4)-5&(5)

Se(5)-5e(6)
‘Se(T)-ﬁe(B)

Reference

(a) Atomic nuybering-correspnnds to {TeZSea)(Astlz. Flg. II1.1

b

2.563(2)
2.579(2)

.2.576(2)

2.570(2)

2.585(3) |

2.564(2)
2.295(3)
2.294(2)
2.350(3)
2.291(2}
2.285(2)

24
10-x
e i
2.643(8) 2.572(8)
2.579(8) 2.529(8)
2.644(8) 2.584(8)
2.613(8) z.éns(r)
7 602{8) 2.562(7)
2.583(8) 2.586(6)
2.373(8) 2.323{7)
z.ﬁgs(a} 2.283(10)
2.401(8) 2.376(9)
2.318(8)
2.356(8)
17 h

.

Cation,

1ve

2.602(1)
2.614{1)
2.678(1)
2.678(1)
2.614(1)
2.602{1)
2.414(1)
2.434(1)
2.505(23

2.316(10) 2,434(1)
2.313(8) 2.414(1)

h

(b) (Te,Seg}(AsFg),. (c) (TepSeg)(RsFg),(50,),
(4) (Te Seq)(Te,Seq) (AsFg)y(50,),. (&) (Te, (Seg o) (AsFg),.

(1) {Tey ;Seq 3)(AsFg),. (g) St

(h} This work.

TABLE II1.2 Occupation of the Sites. in the Te Se;, .

v

Cation of {Te‘_SSes.s)(asFS)z.

Lf\jg 1 se

SITE

Te{l)
Te(2}
Se(1)
. se(2)
Se(l)

Overall Composition: Te, . Se. .,

POPULATION" NO. OF
PARAMETER  ELECTRONS
0.998 51.90
0.844 43.89
1.064 36.18
1.230 41.82
1.068 36.31

100
55

12

43
13

andard error uncertain.

2+

0
45
88
57

87
2+

(*) From refinement in_the program SHELX (48).

*

2.
2.
2.
2.
2.
2.
2.
2.
2.
2.
2.

51(1)
63(1)
66(5)
73(3)
63(1)
61{1)
53(4)
50{2)
549

439

31(5)

17

34

AT
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are, however, on average less than those of the m1xed cat1on‘

in (Te3 7Se6 3)(AsF )2 (17) | Since the nef1nement.of--the o

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

S

factor -.of 0.12 whi!e a va]ue of 0.03 was obtained 'for

. (Te4 5Se5 5)(AsF )2, the ﬁompos1t1on of the present compound

b_is probany more re]1ab1e.J The .compound formu]ated as

(Te 7Se6 3)(AsF ) probably'contains.a higher concentration

of te11ur1um.

L
- . -

Many of the bond lengths. in tbebpublished'structure‘

of “(Te Ses)(AsF ) (so, )“-117) are: a]so 1onger than analo-

r

gous’ bonds in (Te SeB)(AsF )2.~ This suggests that there is

_part1a1 te]]ur1um subst1tut1on at the se]en1um p051t1ons of

this former compound as well, or at_1east in the part1cu1%r

‘_sgmple chosen for the X-ray crystal structure determination.

Bonds to Se(1) and Se(7) show the greatest deviation (Tab]e

II1.1),  indicating _significant tellurium substitution at

these sites. The.consﬁstenoy of the Te-~Se and se-fsé bond

lengths in the (TeZSe'B)(AsFG)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 than the .

-other Se--Se bond lengths, but a 1engthening‘{sba1so-obser-

2+
10

similar effect has been observed in chains of four or more

ved for this bond in the Se structures (16, 36) and . a

sulfur atoms (47) A large excess of selen1um was used in

r

~ the preparation of (TeZSeB)(AsF6)2~(sect1on III.2), which
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would also tend to limit the possibility of finding tellur-

ium in the divalent positions. - Occupational disordef s

very common in mixed catijons of the chalcogen elements, as

will become clear in the fo]loﬁiﬂg chapters.

4 . b
-

FIGURE JII1.8 Anion—cation interactions at Te(1) in Te, ;S0 5“’?6.)2"‘
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2* CATIONS
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IV.1 Introduction. . '
J Although Se82+ was one of the first polyatomic cat-
ions identified By cryoscopy (49a) and SeS(AJC14)2 one of

the first salts of the bo1yatomic cations to be characteriz-.

ed by x-ray crystallogrdphy (12), few compounds of Seé2+ or

related cations have been prepared. Two salts of the iso-

2+

structural Sg cation have been identified by X-ray cryst-

allography, SB(ASFG)2 and SS(Sb3F14)(SbF6) (18, 19). Com-
pounds of the T982+ C?Fion are:unknéﬁn élthough ngrrum has
found some evi@enceAfor this species‘in NaC1/AT613 melts
(49b). - No mixed cations of.thjs average 6Xi&ate state
(+0.25) have_been'charactgrized other than:Te25e62+ which is
reported ‘here. Reé;tions designed to prepare suﬁh _@ixéd
. gpecieg ‘inQarjaB]y resutt-in tdmpounds of higher oxfdatjoﬁ .
state cationssuch as (Te3s3)fAsF6)2 (20) in;reégtipﬁ IV.l;

.or lower oxidation state species such as (TeZSeB)(SbF')2 ' -
(see section IV.3). I “—J;<:f; | ///ﬁ-h

4Te + 45 + 3ASFg —sem Te,S,(AsFg), + AsF

‘ 3 -.f
),

—_— Te353(AsF6

Iv.2 Preparatiop ofu(Tes)(Sea)(Ast)s(Soz).

G

© AnMydrous S0, (30 mL) and AsFg (2.37
wefe condensed at 77 K onto a mixture of powdéred Te (0.4447
g, 3.485 mmol) and Se (0,2756 g, 3.490 mmol) in a double-

bulb reaction vessel followﬁngthe me$hod oﬁt1ﬁned {n_ chap-

/H\J} ) - '



o o .3

)

. The initial green solution turned a deep blobd-red

after about 0.5 hX\/ This color persisted for 48 h, at which
v

point the reactio

hours the solution became yellow-brown in color and - there

was a large quantity of black crystai]ine‘materiale at 'the

bottomgofhphefvessel. Heat1ng was cont1nued for one week at"

_ 34 ' ‘gith occasional st1rr1ng, but no further. change was
: b erved.'_ On co%lﬁﬁg to meom temperature much of the black

Vresidue d1sso1ved producing a deep yreen solution. 'In

order to recrysta111ze the black mater1a1 the reactwon mix;

ture was coo1ed further and then f11teredu After 24 h at.
"o 3
“room temperature E 1arge number of black crysta]s had form-

' '¢eo:",The so]ut1on was then poured off and the crystals

L %
1so]ated under ef/atmosphere of 502._ Under a mlcroscope the,

rm b1c~shaped

co]orﬂ - Since the crysta]}Ltend‘to‘readi]y 1ose Sozlwith' a _”

consequent loss of crystallinity, several crystals were

~

studied ‘before a suitable-stable crystal ~was found from

- I

which an“x-ray'diffraction data setfcould be collected. The .

‘subseqUent structure éo]ution'identified”the compound as

Y

(TeG)(SeBI(AsF )g(S0,).  The sp@ﬁcfure thtain; the prev-

6 8
ns//but th1s is the f1rst timeg that two d]fferent Group VI

homopolyatomic cat1ons ‘have been found together Jdn the same

cr}sta] lattice. ' : o .'. o :._ .

.« In a 51m11ar react1on 'using excess AsFS; but at room

essel was heated to 340 K. - After a few ,

rystals were‘observed to be dark green in

known tr1gona1 pr1smat1c Te 4+ ghoyc11c Se 2+ cat--

e



‘temperature, precession pﬁetoghaphs revealed that
(Te25e4)(As£6)2 wae'the‘only crystal]ine‘product, 'although
77 e |

“the Se NMR speEirum-bf the-mother qudor showed the pres-

-

ence of cis;TeZSe (328 ppm) and TeSe 2+ (547 and 453 ppm)

as well a:\lEE} (- 477 and -1181 ppm). The ’’Se chemical
shifts o ese spec;ee have been well-established in solu-

tion in oleum {50). Apparehtly mixed,cations such as these.
. are thérmodynamica]]y unstable with respect to the homopoly-
, atom1c cat1ons and the Tong react1on time and high tempera-

‘tures used in. the present reaction 1ed to the thermodynamic-

ally stable products. . b
_“Hheq. (Tes)(See)(AsF ) (SO ) was red1sso]ved in 302,
the Se82+ cation was initially observed in _the 77Se NMR

.spectrum (eee‘section IV.4); Afteﬁ several_week§ at  room
12515 'NMR spectrum showed  the
- presence of Te25e4 (630.3 ppm) as we11 as’ Te64% (-562.9

temperature, - howeeer,“ the

ppm) Theée chem1cal-sh1fts correspond to those previously
observed for these spec1es in oleum (50) It would appear .. .
4 2s _ .

that although the Te6 and Se8 cations are comeatible in

the solid state, sltow oxidation-reduction occurs in solu-

9

Ltion. .
IV.3 Preparation of (Te,SesJ(Te,Sep) (AsFg), (S0,),.
Anhydrous S0, (30 mL) and AsF (2.33 g, .13.7.mmol)
were .condensed at 77 K onto é‘mixture'qf powdefed Te (1.82 .

g, 14.3 mmol), Se (1313 g, 14.3 mmol) and S (0.458 g, 14.3

H é
al
g
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mmol). The initial green solution turned red within 5 min of
_stirring.‘ After /*l h a large quantit;' of chocola;efbrown
powder had precipated from the red-brown so]ut1on. No fur- '

ther change was. observed after 8 h and the Jo]ut1on wiji—’f\ =
.filtefed ‘and allowed to stand._. When no crystals were .op ) .:- '
tained after 48 h the solvent was slowly d1st111ed off and 2
weeks later a 1arge quantity of dark 'bnown crysta]s had

formed; These were'isoTotod under an atmoophore ofgsozlond'"”'

a sobsequent‘x-ray crystal structure determination identi- . n 8
:_f1 the compound os (Te Seg)(TeéSeB)(AsF ) (Sb )2., This
i comoou is s1m11ar to (Tes)(Ses)(AsF ) (SO ) in th;t two
different polyatomic cat1ons are found in the ~same struc-
ture. | The now_Te28e52+ cat1on has a nove1 cubef1ike geome-
" try (Fig..IV.1). ° "

; | | - Y
Attempts { to prepare- crystalline salts- of the

o, .
2+ cat1on in'the'absence of.§u1fur have all failed

(see reactions IV 2 to IV.5). The TeZSes2+

TeZSe6
cation 'was ob- -

served (-717.0 ppm), however, a]oog‘with Te25e42+

(-478.2,
- -1185 ppm) (50) in toe 77S'e'.NMR spectrum of thefprOQUct.mix:
ture of reoctioo IV.2 redissolved in 502. ‘The peak intensi-
‘tios indicated thot:thero was approximately twice ~as much

Te25e42+ as Te25e62+;1n solution. = All reacfions.were car-
ried out in 50, so1ution'and the products of Feactions IV.3

to IV.5 were identified from their precession photographs.

AN
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FIGURE IV,1 ORTEP views of the TepSeg”* cation in Te,Seg(Te,Seg) (AsFg) , (SO
R . " ) - : . ' . ’ ? .

i -
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2Te + GSe-+=5A§F5'——+> non-crystalline

product mixture ' Iv.2

4Te

+ 145e + 6A5F5-94» (TeZSes)(TeZSeB)(AsF6)4($02)2
\; - — (Te Ses)(ASF ) . ' Iv.3
| 2Te + 6se + 3sbrg 3N, 3R, (te 2Seg) (SDF(), (so )y o IV.4
t . N S B
2Te + 6Se + 3SbF, 1wk (e ,52,) (SbF ),
+ (Te,Seg)(SbFg), ~ IV.5
The Tezso62+ cati can be pneoareo in the absence

-of sulfur (reaction IV..2)+" but no cr&std]]iqe samples with
this cation were prepared without this .“magio” element.

Even in reaction IV.3 where the“stoichiometry is such as. _;o

) e " - 2+ . ' .

a]]ow ﬁ#r equal amounts of both Te25e6 - and TEZSe8 ’f a§
'found in the compound prepared from the Te-Se- S m1xture, ‘no -
: crysta111ne product was obta1ned with the Te 5952 cat1oh.

This phenomenon has also been observed in the preparat1on of
crystalline Ted{§bF )2 from[\a react1on involving su]fur
(section V.?). This compound hﬁd proveﬁ to be too insoluble
cin '502. for good cryotil11nehsamp1es to" be prepared from-
‘ tellurium alone, . although crystals of Te4(SbF-6)2 were iﬁo-
lated froo a Go/Te mixture (23). "The}importahce of su]fur.
inf the 1solat1on of these crysta111ne compounds 1s pro}ab]y
re]atedq to the1r solubilities. ,The standard procedure in

the preparation of’sa]ts of the‘po1yatomic catjoos' involves
filtering a saouoated SOé solution from which crystals sTow-

'19 form (see-chapteo 11). Compounds of 1ow so]ub111ty ‘would

precipitate from the. solution prior to f11trat1on.' “The

-

i

w
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. - ¢ Co o
polyatomic sulfunr Eations are all extremely soluble in §

and the solubilities of TeZSeSZT_and other relative

. . - ] \/’
uble cations are apparently enhanced in the presence of

these sulfur cations. Nith a‘significant concentration ,6f‘

Te,Se 2* (or: Te ) present in the filtrate, crystalline
2776 P 4 _

<

samplee/tan be produced.,

e 2+- . '

8 - = >
Tea 1 | 2+

The natural abundance Se NMR spectrum of S 8

IV.4 Selenium-77 NMR of
&
disso]ved in SO2 pr oleum consists of five']ines,h with two
of thef1ines‘0ne;ha1f the intensity of the remeining three
(38)s This s consisGent with the so]id~state'5tructure of
this"wcation where there are five distfnct_se]enﬁum environ-”
ments and for three of theee there are two;chemica11y equ}J- ;
alent 'nuclei (Fig. 1v.2}. There\is no mjrnor planip in
either of the'crysta] structures of thie cation, but the
s1ight devietions from Csksxfmetry prebab1{: result fnam
pack1ng considerations in these compounds (see section IV.6)

and the cation would be egpected to have a m1rror plane - in

so1ut10n. The 77Se _chem1cal shifts had previously .been .
established and they were assigned on the basis«df couplings

observed for a-sample eﬁfiched to 94.4% in 77

Se. The spT{t—
t1ngs in these spectra were very complex, howe&ec4/1nd there
was SOme amb1gu1ty in the chem1ca1 Bhift aEETanments and in
the, va]ues of the coupling constants (38). The{ present'

study @@s' designed to obtain the'77se-77Se “coupling " con-"



317112)

Te(5)

2702(2}

IR
\J 3.047(2)

2.698(2) 1 2.702(2)

- 2679(2)

2,679(2)

Te(6) ' Te (1)

3167 (2)

FIGURE IV,2 ORTEP views of the Te,** and seg cations
in ,(Tes-) (See) (ABF6)6(502) . '
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stants from a natural abundance samble since thé simplified

spectrum cou]d be' easily interpreted.

1

The Sea(AsF )2 samﬁT; used in this study was prepar-

ed using methods as described 1n chapter II. A 5% excess of

2+
10

and an unknowﬁ

AsFg ensured that .no SelO(ASFG)Z would result. The Se

cation is known to disproportionate to SeB2+

species in._sb2 solution (38). This equilibrium would prob-

2+ - . T7

ably ’ broaden the Se8 .resonances in the Se NMR spectrum,

with resulting loss of coupling iéformétidn; The solubility

" of Seg(AsFc), in. S0, increases at lower temperatures so. the

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

run at 200 K. Cooling additionally served to separate most

~of the .Se4(AsF6)2 impurity'that resulted from the excess

Ast used in the prephration, .since Se4(AsF6)2 has a very

Tow solubility at 200 K and can Pe easily filtered off..
Re%onance (A) in thé 77Sé sgvctrum (Fig. IV.3) exhi-

bits the 1argest coup11ngs and the hlghest freqyéncy chemi-

ca1 sh1ft (Table Iv.1), both of which are coﬁsi;tent with a

large concentrationsgf positive chargefon the atoms produc-

. - o 4 - . . .
ing this resonance.  The:short cross-ring distance between

“'se(1) and Se(5) (Fig. 1v.2) indicates that these two atoms

can be described as being esse tially three coord1nate “rand

.much of the charge of the cation is _then ant1c1pated to

reside on thesegqatoms. A recent_moIecu]af orbital investi-

gation of ' the 382+ cation (51) has revealed that- S{1) and
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500 . 400 +200

. 200
H, [ppm lan‘l;SoO,J —

-

FIGURE. 1v.3 T7Se NMR spectrum of the Seg®* cation
(saturated 50, solution at 200 K; 47.77 Mi{z;" '
125,000 scans; -3.0 Hz/pt). TT5e-1T3¢ coupling is
‘observed as satellite doublets about all resonances
with the exception of resonance (Z)\ '
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TABLE 1IV.1 Se -NMR Parameters for Se8 in 502 at 200 K.
’ ' S | . b
Resonance o (ppm) I Coupling J(x6Hz)
A 668.0 1.9 (1)-(8) 246
M 219.3 2.1 (1)-(2) 152
v -106.1 0.7 | (1)-(6) 84
Y -231.2 2.0 (1)-(3) - 41
Z -256.3 . 1.2 | (1)-(4) 36
(2)-(3) 65
(7)-(8) .37
(a) Integration scaled to a total of 8.
- " (b) Numbering corresponds to Fig. IV,2.
. ) ~
, —
o SN
&' TABLE 1v.2 Charge Distribution in sg°*. .
coT Position? T Chargeb'
- \ _
- : 1, 5 +0.662
6, 8 S +0.179
2, 4 +0.127
\
3 +0.037
7 +0.028
(a)- Numbering corresponds t9 Se82+, Fig. IV.2

{b) Data taken from reference'(ﬁi).

s,



isostructural Se8

S(S) carry 66% of the’bos1t1ve charge althou h there 1s£' \%

cons1derab1e charge delocalization (see Table' Iv.z2). The

2+ cati‘on presumably has a simi]ar charge

distribution and resonance (A) probably results from Se(l)
‘and- Se(5). The pair of atoms Se{(8) and.Se(6) are adjacent

~to Se(1l) and Sé(S).and;tney have the next largest concentra-

4 .
tion of positive char e-(Tab]e IV.2). Resonance (Y) can be

assigned to - tnese
couplfngs.obser ed to Se(l) and Se(5), both'difectfy-bonded
(246 Hz) and across the ring (84 Hz), (seel Table 1v.i).
Resonance (H) then results from Se(2) and- Se{4), ~which® are

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

charge. The observed couplings t¥Se(l) and Se(5)  are

~smaller (152 and 36 Hz for directly-bonded and cross-ring

interactions respectively). Resonances for the two unjqde

Se atoms, Se(3) and Se(7),-ha§e one half the\integrated area

~of the others (Table IV.I) and they can be distinguished

from each other on the basis of couplings to adjacent Se

‘atoms. The JargeSt toup]ing observed for resonance (V) is

64 Hz. Th1s must be a d1rect1y bonded coupling and reson-

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

"~ atoms. Se{2) and Se(4), which are d1rect1y bonded to Se(3),i

also displays a coupling of this magnituoe,_ 66 Hz. These

values are equal within&the data point resolution of 3

‘Hz/pt. The other coupling observed for Se(3), .41 Hz, muStl

2

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

atoms then on the basis‘rof the T&rge ’

La
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can be assigned by default to the secghd

e unique selenium
| atom, " Se(7). No couplings were large enough to be resolved

- for this fesonance,' but resonance (Y) for the two  selenium
atoms adjacenf'té-Se(T) has. a jugt-resolvéd coupling of 37 :

' he Airecf1y¥bonded coupling tOLjf(?).

1 couplingé to Se(3) and Se(7) are™

Hz which' is probably’

The relatively sm

con-
sis:7ﬁ§SS with the small concentration of positive charge
1oc-;ed at theﬁs-siies (Tap1e IV.Z). Theselchemica1 shift
' .- assignments‘corre;bpnd‘to thoseyof the enriched sample (38).
o ‘_ 24
IV.5 Selenium-77 and Tellurium-125 NMR of Te,Se.” .
- ' Numerous'rreﬁonances were.observed in the '’se NMR
"~ spectrum jia 10Q$ !1'2504 so]gtionlof (TEZSEG)(TEZSEB)(AEFG)q'
.(Eaziszfhe.intensities-of which'variea with time. A Siﬁ;fe
\h_,/ﬁ'. ~resonance at -732 ppm grew and th‘n diminished in intensity
) R ~ in a manner not mimicked by ag;ﬁéé:igf other resonanceﬁ;

indiba;ﬂﬁﬁ“‘%hat' the'speciés-producing this resonance had

only one selenium environment. A resonance at -732 ppm was
‘ ‘ & :

also observed in th ctra of solutions of (TeZSeB)(AsFG)2

in 100% H,S0, (see(?é?ﬁ} IV.3 and Fig. 1IV.4). It could not

« be attributed to T925e82+ﬁiiee section II1I1.7) and was there-
2

\\‘/igbg- assigned to TeZSe6 produced by decomposition of

Te,Se Z+ since Te,Se 2+‘h’as only one selenium environment in
2°°8 2776 —

the solid-state structure (Fig. IV.1).

Since (Te,Sec)(Td,Seg)(AsFc),(S0,), is difficult to

prepare while salts of the TeZSeéz+ cation can be ‘routinely

-~

T

~ l. | Y \\ .
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| FABIE 1V.3 "7se and 12°7Te NMR Parameters for Te25e62+. T s
> ‘ § (ppm) < 3 (Kz)
_ Samp]é _Solvent 175 1257 25¢ 125701257 | '€5
. - » - .
< a ‘AsF, -717.7  901.9 3559,_319 , F&:zo
b . T -719.2. 901.7 3559, 329
' | 354D
o | L ‘h
¢ - 100% HpS0, -732.9 . 317 g
o d - 33.1 963.9 = 322° a
e - . T -732.4

(a) 26.8 mg, 0.210 mmol Te [%7.3% 125Te) and 87.2/mg, 1.10 mmol .
'Se were reacted with 0.32 mmo? AsF in AsF_,(for 16 h and:

the solution f11tered 1nto an NMR tube aﬂ sealed

- - (b) (Te Sea)(AsFG)Z(SO ) d1sso1ved in ASF3 (0. 03 mola])

{c) 0.2857 %f,z .24 mmol Te and 0.3567 g, 4.52 mmol Se were d1s-

" solved ¥n 1.5 g 100% H,50,.
B ﬁd) (Tezsea}(SbFG) (502) dissolved in'lOO% H2504.
) (e) FTeZSeSY(TeZSea)(AsF6)4(SQZ)2 dissgl:Fd 1n:100% H2504ﬂl
(f) Brown .powder produced from _reaction IV.2 redissolved in 50,.
‘ : =
(g9) From<125Te spectrum. T _
(h) From 77Se spectrum.
. ‘. - o
!‘ -
_ ) . R
. A - " '
: ¢4,-> ' v
: @4&:‘) | ! ’
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. FIGURE IV.4 Netural sbundarice 77Se and 125Te NMR spectra of the Te25e62

" &) TTse spectrum, sample c, Table IV, 3 (76441 MHz- 80 000 scens; 6,1 Hz/pt).
: _:éj:ellite doublet results from’ J( 7Se 25Te) (b) 25 spettrum, sample b,

able 1V.3 (78.97 MHz; 148,000 scans; 3.0 Hz/pt). Both (7 se= 125tne) and

(77Se 125'1‘(3) are observed.

2s
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aﬁnvestigations of«the'T%éSe62+ cation

+ . : : .
8 - salts. _Moreover, since

osition peak tp.that observedafor_the 100% H2504 so1ut1on

(TabTe‘ 1v.3), but'with7considerab1e reductlon in 11newtdth'

and a corngsponding inéTease in the sjgna1;to;noise fratio,
so1utions_i' Asﬁﬂ’rather than'HZSO4 were studied.

125

’ The ‘resonance a551gned to Te, SeG2+ from the Te

2
q
NMR ,spectrum of natural abundance (Te Sea)(AsF ) (50 ) dis-

Aso]v d-in @sF d1splays two c1ear1y resolved doublets about

the centra], uncoup]ed peak (F1g’ IV 4). The total intensi- -

\

'ty of ‘the outer sate111geipeaks (J 355 % 6 Hz) is"22%\

relat1ve to the centra] 11ne,‘wh1le the 1nner sate111tes

?J = 32 kS 6 Hz) appear %o be of comparab]e magn1tude but -are

not as, we]l Tesolved. Th1s 1ntens1ty is consistent with

- —-*\

coupling. of te]]ur1um to three equ1va1ent,;natura1 abundance

'se]en1um nuc]ei (Table 1IV. 4) The coupl1ng constants indi-

f-_‘cate that one set of three selen1um atoms is d1rect1 bonded

to te1]ur1um wh1le the second set is more remote. This.is"”

2
ﬁ -
IV 4) In the 77Se spectrum of this *same samp]e a resonance

Was_ observed w1th a sate111te doublet of 7% 1ntens1ty re]a-.

't1ve to the central ]1ne, and a coupling of 354 % 12 Hz

' (Tab]e ~IV.3). The 32 Hz coub]ing-was not 'resolved. The

doublet. intensity‘indicates_cdupling to one natural abund-

_ cons1stent with- the soI1d state structure of Te Se (F1g.‘

-Q.

g e e



(a) 775e =.7.58%:

Abundance Selenium-77, Tellurium-123 and Tellurium-125.,

Intensity . A .

u‘NueTeus l‘ #?l _yncouﬁled . Doublet  Triplet 9C
se 1 o2.42 . 71.58 - 8.2
2. . 85.41 14.01 0.57 16.3-
3 78.94 19.42 -  1.59 24.4
1237, 1 g9.13 0.87 - 0.9
2 98,27 1.72 1 0.01 1.8
i 3 97.m - 2.56 - 0.02 2.6
1257 ) 93.01 . 6.99 B
-2 . 86.51 | _13.09" ©0.45 15.0
3 . 80.46 - . 18.14 | 1.36 | 22.4

Y

123Te = 0.87%; 125Te - 6.99% (67).
(b) Number of equ1va]ent atoms . (c) Total intensity of

doublet . relative to central line (uncoup1ed peak . plus
contribution from tr1p1et)

54

" TABLE IV.4 Satellite .Intensities for Coupling to Natural®
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plmulatod

. - FIGURE IV 5 Observed and simulated 1251‘9 NMR spectrum of Te2836 '*', 7T73%
h enriched in 125Te sampla a, Table IV.3 (116, 000 scans, 2.4 Hz/pt; 78.97 MHz),
(1-8) An'X; (*) Ak (’r) Arrxxe,
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- ance tellurium nuc]eus (Table IV 4) and is aga1n consistent

with the solid-state ‘structure.
£ Hhen‘ the concentrat1on’of 1257, in the sample ‘was
enriched to 77 3%1a large number of sate111te peaks appearedu‘[

in the 123

Te spectrum in add1t1on to those observed in theijﬁ'

. \,
" patural abundance spectrum (Fjg. Iv. 5) ‘These peaks are too’

77 125

jntense to result frdm_ Se- coupling and since the two:
tellurium atomsrin the‘struttureﬁare chem1ca11y -equ1va1ent.
‘the add1t1onal 11pes 1n the spectrum must result from magne-;
tic inequi _1ence. The most-1mportant sate111te pattern for
natural'abundance'SeTeniun?and'77‘3% enrichment in 12%7¢ s
an AA'X spectrum (ABX w1th 8 = &B) ar1s1ng from both : tel-
jur1um atoms and one se]en1umﬂatom (%ab]e IV 5) Th1s has
) eight,]jhes in the AA® (125Te) regfon and s1x lines in the X
-(77$e) ‘rejion ‘(Sé).- S1x of’the eight AA' 11ﬁ§s be-
" clearly - obServed in the spectrum w1th the rema1n1ng two " as
- shoulders on the two AA' lines closest to the centr
uncoup]ed' line (Fig. CIV.5). JUsing prev1ous]y estab11shed
méthods (£/§ 53) the two 77Se 125Te couplings and the 125 Te-
125Te coupljng (Tab]e 1v.3) were extracted from . the -1ine
separations in. the AA' X multiplet (Table TV'G)' The formér
two agree with those observed in "the natura] abundance ;25Te
spectrum. Using the values oﬁwthese coupling constants and
'.the 'hrobabi]ities of the 1sut0pic'distribution for 7.50%
77 - 125

Se and 77.3% enrichment in Te (Table 1v.5) and assum1ng

~ the 'sdlid-state structure of'twq.te11urium atoms joined by
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TABLE IV.5 Isotopic Distribution in T925e62+. o \\\\

SPIN DISTRIBUTION

" SPIN:1/2, COUPLING Se Te M® g% NMR-ACTIVEZ
'NUCLEI® PATTERN S
| . o 1/2 0 1/2. 0 ' . 77-Se 125-Te
None - : - 6 - 2 1 3.23 - _-.
IR X 15 - 2 § 1.57 4.20 -
1,2 X, (1) T2 4 - 2 3 0.06 0.17 -
1,3 x,(11) 2 4 - 2 6 0.3 0.35 =
1,4 X,(IID) 2 4 -2 6§ 0.13 0.35 -
7 A o6 1 1 2 21,98 - 23.17
7.8 A, -6 2. - 1 37.43 - 39.46
1,8 AX(1) . 15 1 1 6 5.35 14,32 5:54
1,7 AX(ID. 1.5 "1 1. 6 5.35 14.32 5. 64
R N N Y S A 18.21 48.74 19.20 -
L2, A 2 1 176 0.43 1.15 0.45
1,37 ANX(i1) 2 1 -1 12 0.87 2.33 0.92
L4 AX, 2 L 1 6 0.43  1.15  0.45
T 1,4, . A Xy . o

1,3,7,8  AA'XX'(I) 2 - 6 1.48 3.96 1.56-

2 - 3 .0.74 1.98 0.78

4
4
4
‘+4° 11 6 0.43 1.15 0.45
4 | '
1,2,7,8 “AA XX (11) 4
4

™ N N Moy

1,4,7,8 AA'X, 2 - 6 1.48° 3.96 1.56
TOTAL 99.3  98.13. 99.28

.(a)'NUHbering is as follows:

1=Se(11); 2= =Se{12); 3= Se(13);
4=Se(14); 5=Se{15); 6=Se(l6); 7=Te(3); 8= Te(4) (F1g. Iv.l.)
(b) Multiplicity. ' 125

(c) Percentage of 1sotgp1c 1somer for 7 50% Se, 77. 3% Te.
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" FIGURE IV.6 Components used to simulate the '< Te NMR
spectrum of Ts_.-zse_sz"', 7743% enriched in '257e,



TABLE IV.6 AA'X Assignments in Te,Secl’, AA® Region.. .

Line

RNV ST VI S

Position/Hz?
Observed®— Simulated
-256 " .257

-:_-ba‘ ' -64
-136 -137

57 56
-54. ' -56
138 137
66° 64
258

257 v

(3) Relative to uncoupled Vine as zero. i{b) ‘Datz point reso-

Jutfon is 2.4 Wz/pt., (c) Estimated from other lfne positions.

¢

_ " 500 Hz
- observdd

'~§;

simufated

59

-

- -

* PIGURE 1V,7 bae;;;a'and eimilated 1/Se NMR spectrum of Te,Seg2*, 77.3% enriched in 123,
N naturdl abunflance ‘'Se (sample {a), Table IV.3}. The observed spectrum was:accumulated at

76,41 Mz in

"

P

. -

,ooofagana. 6.1 Hz/pt. A line Yroadening of 12 Hz was 2pplied to the expon—
ential smoothing og the Iree-induction decey, s

>
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three, two-atom selenium chains, a series of spectra.were

simulated and summed {Fig. IV.5 and IV.6). The s%mu1ated

AA'XX' multiplets required estimates of the 77Se 71

"lings. The three-bond. ’/se-77

Se coup-
Se. coup11ng in AA'XX'{1) was

set #o zero and the.directly-bd%ded coupling in AA'XX'(I])

2%
- . 8 .
is 108 Hz (section IV.4).) Since the two strongest peaks in

set to 100 Hz. (The mean direct]y-bcnded coup]gng'in.Se

these ﬁu]tiplets are insensitive to‘the_maghituce' of this
coupling (compare AA“XX'(I) and-AA‘XX‘(II?lin Fig. IV.G) and
the species producing these multiplets are of " very  low.
probability (fab1e Ivlqj, these estimates did not produce
any signiﬂicant error. The AA‘XZ sp11tt1ng pattern is 1nde- :

pendent of the. 77 77

Se coup11ng constant. : The‘resu1t1ng
- simulation (1nc]ud1ng a 1Jnew1dth of 12 Hz) fits the observ-
',ed spectrum extremely we]l with 511 of the observed _satel-
flites accounted- for (F1g. IV.5). The AA_X and AA xx* Syst~'

ems have been reported,. fochexaﬁpTe, in tﬁe 1H spectrum of
"Z-furfuro1_ (54) . and. the. }9F »spectrum::of 1,2-d1chloco-
3,4,5,6-tetraf1corobeh;ene (55) respeCtivet!;' but to our

knowledge this is the first report of sucl§, inequivalence

involving heavy nuclei. “
.fhe 77Se NMR spectrum of th1s same ;ample ‘cpmple-
ments the above ana]ys1s (Fig. IV 7). The siﬂu]ated spec-.

rtrum- 1ncorporates the X port1ons of the coup11ng patterné

described above as well as X, xz;' AXXf and sz components-
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_FIGURE IV,.8- components used to simulate the 77Se NMR spectrum of Te2Se62"'
77, 3% enriched in 25Te, natugal abundance 7789
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-simulation were retained here. . The simulated

62

—~
» - -

(Table IV.5). The indivi@uai components used in this simu-
. : Y N '
lation arg given in Figure IV.8. = The signal-to-noise ratto

in the observed spectrum was not good enough to determine

Eny'yTSé*77Se cauplings and the estimates used in the 125

77

-

Te
Se spé;trum
matched the observed spectrum whénAa 1ine width of 30 Hz was
used in the simu]atign.i |

77 125

. The nesu]fs of this Se and Te NMR investigation

(’“ﬁbf the Te25e62+_catjon_are consistent with retention _fn

»

.solution ~of the solid-state arrangement of two tellurium

atoms joined by three,.two-atom seTenium chai

S . An import-
ant feature of .the solid-state structuré,';h wever, is the

large Te-Se-Se-Te dihedral angle of 6§9° (section IV.7).
1 |

Vicinal Yu-ly couplings in HCCH fragments are dependent upon

the H-C-C-H dihedral angle (56). The observed 25Te-1257¢’

coupling-for Te25e62+

could,  in principle, be of signifi-

cance in deducing the Te-Se-Se-Te dihedral angle in . solu- N

~_-{1-) . - ~ . . ' ’ ’ . .
tion, but since no J?HB{\:z;p11ngshave been repor®ed for
similar geomgtries, no ¢ eTation-between the coupling

canstant and the dihedral angle canibe estéb]ished at pres-

~

ent.
2+ Structureé.
2+
. 6 -
(TeZSeﬁ)(TgZSgé)(AsF6)4(SOZ)2 that are less than the sum - of.

I1V.6 Anion-Cation Interactions in M8
The interionic contacts to Te,Se in
van der Naals raditi are given in Figure IV.9. <;hé direc=

‘ ;
a
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FIGURE IV.9 Anion-cation interactions

 _at'Te2Se62+ in TeéSeg(TeQSeB)(AsF6)4(302)2.

2+

' FIGURE 1IV,10 Derivation of the Seg
structure (filled-in bonds) within
'thej$910?+ structure (cf. Fige IV.2).
Thermel ellipsoide to 30% prob.

-

£9°




tions of these interactions are!similaR to those discussed

above for the M102+-3a1t%_(sectjon I11.9).

Te(4) 1is Ax3Y2E with oﬁe of fhe Y compone té‘of the mono-
dg;;\bﬁhds td\

tely trans- tg iy

The geometry at .

capped octahedron misédng. There are four sedo
Te(3): F(21), F(35) and F(45) are approxig

s .
Te--Se bonds, ‘or. a]ternaéﬁV’]y cap faces of/ the AX,E tetra-

3
hedron, and F(43) bridges an edge of the t trahedron. Simi-

2+

lar AX3 3Y E arrangements are observed for the M10 salts

(sect1on III 9) and for. (TeCI )(SbF ) (sect1on vII. 7) Con-~

tacts to the seIen1um atoms in Tezseﬁ2+ are - agaln‘ moét]y

collinear w1th the primary bonds. Interionic contacts to

Te23e82+ in this compound were discussed in the previous

chapter. The Se...F contacts to‘ the Se82+.'cat on

/
Te (Se8)(AsE€}/ISO ) are fewer in number and probab]y

than the anangous Se...Cl” contacts in SeB(AICI4)2 (12),
consistent with the greater po]ar1‘b111ty of ch10r1ne. The |

l'shortest of the Se...F. and Se...C1 contacts are to.the two
'atomsllinked by the transannular']hteractjon and which carry '.(

most of_the‘positige'charge}d
R - . Lo ’ » ] “ ' oy
_IV.7‘-COmpariSonfof'H82+HStructures.

: 2+ 2+ .
Ihe m1xed cations TeZSe8 and Te Selo x  are 1507

'structuraI w1th the homopo]yatom1c cat1on Se102+, which has

a

the same average ox1dat1on state (chapter III) . The struc-

‘ ture of Te23e62 . however 1s very d1fferent from thaf of

Se82+, which again has-the same average oxidation state as

) . “—
.
- -

L,..



[XY

bridgee.

similar fashion to Seg

€

’

the mixed TeZSes2+ cation. . The 5982+ and 582+ cations are

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

long cross-ring bond (Figore Iv. 2) This structure ﬁa&gbeen

described as being half -way between the.crown shaped ring of

T4+

©

58 and Se8 and the cuniaﬂe Tike mo1ecu;;\\§3N4, which - is

isoelectronic. with the u known, 58 cat1on (9). The Te28962+

cat1on is a d1storted cube w1th three of the édges (those\. .

not contained in the va]enge—bond descr1pt1on} cons1derab]y .

longer than the other nine (Fig; Ivil) . Thie structure is

very similar to That of T??§S§::}except “‘that the unique
four-atom selenium br1dgp of 2+ has . been reduced to

25¢8
two selenium atoms,. resulting in three 1dent1cal ~ two-atom

2+ 2+ .,

The Te,Se, “and Seg™  structures can be re]ated to

each other * by consfdeping the structure: of rthe1r_ parent

species TeZSeB2+ and Sef02+. Figuﬁe IV.10 demonstrate§'how‘
the -exo-endo _eight-memoeredf ring of Seszf cam be’ found
within the 102+ stru ture. Removal, of qfo;§>5e(9) and

- :
Se(10) along with forc1ng Se(l) and Se(5) closer together to

form the long transannglar bond resu]ts 1n Se 2+ (compare

Fig. IV.2. and. IV.lO). " The i} 6/ﬂ2an s1m1lar1y be
. v ’ .

‘found in Te Se/£+ the 2+

sSeg” ,  as can the distorted cobe of Te
i 2+

25¢¢"

- {Fig. 1IV.11). Fefmation of.'ieZSesz*'frdm Te,Se %t in a

2+ 2+
fromSe10

would, ‘however, result
in atoms Te(2) and Se{6) forming the tradéannu]ar-bond,,with

Se(l1) and Se(2) being eji.'

~
]

nated and Te(1) becoming 'oo1yﬁ

R &



. YowE 1v.11 Derivetion of a) tHe Seg?*_like structure
he Te,Seg”" structure: .(ﬁ;.&gd— hdnds) widhin

C .y an@ BNt |
T -tHe Td@eaz"atructure (cfo Pige. IV,1 “? &.2‘).

© "+ Dogpted -lines. indicate edges of the T'ease's2 cubefgd)uble-f/’\@:,/
R }d ’tted-lg.ne'indicate' ‘Mg==Se bond jo.‘ be formed, . ° - '
. N b ) C o . T . i

B I S




“{seg ect1on Iv.4) and th1s 1s the most stab]e structhre for

67

.

two-coordinate. Sinct tellurium 1is more electropositive

‘than . selenium . (57)“& more favorable structure would have

both ;ellurium atoms in-three-toordinate .positions, " where
the bulk of the pos1t1ve charge is presumab]y located. The

Te,Se 2+

25€g and Te25e42 cat1ons exh1b1t th1s tendency w1th all_

~of the three- coord1nate pos1t1ons in these cattons occup1ed '

2+

_ by tel]urium. Formation of Te,Se " as in Fiqure 1v.r

: '
allows ﬁﬁthwtellur1um atoms to rema1n three- coord1$ate \1253

the resu1t1ng cube-like strﬁtturé4$§ apparently more favor-

2+

able than the Se8 c=like structure._

-

% Homoatomic cations and anions tend to'adopt struc-

tures that el1ow for charée de1oca1izqtioo.‘ The trigona]-

. . 4+ - : 2+
pr1smat1c Te64 and sqoare-p]anar 542 , 4 and Te4

" cations (26,"22,‘10;'13) exhibit complete chafge deToca]iza-

tion with all atoms equivalent.. The P54' anion is a-reou1ar-

hexagon '(58) and the same .structure has been proposed for_

the 1sova1ent Je62+'catjon_££: 51,769). This charge-deloc--
alized structure wod]d presumably _be more staolg ch;m a
structore with 1oca11zed bonding as(ggie¢ d in the,related
Te25e4 ‘ cation (see section V-l) There ‘ con51derab1e.

2+ 2+

delocak1zatton p0f charge in the 58 and Se8 structﬂres

these homoatom1c cations. Thea]é}ge electronegat v1ty dif-

ference betwg%m te11ur1um and selen1um, however, ds apthié?yz

ent1}&0f greater 1mportance'uhdeterm1n1ng,the structur
- . o~ .- ’

<

i d _;_;;;.- PR P LT

\/5




68
the mixed Te-Se cations,' and Te e62+'1s no exception. The
Te Se'2+, Te,Se 2+ and”Te Se %’ structures gan be readily

2774 2776 2778 ,f

:fnterpreted by electron-precise, 1oca11zed bond’ descr1p-'
tions. Since the ejeetronegativity difference between se]f-
enium and sulfur is negligible (57) the hypethetica} mixed
-§ Se8 x2+' cations would . be- expected to_.adopt the Se8

structure, while Tezss,z+ should be isostructera]"\ﬂith
Te,Se 2%; ‘, - ' ) '

2+

2 6 . P ! '
o In keeping with the above discussion, one would also ‘
“expect the Selo2+ tation to adopt a cﬁazge-delﬁca]ized a;&ug*J/’ _q/\
' A
_ture, yet Selo2+ has the same solid-state structire - as
2+

TeZSe8 . Spectrosc0p1c evidence suggests, however, that

this structyre may not be retalned in so]ut1on.! There s

ifference between the soTut1on and. sol1d state ‘ ‘

ic spectra of the Selozf cat1on and 77Se NHR stud1es

~have prov1ded ev1dence for 1ntramoiecu1ar exchange in " both

SO and 1001 H SO4 'solution (16, 38). In contrast,_the 77$e o .-\\

2+

NMR spectrum of TeZSe8 in 1001’“ 50, °shows no signs ".of

exchange. and is consistent with the soI1d state structure

(see sectlons I11.7. and 11 8)

/

) There are three 1ntram6]ecu1ar Se...Se<:;;tact dist- w

ances in Te25e6 " (Fig.. 1IV.1) that are considerably shorter
oy ~
than the

an der Waals ljimit of 3.8@ A 5;9) 'Similar con-

tacts 'a e.gbserved'in Te25e82+ and’se10 +'C hapter II1) .and

these have been Hescribed’ as weak bonds {16). hese ‘short

contaét§ ,are, in the pos1t1ons ofgthe three bon s(EHEF are S

’

.’d ’ ._ . " ‘,.,. ’ Lo r}: ~
SR R "@ o Q L

’ ) o \.:

'...‘ -' -.7'.‘ f -‘". . ’ K ’ . ’ .
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broken by the addition of electron pairs in deriving the

»  Similarly, the short_contacts in;Te25e62+

L]
1

“from breaking three edges of a cube by the edditibn of three

itfucture of Sem2+ and TeZSes2+ from the cuneane. structure

can result

electron pairs. Hany‘bf‘the main-group cages can be derived

from a few,basic cluster geometries in this fashion (9).

these-contacts in Te 2+

2Se6 appear t9 be in stereo-
_impottant p0§itions, they may nbt indicéte sjg-
nificant bonding interactione.- Thie cube;1ike geometry_and
the resu1t1ng Se...Se contacts may be forced on the cation"
"as a resu1t of 10ne pair repu]s1ons between adJacent seleni-
um atoms ig the br:dges, The idealized b1capped trigonal

l- : . 2+
,‘pr1sm.(D h) eometry for TeZSe6

would result in al] of the
lone bai on selenium being eclipsed 1{Fig. CIv.a2). By
¥ncneasing the Te-Se-Se-Te dihedrdl angle " the lone pair.

repulsions can be reduced. A similar situation exists for

cyc16hexene where thethistebdat cdnformation, wit\“all C-QH

nds staggered, is. 1.6 kcal 1ower in energy than the boat,
> .

where the C--H . bonds are ec11psed along two of the Cx- iﬁ;
‘bonds (60)‘ The, TeZSeG2+ cat1on can be v1e3eg_gsf/“n64sfzng
of , three fused tw1st boats. “If the AX2E2 geometry .
selenium was perfect1y tetrahedral -EHEn the projected | lone
'pa1r - lone pair ‘ang1e in F1gure IV.12b would be 120° afd a
d1hedra1 angle of%30° would resu]t in the favored staggered //
géometry "of the lone pairs. ‘Since Tone ‘pairs ‘Yenerally
—~ «d C—~ "



S
= - =\ O/Teo -
- 0 o
Se——Se : - '
. a) : . | 0 ; b)
& ' . t'. ) ) “
L - -
- FIGURE IV.12 Orientation of lone pairs.qf electrons in Te,Se=".
a) Idealized D, geometry, all lone pairs eclipsed. b) View alon;
Se=vSe bond with Te-Se-Se-Ta dihedrsl engle of 5Q° , lone pairs are
staggered, '
o §
[ _ \ N,
\ .
o
) F .
. s ‘
’
K . . C N '
3 @ PIGURE IV,13 ORTEP viéw of the Asy,>~ snion, redramn from
: . . " ' coordinates in ref. (63). |7illed-in bonds’ indicate the
- Te,Se <*-1ike core (et o IVL1). L .
. . 2776 ) . -

{ N [

P s . . a - "
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exert 'a.grgater repulsive effect.than bond “pairs, = however
iﬁl), the- projected .10ne’bedr‘- ione peir angle would be
expected to be-greater than 120° and the ~most 'fevo ble
dihedral-ang1e then somewhat'greater than 60°. THe obserVed
dihedral angles-in _(Tezses)('T'ezsé's),(AsF6)4(soz)'2 are 68.9,-
69.2 and 69.3° (mean 69.1°) which are very close to tbgt"_
expected for the most favorab]e-lone‘pair geometrj. The
cub1c structure of the catton therefore may resuL; from ldQeu
pair repu151ons or weak cross-ring bdnds, or both;
| " The weak cross-ring bonding arguméht is supporged by
}the _structures of the P1137laud-As113" anions (Gziéy
2+

L;ke Te,Se,™ , these species can be viewed as being derived

63).

from ‘a cube (9) and - has been suggested as a  possible o

. precursor to the as yet snpreépared Pé cubane . (64). " As
described above, the TeZSe
addltion of e1ectron pa1rs to thre

structure results from the

bouds of thévcube relat-

ed by a three-fold axis. f In P 3 ‘and As %" these - same

: W . ’ Yok ! .
bonds are broken, but by . th dition of bridging .atoms

rather'than‘@ﬁ_electron pairs e resulting structures

are remarkab]y similer (compare‘F%gu "
-

Removal of the three divalent arsenic atoms in As11

the Te25e62+ structure. In an ana]ogous fashion, remova1 of

I1v. 1 nd - IV 13)

3- qeaves .

g sulfur or §Elenﬂﬁmﬁ§tom from the b1rd cage structure‘:of

P S3 (g&lh\‘ As£§e4 ‘5660 resulas in the teut-sheped.

T TeZSe f structnre (see chapter VY). Addition ot'the ‘three
| -h;idg1ng arsenic atoms to)the e1ght atom core of the As. 13
. - - _ -&

ve @\L
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R

t

’ i ~ > v - ( - -
anion causes a somewhat greater distortion of A£he cubic’

“geometry of ;this cpre'than does the addition 3f three pairs

~of electrons gn Te,Se 2* ' The mean Te-Se-Se-Te' dihedral
@ 2776

. _
angle of 69.1° in Te25e62+'is closer to the idea]_cubEvva1ue

of 90° than is the related mean angle of 58.1° in Asll3'.
s
5 Cation in (Tes)(SeB)(AsF ) (SO ).

The dimensions of the known Te64+ cations are tom-

IV.8 The Te

("

T - - Jo. 72

..e

o

pared in Table 1V.7. A1l three examples have slightly.

-y

distorted trigonal prismafic structures. In the presént

‘case, the Te At

6 catiom has no crystallographic symmetry and

the -end tr1angu1ar -faces are.eclipsed with a small but -

signifigant ang]e of. 3.00° between their planes kFig. Iv.2).

] Thii-\smé11 angle between. the end faces results in angles

ranging froml88.50.td 91.48(5)° in the-?recténdu]ar" face}

Aithough the cation in (Tgs)(A§F6)4(802)2 has no crysta]i'
_ | S '
_0T¥ this cation since.the end triangu]ar‘faceéﬁére pargllel
to within 0.60° and the atoms in the reétaﬁgu]ér faces fare
within 0. 006 A of the1r least- squares. mean p]anes.. .in
compar1son, the cat1on in (Tes)(AsF )‘(AsF )2 has crysta]]o-
:_ﬂgraph1c tsymmetry 2 and an angle of 1.75° between the‘ end
; triangu1éf faces wh1ch are a]so twisted by 2.72 witﬁ re-
'-spect. ta edch othi;/(ZG). - There a}e alse somelsiénificaﬁt

var1at10ns in the Te--Te bon e!g:hs .iq- these  cations

(Tab]% v.7). Iﬁ»{’}és)(Ast)a!(SOz_)z al].the bonds in sthe



TABLE IV.7
&

Bond,Lengthsa

Te(1)--Te(2)

- --Te(6Q
Te(2)--Te(3)
o --Te(s)

Te(3)--Te(4)
Te()-~Te(5)

~-Te(6)

- Te(5)-~Te(6)

Bond Angiés

.- triangular faces.

I3

rectangular faces

L8,

(2) The atomic numbering from ref.
fit the lpresent structyre, i.

-.\\‘_w 3=6, 4=5, 5=1,

6=2".

4=1", 5=3',

(b) (Teg)(AsFg),(S0,),.
(c) (Teg) (ASF ), (ASFy)
(Tes)(SesgﬁAiFs)ﬁ(Soz).

--Te(3)

6=3, and for

® -

2.684(5)
. 2.679(7)

3.132(6)

'2.694(5)
- 3.132(2)
'3.062(2)

3.148(6)
3.121(6)

2.§77(5)

2.675(7)
2.675(5)

\'_‘ |

59.8(1) -to

'60.3(1)

88.9(2) to
91.4(2)

)

—.\.

Bond Lengths (A) and Bond Angles (deg) in Te
Structures.

1FC
2.662(3)

27673(2)

3.132(2)
2.672(2)

2.673(2) °

2.672(2)

2.662(3)

2.702(2)

1119 T

2.679(2). -

3.167(2)
2.701(2)
171(2)

22698(2},2"“-

2.679(2)

59.47({5) to . .
60.32¢5) .
88.51(6) to’
91.43(5)

]

(26} has been mod1f1ed to. -

for structure I,
ructure I1I,

»

1=3 2 2,

1=4, 222,
3=1,
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end 'trféngular faces have the same length and the ‘BondS'

between these faces are also Vfrtua;1y equal in length. In

the present catioo the bonds between the trianguiar faces

‘have 1engths of 3 047(2), 3 167(2 1nd 3.172(2) ﬁ. In eech

end . tr1angu1ar face the bonds wh1ch include the tellurium

étoms, involved 1in the short bond between these faces ‘are'

'\ .-
;ignificantly tonger than the rema1n1ng bond (Tab1e IV.?);
A similar ‘but less pronounced gorre]at1on 15'observed for
the bond lengths in the cation in (TeG)(Asfs)q(AsF3)2
Variations in the dimensions of the Te's4+ cation in

i v ' . B
t bseg different str ‘ures can be attributed "to differences

~inithe anion-cation interactions. The 1nter1on1c contacts

64 in (Tes)(SeB)(AsF ) (SO ) that are less than “the

e to Te
van’ der waa1s limits "are 1nc1uded in Table Iv.8. Ato@s
Te(3) and Te(4) whlch form the ‘short bond in the‘reCtangular
fgce$t (ond the ‘tong bonds in the .triangular"%eces)' form

—

geﬁera1 more: (f1ve to.six) short Te...F contacts in'-tﬁe

ranQe 2.73 to 3.15.K. " The oth{r te11ur1o@\stoms have _oniy )

two to three contac s of simitar 1ength; . .

¥

In a recent mo]ecu]ar prb1ta1 investigatﬁon;of"“the~

Te64+ cation (51) it was ca]cu]ated that the caglon achieves

its 1owest energy when theﬁtwo tr1angu1ar faces are each

fo]ded back ca. 14° from the parallel Ros1t1ons oF’é regu1ar_

%

trigonal pr1sm, 1.e.,w1th one. ]ong bond and two short: bonds

befween the tr1angu£§7}faces. In the ‘present structure“
: N4 S e ‘

| - '- | T ; | . [f . (~; ‘;ny%\

™

4

b
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: . . howéver, there is one short bond and two long bonds between
& } C . _ , . .
‘ these faces. '

.
. ! N
| N =4 o : _
“ TABLE IV.8 Interionic Contacts (R)to Tes4+ in o .
~ Te, (Sea)(AsF 6(50,). - c e
.  Ye(1)...F(13) ;'3,089(15) Te(4)...F(12) 2.890(14)
. . . ...F(62) 3.453(15) .o oF(52) 3.63%§§
...F(63) 3.148(15) ... F(55)_  3.46(
...0(1) _ 3.284(16) l...F 41)% 3.090(12)
.-F(11)3 3.011(14) .. .F )e 3.292(15)
...F(21)2 4 3-199(18) . ...F(43} 3.123(13)
oelF(231)7 3.21(3) 0 <..F(31)% 3.030(13)

...F(262) 3.43(4)'

- ) . o Te(5)...F(38) ' 2.914(15)
v Te(2)...F(36) 2.965(18) . i ...F(42) 3.407(14)-

...F(62) 3.471(14) ...F(45)  3.243(15)
...F(65) 3.146(16) | ...0(1) 3.393(15)

Le.0(1) | 3.357(15) ...F{22)7 3.23(2)
.. -F(22)2 -3.12(2) C ...F(33)° 3.027(13)

.. F(33)% 3.299(15) ...F(241)e 3.30(3)

...F(231)b 3.35(3) . - ...E(252) 3.39(4) . .
| ...F{262)°3.33(4). © - o
¥y S = Te(6)...F(13]  3.187(16)
Te(3)...F(14) 2.960(13) -~ ...F(42)  3.494(15)
- -..F(55) -~ 2.73(3) - ...F(46). 3.118(19) A

- - ..-F(35)5 3.000(13) . ...0(1) . -3.337(15).
¥ . e..F(61)y 3.135(15), . ° ...F(16)% 2.926(14)

- _ N ...F(62) '3.151(15) - ...F(21).. 3.16(2)
ST -.H.F(64) 3.111(18) ...F(2410 13.25(3).

»

4

. “Symmetry Code

(b) -1+x. ¥,z
(d) -x, y,_-z
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; 1ated, h}wewer,' and the structure of the Te6
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There are three published X-ray crystal structures .

with chalcogen EEtioné of aVerage‘oxiQation state +0.33.

These are of the compounds (Te23e4)(AsF6)2, (Te25e4)(s_b!-'6)2

“and (Te,S ](ASF')2 (20) The éryEtai str0cture 6f -

(Te$5e4)(AsF )2 has recently been-. redeterm1ned (21) In all

cases the cation 15 a six- membered r1ng in the boat conform-

atIQn with ohe cross-ring bond (Fig. V. 1} Th1s cage struc-

ture can be v1sua11zed (9) as ar1s1ng from the parent tr1g-

onal pr1sm cluster structure by the addition of two pa1rs ‘of

‘electrons or from the “birdcage” tructure of P S3 (65) and

related snecies _such as Sb, 3- (68) and A535e4 (66)‘ﬂby_—

removal of a.bridging atom (Fig. V. 2) Theﬂlatter anatogy

,-is sinilar to the relat1onsh1p between Te25e62+'and Pif-'

(sect1on IV 7)

The hdmoatomicnspecies 562+ and-Se62+‘ are  unknown
”s ) :

.TeG(A1C1 )2 *ﬁ), TeG(AsF )2 (59) -and TeG(SbF )2 (69) lGood

,5crysta111ne samp1es of these compounds have not been_ iso-

2+ cation is

still ‘uncertain 0ne,possxb1e structure is a planar six-

-

membered ring, V.l (59)

VLT

it the. Te6 cation has been iﬁolated in the compounds .



Se'!.

.

FIGURE V.2 Derivation of the Tg23g4
trigonal prism and from the PS5y (virdcage) structure.

,

L3

3%3

2+

2+

cations,

structuré from the

7
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“trons to the‘v system then this can be coot1de;ed a

o The isostructural Te35'e3

- , e - _ .

- ) rv a ‘ '- . .
If. four of the Te atoms contribute one 10ne na1r i;_f?Tec--

_a Iﬁﬁ'

aromatic system with a net of one 7r, d1str1buted over
the six Te--Te bonds of the r ng. hfs p]anar, de]dca11ze¢
strﬁzture 15 adopted by the 1sova1ent P64 ‘and-‘1,3,51§3ﬂ3

- an1qns ,' 8, 70) In the 1soVa1ent 1 3-5,N mo?ecu]e the

4 2
system 1s no 1onger completely deIocaLr?Rd and the. structure.

is a ha]f chaLr (ha]f boat), with the central sulfur of the

tr1su1f1de unit out of the plane of. the other five catoms'

- Lo b & e
{71). This structere 1s'1ntermed1ate between ‘the completely

de]ocdlized p]anar structure of P5 (Te ) and the boat-

"--..__

shaped bond- loca11zed Teaie 'stnﬁcture ,%}recent ‘molecu-

»

A% ... .
lar orb1ta1 1nvest1gat1on of the structures of some polyatw ﬁ(\ -

" omic cat1ons and anions of the main- group e1ements con-

cludes that the planar ring-is the most favorab]e structure

for Te6 - (51). Tﬁ1s hypothes1s 15 supported by a

Mﬁssbauer‘\stnﬂg of TeG(A1C] )2 wh1ch prov1ded no ev1dence.

for more than one Te site 4m the.compound, ‘as expected for

the planar structure, but not'fbr‘atboet structure (72).

2+: 77,

“The TeéSe4 cation has been character1zed by &

Te NMR spectroscopy in 100% HZSO end oleum so]ut1ons

E (50);' Chemical shifts and coup11ng constants are cons1stent

2%

125Te -

cation has also been identified
. . .

“in these solutions (50). The 77Se-”Setnd_ 77_Se-“MSTe coup-

C . -g‘,

Sev .

.- with the splid-state structure being retained in .so]utjon;
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lings indicate that the fe--Te_crosS—rfpg bénd is retained
in this cation and_éﬁe'third’te]]urﬁum atom'is loﬁated at
'éﬁe gpposife quibf the ;ét%on,” at site (45 (fig. V.l}. In
contrast, the{cry§E§1 gtruéturé (éb) o% (Te353)($sF6)2 dem-
onstrates that the third tellurium atem of “the Te3s32+

cation is located at site (3), forming a Te3 ring (Fig.v.l).

V:Z Preparation;pf (Te25e4)(SbF6)2;

FpT]oang' the proéedure. oqt]ined in chapfer II,
1.0301 g (4.987 mmol) of .a- finely«povdered 1:1-'hixture of
té]lurium ‘and selenium was‘mixgd with 1.627 g (7.505 mﬁﬁ])
of SbF in 36‘mL-pf 50,. The initial green solution color
turned red-brown after several mihutes. - After one ﬁeék’ of
st;rring the solution was filtered apd after standing for a*
few days b1ack:c}ysta1s were depdsiféd. These were filtered-n“
ana any‘reméﬁniné vo]hti]é material was removed By- pumping
uﬁder &acuum;' A subsequent X-rdnyrysgaT structure determi- .
nation identified the crystals as (Te25e4)(SbFé)2._ ;A crys-
tal structure of (Tezsé4)(SbF6)2 has already been ‘}eported
(20)l but the space grohb-of'the presenticompoundijé diff
. ferent and Ehefexatf composition of th¥ cation in the for;er
compound is somewhat uncértain (seé section V,B). Ditellur-
~ium Eetrﬁse]eniﬂm bis(hexafﬁuoqoantiﬁonate) has also been
- obtained in other 1ong term (1 ﬁeek) rgactiong invo]Qing'-

different 'stoichiometries of Te, Se énd-SbF5 (see reaction

IV.5 and section VI.3). The previously reported {20)
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_"(Te25e4)(SbF6)2" was obt¥ined after a reaction time of %%ly

0.5 h (20). ' ' o .
\‘-. T
V.3_ Preparatxon of (Te Se4)(Sb3F14)(SbF ).

.
-

o~ F0110w1ng the procedure of chapter 11, Te (0.7%99 g,
5.650 mmp]) and Se (1. 3377 g, 1@.936 mmo]) were mixed with

: -
‘SbFS (4.9036 g, 22.624 mmol) in 40 mL of 502‘ The .solution

- . , ) ‘ .
was dnitially green but rapidly turﬁeﬁrgqg::%\§5rown and

r

after ~one week of stirring was-an amber-brown color. The

“solution was filtered and the solvent slowly .removed by

distillation. After 48 h a Tlarge quantity of black cr}sta1s

~ had formed from the residual brown oil.. ‘The oil wa3 poured

off, the crysta]s washed with 302 and any remain?ng'volatile

mater1a1s were removed by pumping under vacuum. The prism«

'and b]ock -shaped crystals were shown to be Te Se (Sb4F20) by

-3 subsequent X-ray crystal structure determ1nat1on.

)

V.4 Preparat1on of (Te xS€c_ x)(SbF )2

Fo]low1ng the procedure outlined in chapter II Te

+

(1.0891 g, . 8.535 mmol) and Se (0.67449; 8.541 mmol) were

mixed with SbF, (1.848 g, 8.527-mmol) in 45 mL of 50,.

dry idce/acetone bath and the deep brown solution filtered

" while stiiJ cold and allowed to stand. After 48 h the solu-

tion was poured off revealing d’large number of flat needles

‘After. 4 h of stirring the mixture was cooled to 195 K in a'

and plates. Precession photographs revealed that the cryst-

als were i;omerphous with "(Tezse4)(SbF6)2" (20) but the

-
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unit- cell was slightly‘larger} A- subsequent X-ray crystal
structure determination using the atomic- posiqiens' of

E “0Te25e4)(SbF )2“ din the initial refinement identified _the
compound as (Te2 7§_g3"3)(SbF ) This eompound' poSsesses
occupational d1sorder .in that two oﬁ‘the cat1on sites’” are
partially occupied by both Se and Te. A similar situation:
exists for (Te4 55e5 5)(ASF6)2 (sect1on III 3).

When the above proéédgfe was fo]1owed except with a

larger Te:Se ratio, i.e. 1.6514 g (12.942 mmol}) Te and

0.5123 g (6.488 mmpl) Se were reacted with 2.1043 g (9.709

mmol) SbF5, the resu}ting crystals were fﬁ/ isomorphous
with “(Te Se4)(SbF )2". The X&ray crxé al structure. deter-
m1§at1on revealed the compos1t1on of thi econd compound to

. be (Te3 45, 6)(SbF Yo _

]

V.5 Preparation of (Te, ;S; o)(SbF),. - .

Fo]]owing the general procedure as outlined in chap-
ter 11, Te (0.8584. g, 6.727 mmol) and 'S (0.6471g, 20.18mmo1)
.were reacted with SbF5 (2 181 g, _1071 mmo}) in ?0 mL of .ar
91 §0,-50,C1F soivent p1xture. The solution waé initially
amber-brown but4turned amber-red after 15 min. After 24‘h
of. stirring the rea;tiog\ mixture was cooled ip .a dry
ice/acetone, bath to 195 K and the solution filtered while
still co1d. The filtrate was left o stand in the cold bath

which slowly warmed to room temperature over 4 days and a

large quantity of thick amber-brown needles and blocks were

- ,;.‘":J}-'W e
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deposited. Precession photographs of the  needles demon-
. . s 5 .

-sérated that “ they {we;é isomo?phOUS with (Té25e4)Q5bF5)2
: ; > OF

(section V.2) and a subsequent x-ray,cryqiji)structure de-

}ermination identified the compound as. e, 153.9)(SbF6)2.

~ One of the sulfur sites in each of the two ’independent

cations in the structure is partially occupied by teliurium.
) A - .
The atomic coordinates from (TEZSe4)(SbF6)2 were used in the
. ' ] .
jnitial refinement of the structure.

The blocks isolated from this reaction were simi]ar'

in color to (Te2.153_9){SbF6)2, but tPe morphology was dif-

: -~
ferent and precession photographs revealed a cubic space

group With a = 8.35 i. A data set was co}lecieg on a Syhtex
?21 diffractometgr, but the st.ucture could not be solved.
Many of the rare_eart? su]fidég HZSB’ arg‘cubic with axes
of 8.2 to 8.3 R (73).  Sb,S; and)Sb,Tey are known in ortho-
rhombic modffica;ions with similar cell volumes to fhe pres-‘
ent compound (74, 75). This compound may be a cubic form of
éntimony sulfide or telluride or mixed antimony' sulfide-

telluride,

V.6 Preﬁqrapioh of «(Te;55)(SbFy),.

FPollowing the procedure outlired in chapter II, Te
(1.2060 g, ~9.451 mmol) and S (0.3026 g,  9.437 mmol) were
mixed withng5 (1.534 g, 7l079 mmol) in 45 mlL 502. After’
5 h of stirring .-the deep violet solution was cool®d to 195 K

before filtering cold and allowed to slowly warm to 295 K.

9
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éggkifter.é days of standing the so]utiOn'ias poured off‘rebeal-

ing- a large quantity of black crystals, The crjsth]s ap-
peared to be of two* distinct types: (1) large multifaceted,
almospﬁﬁspherica]JErysta]s and (2) flat needles anqk ﬁ]ates.
The sphe;;s were.tricfinic and were identified by Raman (76,

d 125

77) an Te NMR spectroscopy (50, 78) to be (Te4)(SbF6)2.

This compound has previously bgen'prepared in crystalline

- form from a Ge/Te mixture (23).° Precession photogfaphs

" cannot be ruled out. The unit.cell dimensions of an isomor-

revealed ~that the remaining crystals were isomorphous with’

) : - » . -
(Te,S,)(AsF_.),, which has been prepared from a reaction of
3°3 6'2 ) | :

the same stoichiometry b&t'using AsF5 as phe'oxidani. (20).

THe' present compound is then probably (Te353)(SbF6)2.1 al-
thsugh' a disordered compound.df the type- (Téxss_x)(SbFG)z

phous crop of, crystals isolated usind'the saﬁe procedure,

but with the Te/S/SbF; reagent stoichiometry of 6:6:3,  were

accurately determined on a Syntex P21-diffractomefer {see -

P -

Appendis). '

V.7 Anion-cation”Interastfons in H62+ Structures.

As was noted in the previous two chapters describing

102+ and M82+ structures, there are several interionic

contacts to the M62

the M

* cations that are significantly shorter

than the van der Waals limits and are in stereochemically’

meaningful positions. . The contacts to the three-coordinate

tellurium atoms:-are generally shorter and greater % number
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A(SbFG) contains an Sb(III) atgm as well as two Sp(v) ~a§om

jnterest when considering interionic contacts. .The geometry

v.8 'Compqrison of Hs
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than-those to the selenium and su]fur\atoms. The;e observa-

tions are consistent with the greater size (polarizabidity)

- - of tellurium ahd with the positive charges being localized
dt the threefcoordrﬁ;te tellurium atoms. The arrangement of

thé.primary and secondary bonds fo Te{(11l)} in (Te25e4)f§bF5)2’

(Fig:' V.32 prdduces a tricapped trigonal prism, with the

lone paig;fof electrons on tellurium presumably capping a

tfiangu}ar {face of the'prﬁsm. ;This can be compared with
-

geometries ibbserved about tellurium 1in (Te 595)(T32593)'

QAsFG) (50,), §nd (TeF4) (SbyF ,) in Figure I3I. 7.

The SH%F14 /An_, n the compound (Te Se )(Sb3F14)
The stereoactive 1lone pair of electrbns on Sb{III) ‘is

0

of this anion is described a]on?‘with other salts containing

.thg Sb3F14. anﬁhn in chapter VIf

2+ Structures.

= AN B?_ihe "62+ cations described above adopt the

boat conformation with two tellurium atoms forming a cross-

r1n9 bond. " The cations in the compounds (Te2 7Se3 3)(SbF )2

and (Te3 4Se .6)(SbF6)2 are occggpﬁ1ona11y d1sordered with

both of the apfcal selenium pbsifions of the boat (Se(3) and

Se(4) of Fig.'v.l) partially occupied by tellurium. In both

cases the tellurfium concentration is higher @t the apex

opposite the basal \Te--Te bond (Table V.1). The lengths of

NI
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(Teg Seq XSb;F)SHR)-Te() o (Tey Seq Hob3F, KSR, ) - Te(2)

FIGURE V.3 Anion-cation interactions at Te in T82$e42+

structures, hli views toward assumed position of lone pair.
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“the bonds to the partially tellurium-substituted ositions

are signijficantly 1ong§f”than the average Te--5e and Se--Se

bonds }n the structwres‘with qimp]e Te25e42f cations (Table

v.2). Analogous bonds in different TeéSe42+ cat1ons show

some small variations as well, most probably as a result of

differences in adion-cation interactions. The bond-iéngths

to Se(3) and Se(4) in ubli'shed structures (20) of

6)2“ éﬁd " 2Sé4)(SbF5)2", ,bowever, area{ig-

nificantly Jlonger

(Te25e4)2st
n the mean bond lengths to these posi-

tions 1in the other'TeZSe42+ salts (Table Vv.2), indicating

&

part1a1 tellurijum subst1tut1on in these structures as we]l

The cross-ring Se{(3)...5e(4) distances in the

+ .
6-x2 structures are comparable in magn1tude to cross-

T, " . 2+ 2+ 2+ :
ring distances. in TeZSe6 . Te Se10 X and Se10 struc-

' TexSe

tures described earlier (chapters IIl and 1V) and may al?l
'indiéate weak bonding interactions. fhe observation that
the Se(3). and Se(4) sites in the T?xSes;x2+ cation are
ﬁreferénf}ally occupied over the Se(5) and Se(s): sites by
the larger, more po]arizab]évt911uriuﬁ atomS‘(See Table V.1)
lends some support to this ponding argumeng. A piot of the
Se(3)...5e(4) distance as a function of fotal tellurium

.. 2+ .
25e4 cation

content at these two positions for the mean Te
(Te content = 0) and the mixed (Te2 75e5 3)(SbF )2 and
(Te3_45e2.6)(SbF6)2. structures gives a stra1ght line w1th a

correlation coefficient, R = 0.99996 (Fig. V.4). According
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Table V¥,1 Occupatioh of the Sites

(Te2;75€3.§)(5bF6)2
site? kP Fof  xTe
. ' electrons
1 1.029(10) 53.5(5) 109

2 1.006(8) 52.3(4) 100
3 1.119(13)9 38.0(4) 22.5
4 0.822(7)% 42.7(8). 48.6
5 0.979(11) 33=3{4) 0O

0

6 1.014(12) '34.5(4)

(a) Numbering as in Fig. V.1.
(c) Sites where the ,number of electrons

ment in the program SHELX.
\4%y within 3 standard deviations of 34 or 52 are considered- to be
0%

Se or Te respectively. (d) Refined as Se. (e) Refined as Te.

¢ N

C.

77.5

51.4

100
100

2+

in the Te Se, = Cation.
(Teg 4Se, ) (SFg),
kP # of  %Te® ‘xse€
electrons
0.994(9) 51.7(5) 100- 0
0.997(8) 51.8(4) 100 0
0.874(8)° 45.4(4) 63.6 36:4
0.936(7)% 48.7(4) 81.5 18.5
0:990(11) 33.7(4) 0 100
1.026(12) 34.9(4) 0. ) 100

(b} Population parameter fraofn refine-

..
7

—

X
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" Table V.2 Bond Lengths in the Te,Se 2 and 7e se, 7" cattons, N
Compound Ref - Bond Length (M? ‘ N
) 1 -2 1 -3 1.5 2.3 2-6 45 4-6 3.t 5...6
Iezse‘(AsFﬁ)zb 21 2.812(5) 2.547(6) 2.566(6) 2.530(6) . 2.527(8) 2.284(9) 2.327{8)  3.350(8) 5.354(q) .
' - s _2.797(4)  2.563(5) z.siE(S) £2.568(5)  2.543(6), 2.324(7) 2.314(7) _2.3%0(7) 3.451(1)
fezse‘(SbFG)zb ¢ 2.800(3)  2.519(5)  2.558(5) 2;524(5) 2.554(5) 2, 317(7)  2.335(7)  3.364(6)  2.469(6) '
' _ 2.809(4)  2.520(5) 2,553(5) 2,504(5) 2.581(6) 2.298{7) 2,305{6) 3.374{6)  3.329(6) ¥
Te,Se (SbaFy  )(SbFe) « ¢ 2.770(4) 2.460(5)  2.522(6) 2.466(5)  2.494(5) 2.280(7)  2.268(7}) 3.244{6} 3.372(7)
Hean Te,se,2* T . 2,198 2.522 2.549 2.518. . 2.534 2.301 2.310 3.364 3,421
Te, ,Ses 4(SbF ), ©  2.793(2) 2.558({3) 2.552(3) a%Be67(4) 2.546{3)} 2.385{4) 2,400{4)  3.853{4)  3.491(4)
Tey (Se, c(SbFC), © W 2.802(2) 2.646(3)  2,579(3) 2.646(3) 2.567(3) - 2.445(3) 2.469(3)  3.543(3)  3.531{3)
'erSe‘(SbFs)z‘d 20 2.786(7) 2.53%(10) 2.532(9) 2.525(11) 2.539(9) 2.346{10) 2.346{11) 3.412{11) 3.445(10)
'TeZSe‘(AsFS}z" 20 2.82{2) 2.59(2) 2.57(2)  2.56(2) 2.58(2) é.%s(z) z.38(2) '3.49(21 3.42(2)

{a) Numbering as in Fig, ¥.l. (b) Two Independent cations §n the structure. tc) This work. (d} Proposed composition based on
3...4 distance: Te2 A‘Se:, s‘s°'s)z' {e) Proposed composition based on J,.,.4 distance: Te3 USQJ U(A’FG)Z' ’

- ’
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to this plot, the Se(3)...Se(4) distances in the published
% e m e : " :
structuree of (Te25e4)(AsF6}2 "(Te Se4)(SbF6)2
cate that these Eompounds would be better described as

indi-
L

.(Te3.05e3.0)(AsF6)2 an¢ (Te&;45e3;6)(SpF6)2-_respectlvelyw
These compounds- were prepared'from equimolar mixtures of
tellurium and se]en1um and,rt would therefore not be sur-

prising for t e Te- Se rat1o of the products to be greater

than thenyalue Yot 0.5 for T92$?4 +. The bond angles in the

— 2+ . L ' - :
Te25e4 6-x cations (Table V.3)_are sensitive to

: . ~
‘changes "in the tellurium content of the cation as well. The

and Te Se

Te(¥)-Se(3)-Te(2) and‘Se(S)-Se(4)-Se(6) ahg]és inithe
2+

rl

Te cation are néarly 4° smaller than in the  mean

3.45%2.6 | |
Te25e42+ cation. These angles in«fhexpub1ished structures

3 _ 6)2
those of the mean cation as well, again indicdting'partia]

. of “(Te25e4)(A§Fﬁ)2" and “(TeZSeA)QEbF are smaller than
tellurium )substitution‘of the Se(3) and Se(4) sites in the
.\Eoﬁpuunds. - | _ En '

The.unjt celi volume of a_comFound#is instructive jin
determininé its composition. As outlined ‘in section IX.Z;
the cell vo]umelof‘a.given compound can Ve accuféte]y pre-
dicted .from a summation of the average volumes occupied by
its component part§4 ~ The AsFGf! SbFS- and Sb F14' anions -

23

have average volumes of. 101, 114 and 265 A respect1ve]y; S0

that the mean vb]ﬁme of the Te25e42+ catlon, .as‘_deterﬁined
by subtract1ng the appropriate an1on vo]umes from the cell

vo]umes of. the compounds (Te Se4)(AsF )2 (redeterm1ned struc-.
_ ’ . .
F ]
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cation volume as a function of mean Te percentage at
sites (3) and (4) in Te_Se,_°* cations.
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Table V.3

Compound  ,
Te Se,(AsF.),°
238 (AsFg),
Te,Se,(SbF )0
258, L5bF ),

TeZSe’(ShJFi‘)(SbFSJ

A B
Mean TezSe‘

“Tey 583 a(S0Fg),

Tey 4525 5(30Fg),
. . d
TezSe‘(SbFG}z'
'lezSe‘(AsFé)z'e

Bond Angles in jhl Te,Se,

Ref.

21

‘ __'
=
L2

cf
¢

¢

20
s

2-1-3
58,1(2)
57.1(1)
56.4(1)

. 55,7{1)
. 55.9(1)
56.2
57.1(1})
58.0{1)
56.4(3)

57(1)

2+

¥

2-1-5
96.9(2)
97,7(1})
98.9(1)

. 97.4(1)

96.0(2)
97.4
96.9(1)

91.0(1)

96.8(2)
29

3-1-5
99.4(2)
99.7(2)
99,7(2)

99.8(2)

100.5{2)
99.8
101.4{1}
101.7(1)
101.8(3)

101(1)

2+ .
-and r':s'ﬁ-: Cations,

1-2-1
§6.7(2)
?6.9(1)

- 56.2(1)

56.3(1)
55.7(1)
56.4 <
§6.8(1)

58.0(1)

56.9(2)
59{1)

Bond Angle {deg)?

1-2-6
95.9{2)
§7.0(2)
96.0{1)
96,5(1)
97.8(2)
§s.q
'BB.ﬂ(li
99.2(1)

s
101,0{2)
101,3(2)
100.7{2)
101.p(zi

.100.8(2}
101,0
100.0{1)

1100.9(1) .

98.0(3)
96(1)

- N N
{a) Numbering as in Fig. ¥.1. (b) Iwo fadependent cations in the structure.
on 3...4 distance: ,T'z.45°3:s{SbFs’z' {e) Proposed composition based on*3..

:

@

99.5{3})"

99(1)

{c
.4

1-3-2
67.3(2)
66.1(1)
67.4(1)
68.0(1)

tq&}&(l)

67.4 -

66.0(1)

63.9(1)
66.8(9)
§4(1)

5-4-6
94,4(3)

96,1(2)

96.4(2)
96.312)
95.7(2)"
95.8
93.7(1)
91.9(1)
94,3(4)
94(1)

l-5-i.
96.7(2)
97.44)
96.6(2)
97.3(2)
97.8(2)
$7.2
98.0(1),
98.4(1)
97.5(3)
98(1})

'

This work. \(y) Propased compbsi\<dn

) A
distance:. Te3.d§:;_°£AsFE)2.

2-6-4

“97,2(3)

96.7(2)
97.0(2)
$7.0(2)
97.7{2)
97.1

98,3(1)

96.4(1)

98.1(3)
99{1)

based
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ture), (TeZSe;I)(SbFG)2 (fotm reported here) and (Te25e4)-.
. - . =]
(SboF ) (SBFg) . is 187 A3 (Table v.4). This compares favor-

ably-with the value of 188 AS

as calculated from the avérage
Se.and Te volumes of 28 and 38 Ks‘respectivelx (Table IX.2).

A plot of cation vo]umé (Table V.4) as a fﬁnction of the

total %Te at the Se(3) and Se(4) sites (Table V.1) gives a

2+

linear plot  for the ~ mean Te,Se,” cation and the
. 2+ - 24 , _ S
rTe2_7Se3.3 and Te3-4Se2.& cations (R = 0.9987, see Fig.
V.4). The published structureg of "(Te,Se, ) (AsF)," and

n n : - - °3
(TeZ,Se{,f)(__Sb.FG)2 have 'ca.t-wn volumes %194 and 192 A

.rgspéctivelyfr‘significant1y larger than that of the ‘mean
Tg25e42+cation, which again\inditates some tellurium substi-
tution at the'presumed se]eniqm sites in these cpmpounds.
The use of theadét{on volume. as a.measure of its.composipion
is probéblj:mbre useful than the bond length and bdhd-anglé

»cqmpacisoﬁs described earlier since a complete structure

determination is not required for the former comparison. .

2+

The Te S4 cation in (Te2_183_9)(SbF6)2 is.only the

2
second Te-S cation to .be characﬁerized. This .cation is..

isostructural with Te25e42+, with the two tellurium atoms

% 2+
6-x
sé!ts, there is some occupational disorder in this compound

. . - :

forming a cross~-ring bond (Fig. ,V.5). Like the Te Se
with $(13) and S(23) (Fig. V.5) partially substituted by
feliurium‘3in: the two independent cations of the structure

_(Table V.5). "As was observed for "(Te,Se, ) (AsFc)," and
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Table ¥.4 Cation Volumes in Te,Se, 2% and Te Se ' '

Structures, 27 xTTebx S15 25
h . 28
ompound * Ref. Unit Cell 2. Molec. Catfon . . _ : 1w L 3
. Yolume . Yolume Volun(;) El
. us
2

Tezse‘(Ast)z ) 21 124 ,B 390 188 ) Tei) S16

Te,Se,(SbFc}, - a 6614 16 413 - 135 FYETT)

Te,Se, (ShyFy ) (SBF,) ) 4546 8 568 -189 . ’

Mean Tezs_e‘z‘ - -- - - 187 -

Te, ,Seq 4($bF,), a 1691 ' X 423 195

Tey ,Se, ((SBF,), N 1720 Il 430 202 .
- lb

TepSe (ShFg),*” R 1679 4 420 192 |
"rez,sh‘(nsrﬁ)z,"c znf 1585 4 396 194

(a) This work. (b) Proposed composfition based on 3...4 dist- !

ance: Tez'_"SeLG(SbFs)z. () Proposed composition based on .

. \ ~
3...4 distance: Te3‘05e3_°!AsF6)2.
. +f
'
., PIGURE V.5 ORTEP. views of the "Te,S,°*" cations in
- , (Teg 83,9 (SBFg) 50
- > , ¥
I'd
T

6
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“OTEZSe4)(SbF6)2“I the bond lengths to S(4) in the'puh}ished.
strﬁcturé (20) of (Te3sé)(AsF6)2 (Fig; V.l1) are significant-
1y longer than to the analogous S$(14) and S(24) atoms in
(Te2 1 3 9)(SbF )2, indicating that there is probab]f some
tellurium substitution at S(4)} of (Te3s3)(AsF5)2 as we]].
(Table V.6). The s1{ght decréase in the S{5)-$(4)-S(6) bond
angle in the (Te )(ASFB)2 structure compafeq to
(Te2 153, 9)(SbF )2 (Tab]e V.7) is again consistent with this
suppos1t1on.', The Te--S bonds of the Te2$3 ring are éssen-
tially the same length in both stryctures. The analogdus
Te--Se bqnds of ‘the'TexSéé_Xz+ catians are of ° essentially
equal length in"all of the‘knﬁwh compounds as well (Table
v.3). It is a common;feafure in.these strdctures that the
.-two three-coordinate pos1t1ons are essentlally entirely
occupied_ by tellurium while the rema1n1ng two atoms in the
plane are either selenium or sulfur. -If the composition‘%s-:
more tellurium-rich,  then only the t;o apical positions
become partia11y occupied by tellurium (see Tables V.1 and

-

V.5).

An-opvious difference of the TexSG_x2+-and the

ie Se6 x2+‘ cat%bns is the preferance for te]]urium occupa-
tion of site (3) in the Te-S cations and s1te (4) in the Te-
Se cat1ons. Th1s behaviour may be re]ated to the large
difference in Te--S and Te--Se bond lengths. The (1)-(2)-(3)
~and (2)-(1)-(3) bond angjes are parﬁ{cularly acute in all of

these structures as a reéuIt of the cross-ring Te(l)--Te(2)



Table ¥.5 Occupation of Cation Sites {n (Te2.153_9)(5bf6)2.

Cation 1 . Cation 2

sited P §of  zTeS 1s€ x? Jof  3TeS x5+
etectrons electrons

1 0:982{6) 51,1(3) 100 ] 0.982(6)‘ 51.0(3) 97.4 2.6
2 1.003(6) 52.2(3) 100 0 029§9(6) 51.9(3) 100 0

3 1.159(21) 19.2(4) 8.8 91.2 1.297(21) 20.8{4) .13.2 86.8
n 1.022(22) 16.4(4) o0 100 1.001(21) 16.0(4) ®* 0 100
5 1.024(24) 16.4(4) 0 100 1.092(24) 17.5(4) 4.1 95,9

6 0.948(23) 15.2(4) 0 “M00 1.030(23) 16.5(4) 0 100
(a) ' Numbering as in Fig. V.l. (b) Population parameter from
refinement .in the program SHELX. (c) Sites where the number of

electrons is within 3 standard deviations of 16 or 52 are con-
Sidered to be 100% S or Te respectively.

e

. . 2 ’ .
Table V.6 Bond Lengths (A) in the Teas3 and Tez_ﬁa.9 Catjons.
a
Te3S3(AsFg), Te, 153.9(SbFg),
s Cation 1 Cation 2
1 - 2% 2,787(4)  2.778(2)  2.782(2) .

1 -3 2.684{4) 2.422(6) 2.414(6)
e '

1 -5  2.443(12) 2.443(8) 2.430(7)
2 -3  2.665(16) 2.423(6) 2,453(6)
2 -6  2.468(10) 2.434(7) 2.440(7)
4 -5 2.098(15) 2.022(11) 2.027(11)
4 - 6  2.105(16) 2.045(12) 2.015(11)

3...4 3.391(12) 3.181(11) 3.208(11) .
© 5...6  3.213(16)  3,137(11)  3.129(11)
{(a} From ref. (20). (b)”Number1ng as in Fig. V.1.
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boni (Tables V.3 and Y.?). These angies are'moét acute when
site (3) is occupied by sulfur since Te--§ boﬁds are shorter
than Te--Se or Te--Te bonds. Site (4) is apparently glight-
ly more favorable for tellurium occupation 1in the Te-Sé
catjons, but in the Te-S case site (39 may be preferentialy
occupied to minimize' the (1)-(2)-(3) apdl (2)-(1)-(3)

angle. strain.

Table V.7 Bond Angles (°) in the Teys,2% and Te, ;54 o%*
7 | Iessa(ASFs)za _792.153.é(55F5)2 |
. Cation 1 cation 2
2-1-3 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)
o 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)
1-6-4 98.7(4) - 98.5(4)  98.9(4)

2-6-4 98.2(5) 98.9(4) ﬁ}{ﬁ(?f‘

.(a) From ref. (20). (b) Numbering as in Fig. V.l
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VI.1 Introduction.

| A largejnumber.of salts of the M42+ catipn have been
prepared where M =35, Se, or Te (see TaSIe I.1). 16 alil
cases ‘the cation has a very nearly square-p\anar .(D4h)
-structure._ Small bond length differences and deviations of
-the bond angles fﬁoh 90° have been attributed to charge-
transfer interactions of the H42+ cations with the accomp-
anying anions (23). . The bond lengths in these cations are

"s1ight1y Shorter than the normally accepted values fof the

corresponding single bonds (40). This is consistent with a

valence-bond description in terms of four equivalent reson-

ance structures such as (VI.I), or alternatively in terms of

mo]equér ofbita] iheofy {(10) with delocalization of six7r-

. e1ec€nons to give én aromatic system (VI.II). The isoelec-

tronic specie% 52N2 and 3142' (both with 22 valence elec-

trons) also have square-planar sttyctufes (79, 80)." he
6

Si4 " anion, however, has a butterfly structure (VI.III),

and has been described as an opened 5144', which is a tetra-
s 6

hedron (64, 81). This Si4 " anion appears to have a local-

ized bonding system in contrast to the 77 delocalization

2.
4

2+

observed for S Bi and the M, ‘cations.

272

e,

S O/ R v

+ +

+ +

VI.I YI.11 S VILIIE
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The comp1ete series of Te Se4 x2+ cations have been

obseryéd- in solution by NMR methods (50, 78) and the two

~fluoroantimonate salts (TEZSeZ)(SP3F14)(SbF6) and

(Tegy 3Seq 5)(SbaF,,)(SbFc), the latter containing a disord-

ered mixture of M42+ cations, had been incompletefy charac-

terized in our laboratory prior to the present work.

VI;Z Preparation of (TeZSeZ)(Sb3F14)(SbF6).
This compound was prepared using both a 1:1 mixture
of selenium and te11urium'pow&ers and_ a 1:1 alloy (kind]y.
provided by Dr. J.E. Vekris) finely-powdered in a mortar.
In a typica{;gxperiment_l.033 g (5 mmol) of the 1:1 Te-Se

a]ioy was reacted with 2.167 g (10 mmol) of SbF. in 30 mL of -

5
502 solvent following the procedure outlined in chapter II.

" There was an immediate reaction producing a red solution,

the color of which intensified very considerab]f on ;tifring
for several hours. The reaction was allowed to proceed,
with-stirrihg,h for one week. After filtering off a brown
mixture of insoluble reaction products .the deep blood-red
sotution was allowed to stand fér 48 h at room temperature
and a 1arge'quantity of black cryétajs was géposited. These
crysta]s were shown to be (trans- Te Se )(Sb3F14)(SbF ) by an
X-ray crystal structure determ1nat1on.

'Nhep the same procedure was used with the mixture of
selenium and tellurium powders a green solution yas;initial-

ly‘obtafhed, indicating the formation of Se 2+. The color
* “ﬁ:fs-"\ 8 B )
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of this solution changed to a blood-red after aboﬁt 0.5 h.,.
Precession photographs revealed that tﬁe resulting crystals
were again (TeZSéz)(Sb3F14)(SbF5), aIthough'the solution
colors indicate that the compound was formed by a different
route. When less oxidant was used, for example the amount
=required for reaction VI.,1 rathér than the stoichiometry
used in_the present case, reaction VI.2, the crystalline
product was.(TeZSeﬂ')(SbFs)2 {(see section V.Zj; o |
2 (Teise) + 3 SbFSFe€> _(Te25e2)(SbF6)2 +ASbF3 Vi.li
2 (Te-Se) ++4 SbFg —= (Te,Se,)(SbaF ) (SHF¢) vi.z

VI.3 Pf;paration of (TEB.OSQI.O)(Sb3F14)(SbF6)'

Tellurium (1.8163 g, 14.23 mmol) and selenium
(0.3747 -g, 4,7457 mmol) were reacfeq with SbF (4.108 g,
18g951imwo1) in 30 mL of SO2 uéihg the. procedure described
above. AJgreen sqlu;ion was initially obtained which tﬁrned
red within a few minutes;- After stirring for 3.5 h the
solution was filtered. and allowed to sténd‘for 24 h. the
resulting black cryséals were then isolated and their cohpo-
sition was sthn to be (Te3.OSel.0)(Sb3F14)(SbF6)_by a sub-
sequent X-ray crystal structure determination.® The -cation
in this structure is occupationally disordered as described
below. If fhe same procedure wag followed except that a

+reaction time of Qée week was'allowed, as for Te25e2(3b4F20),"
the crysta]iine product was TeZSe4(SbF6)2. Insoluble

TeG(SbFs)4 was presumably another major product in the one
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week reaction,

‘VI.4  Attempted Preparéiion of (TeSe3)(Sb3F14)(SbF6).
| When the ﬁrocedur%joutlined above was émp]oyed
rlcept'-with a Te-Se ratio of 1:3, a deep amber o0il resulted
for reaction times of both 3.5 h and one week. Only in the
latter case were crystals formed from the oil and these

broved to be (Te23e4)(Sb3F14)(SBF&) as outlined in section

77

vV.3. A subsequent Se NMR investigation of the o0il, how-

'éver, _demdnstrated that the major‘p?oducts were TeSe32+

(547.2 and 453.4 ppm) and 5e42* (627.7 ppm) with,significant

2+
2

-1157.8 ppm) also observed. The

(327.8 ppm) and Te,Se,2* (-473.6 and

2774
T7g4q chemical shifts of

amounts of cis-TQZSe

these species have been well established in oleum (50).

VI.5 Preparation of (S,  Se; ), (Sb,F ,)(SbF ).

2+
4

only under extreme conditions (82;_83). Passmore and cowor-

Antimony -pentafluoride will oxidize sulfur to S

kers have shown, howevgr, that in the presence of Br2 or 12

2+
4
(22).  This method of ha]qgen-assisted oxidation was used in

even the weaker oxidant ASF5 will readily oxidize 58 to §

the present preparation of a mixed S-Sé cation. A trace of’
Br2 (0.02 g, 0.1 mmol) was disfil]ed onto a frozen mixture
of-SbFg (6.11 g, 28.2 mmol) and SO, (40 mL). Upon thawing,
fhe cold solution was poured onto a mixture of. selenium
(0.5564 g, 7.047 mmol) and sulfur (0.6799 g, 21.20 ‘mmol)
powders. The pale orangélso1ution cbior of Br

2 was immed-
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jately rép]aced by a deep green and then a deep blue-green

' or after about 0.25 h. After stirring for 12 .h the
wjii?:?\on was filtered and allowed to staﬁd for 48 h when a
few canary-yellow crystals were observed under the deep blue
'splution. After 30 days the solution was poured off, leav-
ing a large quantitj of palelyellow crystals as well as thé
few canary-yellow crystals. Precession photographs revealed
that the latter cfysté]s were (Se4)(Sb9F39) (53) while ™ the
former were a different compo . but most of‘thesg. crystals
were twinned. After photé:jj;hing about‘twengj-of these
crysta]s_one was eventually found with dn1y'negligib1e wan-
ning. . A subsequent X-ray crystal structure determination
revealed the composition of the pale yellow compound to be

' (S5 gSe; o)p(Sh F17)(SbFs)3. This 1s the only crystalline
compoqnd as yet prepared with a mixed S»Se‘cation and addi-
tiona]ly pro@ides the only example of the Sb4F17 anion.

The cation |is occupationally disordered in a similar fashion

to (Te3_05e1_0)(5b3F14)(SbFG), as described be]owf"

VI.6 Oécupationa1 Disorder.

(TE3.0581.0)(Sb3F14)(SbF6): T.he ca-f.ion -'i‘l'l th'iS structure

possesses occupational disorder in that each of the four

sites . is partially occupied;by'both tellurium and selenium

(see  Table V1.1) and the - éverage compositibn is

2+

Te3 0Se1 0 which matches the stoichiometry of the reac-

tion. The population parameter§ are consistent with a dis~

0
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TABLE VI.1 Occupation of the Four Sites in_

2+ 2+ . a
the Te3.05e1.0 and 53;0531.0 Cat1?ns.
’ 2+ i 2+
Tes 0521.0 53.05%1.0
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 & T
4 0.85 0.15 0.87 0.13
Tota) 3.02 0.98.  3.00  1.00 - I

-
-

(a)fDetérmined "by refining the population
parameters in the program SHELX (48).

L]
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ordered Te3Se2f cation, although the crystallographic evi-

dence does. not exclude the possibility that the crysfa]

contains a mixture of some or all of the cations Tex§b4 x2+’

" .' . , . - e

x = 0-4, “wWith the averaggéigkposition of the mixture being
se. 2% | '

Te3.05e1.0 .

oy _— s 2+
(53.05e1_0)2(5b4F17)}SbF6)3f‘.There.are tyo independent M,

cations in this structure but both are situated at inversion
centers so that there are only four fndependent sites. Each
site is partially occupied by both sulfur and selenium fas

: 4
outlined in Table VI.l. As was. the case for

2+

-(Te3.05e1.0)(Sb§E14)(SbF6), the resulting S Sel.U cation

3.0 .
fits the stoichiometry of the reagents used in its’ prepgfa»tﬁs

tion and'cohid result from either a disordered S3Se2f.cation

or a miXture of jdifferent cations." Subsequent 77
. . - .

125

Se and
Te NMR investigations, however, indicated that the latter

‘ hypothesisAjs'true in both cases (sections VI.7 and VI.9).

VI.7 Selenium-77 AND 1Z37e NMR OF Te se, 2*.

. & ’ P
_(TEZSez)(Sb3F14)(SbF6): ‘When dissolved in 30; d0leum this

compodﬁd gave a 77Se NMR spectrum consistiﬁg of 6ne major

wresonance surrounded by a satellite doublet of .total rela-

[

t{Ve' intensity 12%. This corresponds to coupling to two

equivalent, naturally “abundant - tellurium atoms (see Table

IV.4), - as would be expected'for trahs-Te25e22+. The chemi-

cal- shift (356.8 ppm) and coupling constant (545 Hz) ‘are

se 2t

- consistent with those previ%us]y‘Q§§igned for trans-Te 2

2
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3
( ~_Asee Table VIfZ).

1

; : 25
(Te Se " Sb,F SbF_.): The Te NMR spectrum of
3.05¢1.0) (5P3F 14} (SBFg) g P

(Te3_03e1.0)(Sb3F14)(5bF6) d1ssq1ved in 100% H,S0, i? pre-
sented in Figure VI.,1l. As described in section VI.6 above,
the <composition of this compound remained uncertain after
the X-ray crystal :structure aﬁa]ysis. It could not " be

determined whether the cation tonsisted of a disordered

2+ 2+

Te,Se” cation or a disordered mixture of Te Se, ., cations

3_0591_02+- Figyre VI.llindicates

3
of average composition Te

that the latter hypothesis is in fact the correct one as the

2+ 2+

cations trans-Ie-ZSe2 , 'Te3Se and Te42+ are jdentified by .

their chemical shift values (see Table vi.z). The intensity

of thé Te25e22+ resonance is roughly half thaﬁ.of;the Te42+

resonance indicating that since there are twice as many

~tellurium atoms in Te42+, the two species are present -n

.roughly equal cqnéentrations. No other tellurium cohtaining

2+ cations were observed and a 77

tion revealed no Sg42+. The average composition of the

Te_Se

X0 _y Se. NMR 1investiga-

mixture of the cations is then 733.05é1.02+' in good agree-
ment with the structure determihation. |

To confirm that the pfodudt was not a mixturé of
cryséaléa\of' separate fluorocantimonate salts of Te42+,
Te25e22+ and Te35e2+ (disordered), the.lste NHR spectrum of
a 100%, st_o4 solution of a sing]elcrystalerom 'the 'same-

‘sample was obtained. -The signal-to-noise ratio {S/N) was
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TABLE V1.2 Cheaical  Shifts and Coupling Consiants for ‘the Te Se, .

2+

Catfons in Various Solvents:

- : ‘/" r
‘ E{ppm)® - J{Hz). .

CATION  SOLYENT 1251¢ se Mse-Tlse - T7se-1257e 1237 128y 12540 18875 peF
2+ S I S, '
se, 68X Hleum : . 636.7 50

201 goleum: P s 645.7 50
50, 633.3 o ¢ c
Te5e32’ 68% foleum 2641 455,2, 566.3. 7579 50
- Loi (2 6 e
652 floteum 2642 - . 7648, 581¢° 78
10tfoleum 2632 444.8, 592,2 188 7508, 597¢ . 50
453.4, 547,2 s ¢
cis-Te,Se,2" oleum 2538" 138.2" 4708, 1958 - 50
aleum 2552 » ‘ 457, 200 18
2541 . : €.
- 2 327.8 ¢
) : . 0
trans-TeZSezz’ 681 aleunm 2413} . 362.2 531 50
65% oleum 2418 330 . ?B'
30% oleun 2191 360.9 550 : 50
21399 356.8 2;3 58
' 1005 H,S0 2176 191.1
W 274 2380 ¢ s ¢
ASF 2459 312.5 484 r ] c
Te,5e°" "68% oleum {2196, 2292  129.6 2074 50
3 . v .
(1" (2) ) ,
30% oleum 2197, 2293 [4
. 1001 H,50, | 2221, 2892 . : p
SoasF, 24| 2161, %3145 111.2 1659 - . 1347 p
50, 7186, 2296 ‘ . 9310 . 78
o -
2+ ) . A '
Te 681 oleum 1912 50
4 653 oleum 1934% 6769, 602® - 8159 f, 7267 78
30% oleum zloo . 50
o 1926 ) c
1001 H,50, 19710 680%+9, 604® s20%:f, 720%+7 0
1948 - 4 . f B
ASF 1912 5349, 723 6489+ f, gos®l ¢
50, 1897, b c
1882 . eanh p
-~ - - R

{a) With respect to saturated agueous (NO)ﬁTe and H25e03. All ;ampres—run at ambieat temp. unless otherwise noted.

th) Mean value, f{c) This work. {d)} cis-. {f) Calculated valye based nF‘Eﬁfg;g;h 1237129, coupting.

{e) frans-.

.

LN

-

<

{q)} Misprinted in geference. [(h} 200 k. () cts--and trans- not fesolved, .

L01
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2400 2300 2260 . 2100 2000
o H,! ppm from Te (OHlg )

: 125
FIGURE VI, 9%pe NMR spectrum of Te3 oSeq c,(S*b on)

dissolved in 100% H2304 Lower trace; bulk cryst-

» -alline sample, 78.97 MHz; .02 m; 20,000 scans;

" 7.6 “Hz/pt. ® () trans-Te,Se,%*, (B) and (C) Te,Se*,
(D) Te42+a- Upper traces a gingle crystal, 7.x 10"4m,
/390,000 scans, VAR T

s
Al

]

~
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understandab]y poor as the concentrat1on was only 7 x 10 -4 m
and the natural abundance sen51t1v1ty of 125Te relative to
1 3

H is 2.20 x 10~ After aﬁ\atcumu]at1on of 390,000 scans

(acquisition time = 12 5’h)-the'resonance due to

trans-Te $e 2+, the weakest resonance observed for the bulk

sample, cou]d not be d1scerned with certa1nty over the neise

level, but resonances for the species Tesse2 and Te 2+ yere

‘c]ear]y' observed and in approx1mate]y the same ratio as in

the bulk sample (Fig. VI.1). It appears clear then that the

2+
4-x

being ,the

cation of.this compound consists of a mixture of Te Se

cations, with Te3Se2+, Te42+ and translTe2$e22+

maJor ‘constituents.
125

The Te NMR spectrum of (Te Se 0)(Sb3F14)(SbF )
. dissolved in AsF, is presented in Flgpre VI.2. The spectrum
is ~similar.to. that observed in_IOO%-HZSO4 but the smaller
hd1f-width of the resonances in ASF, (30 Hz v.s. 50-55 Hz in
,}OO%. H,S0,) gives a better S/N and the satellite resonances

from natural abundance couplings are observed. These coup-

lings are of interest because their magnitudes are substan-

tially different from those previously recorded in H,50, or

oleum - (see Table VI.Z). The 77Se-lZSTe coup]ihg in trans-

Te23e22+ (484 Hz) is 61 Hz less than that in 30% oleum. The

77 IZSTE 2+

related Se- coup]ing in Te35e is eh]y 165 Hz,

substantia]]j less than that obsefved in oleum, (207 Hz) and

77 125Te couplin§

Te-leTe coupling in Te3Sez+ is

roughly one third the-magnitude of the

in trans-TeZSe22+. The 125

Se-
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FIGURE VI, 2 _125T_e NMR spectrum of TeB.OSe.‘ O(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 spéctra (130,000 scans; 5.5 Hz/pt) indicate TT5e-125n, (1Y and
(2), and 125Te-125cﬂ’3e (3) couplings,

011
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1347 Hz, which is conversely very large with respect to that

125 e—lste coupling (calcu-

Te satellites) for Te42+ in

2+

observed in‘SO2 and the related
1235,.125

T

lated from the observed

ASF3 (see Table VI.2). This gbup]ing in Te3Se 'is so large

that -a second order effect is observed. The satellite

doublets are not symmetrical about the central uncoupled

@

resonances and the 1nngr 1iges of the‘ doublets are more
intense than the outer lines {Fig. V1.2). The large varia-
‘tions in these coupling constants in different solvents may
be related to the electron donor properties of the solvents.
Donation of electron density from the so]veﬁt to the <cation
presumably has some effect on the electraonic configuration

of the cation and therefore also affects the spin-spin

couplings. A similar effect is observed in the solid state,

2+ -

where the dimensions of therM4 ‘cations are very much

>

dependent wupon the nature of their counter anions and this
haé been related tb the electron donor properties 'ofl tﬁé
.counter anions {section VI.12). '

The better S/N.in AsF3 additional]y‘a110ws for a ‘more

rigorous check on the presence pf small amounts of other

Te se, °°F

«S€4_, . cations in the structure. A small quantity of

' cis—TeZSez?+ waé observed (2541 ppm), with the intensity of

this peak qh'the order of one of the satellite peaks of

trans-TeZSe22+. No TeSe32+.was obsérved in the 125
spectrum, however, and a sdbsequent 77Se NMR investigation

Te NMR
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2+

revaaled only the expected resonances for Te3Se - and trans-

TeZSe2 (Table vi.2).

Te4(SbF )2. Th1s compound formed as large b1ack ceystals‘

¥

‘from a reaction of a Te S m1xture with SbF5 in 302 as . des-

3’
-allowing for a S/N good enough to d1st1ngu1sh‘ the wea
123, 125 125 '

cribed in sect1on V.6, and proved extreme]y so]ub]e in AsF;

natural abundance Te- Te :cauplings in_the Te
spectrum (Fib..VI.3).s Tejluriem-123 has a natural abup
of on1y10.87% and one would'expee} saie]]ités.bf 1.8% and
0.9% total relative -intensity toifhe eentral peekffor the
‘cis- and trans- couplings respect1ve1y (see Tabfe IV.4),
The obseEVed sate111tes are 1,6% and 0 8% ane demonstrate;
that tHe cis- (d1rect1y bonded) coup11ng of 534 Hz is actu-
a]ly' 1ees than the trans-. (long range) coup11ng of 743 Hz.
The opposite is observed 1n 100% H2804 (Tab]e VI. 2) whefe
the «cis- coup]lng is approx1mate1y 150" Hz ]arger than thatﬂ
‘observed here and the trans- coup11ng is 150 Hz 1ess.f'The
"cis- and trans- ceup11ngs were not reSO?ved in S502 - {Fig.
VI.4). Shoulders were?observed,‘hbweveﬁ, on the inner sides
of.the broed satellite resonances. Jhese sﬁou]ders—probably
. result from the.trahs-‘coupl{ng since'the intensity of ;this
satellite doub]ef should be half that of the qis-.doublet.
The - trans- coupling constant is apparently slightly smaller
thaﬁ the hisL-coup]ihQ cohstant'{n SQZ, HzgiQés observed in
100% H2504. Id ail‘caees the Fwo-bond trans- coupling seems

unusually Tlarge compared to the <cis- coupling. A large

-
»
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Te r_ Te
. 2/
/
\ Te Te
e 1 ./
| 800 Hz
-

FIGURE VI.3 125Te NMR spectrum of 1‘e4(SbF6)2 diseolved
in AsF, (78.97 MHz; 0.02 m; 160,000 scans; 3.0 Hz/pt) .
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PIGURE VI.4 '25Te MMR spectrum of To4(SbPg), ainsolved in 50, at 200 K
(=at'a Sol'n"49.000 scans; 6.1 Hz/pt; 78.97 MHz). cis- and trens-"
1231‘9—- 5!0 couplings are not resolved,

),

L . 1 . [ . A
-60 -80 -100
H, {ppm from CFCl3) ——

FIGURE VI.5 2P MMR spectrum of To,S0,(SbyF, ) (snrs) dissolved in 50, &t
200 K. (235.36 MHz; 4800 Bcans; 3.0 He/pt}.

.
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tfans- coupling has also been observed for T964+ in 30%

L}

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.8‘ Fluorine-19 NMR of (Te25e2)(Sb3F14)($§F6).

A crystéllineAsamp]e of (TeZSez)(Sb3F14)(SbF6) was
ground with a mortar and pestle to a fine powder anq;yisso1-
ved in S0, close to the freezing point of the so]vent) The

sample was then placed in the probe of the spectrometer

~which had previously been cooled to 200 K. After allowing

19

15 min for the sample fo thermally equilibrate the F NMR

spectrum was run (Fig, VI.5). Fluorine exchange was essen-

_ tially stopped at this low .temperature and two distinct

fluorine resonances were observed at -56 and -109 ppm-'mith
respect .to external CFCl,. The ratio of the integrals of

these two resonances is 1:10, If the Sb3F14' anfon disso-

ciates to SbF2+ and two SbF_.~ ions in solution, the addi-

6
tional SbFG" ion in the _(T?ZSEZ)(Sb3F14)(SbF6) structure

‘then gives a toij;jof eighteen fluorine atoms on Sb(V)

compared to the twg/ fluorine atoms on Sb(III), or a 1:9

~ratio, very close to that observéd. If the Sb3F14';anion'

were retained in solution a larger number of fluorine reson-

19, 19

ances would _be expected as well as substantial F-"7F

coﬁp]ing. ‘ The anion could dissociate into SbF3,
SbFs' fragments, but if this were the case separate SbF5 and

L

ShF5 and-

g,
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SbFs' résonances would be expected at this temperature,
since fluorine exchange is virtually stopped, - and the rela-
tive intensity of the SB(III) peak would be 1larger. It

would 'apbear then that distinct SbFz+ and SbFB' . ions are

-

present in solution and only form the Sb3F14f anion in the

solid state. ' ‘ : . [}

. 2+
vI.9 Selen1um-77_NHR of S Se, , -

U@]ike (733.0591.0)(Sb3F14)(SbF§)z the mixed S-Se
compound (53 0Se1 0)2(5b4F17)(SbF6)3 proved to be only spar-

] \
ingly soluble in A5F3, almost totally insoluble in SO and

2!
reacted with 100% H2504. No detailed jnvestigation of the

nature of the cation cou]ﬂ be carried out using 77Se NMR,

77

. although the Se NMR spectrum in AsF3 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 several of the SxSeq_x2+ spec-

776,77

igs wefe present. The S/N-was too.poor for any Se
couﬁlings to be observed.

A series of mixtures of ste4~x2+ catjons wérh pre-
paréd in S0, by reacting AsF. and a trace of bromine (see
section VI.5) 'with various stoichiomet}ies of sulfur and

TTse NMR spectrum of a 1:1 mixture is

selenium powders. The
‘given in Figure VI.6. The chemical shifts and intensities
for this and other mixtures .are listed in Table VI.3. The

observed resonances are in the same region as those observed

.
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! | | |
700 ' 650 600
H, (ppm.from-HpSe03) —— 1.

L

‘FIGURE VI,.6 77Se NMR spéctrum for the reaction of a 131 Se=8 mixture with

AsF5 and a trace of bromine in S0, (0.0542 g S; 0,1325 g Se; 0,57 g Ast,
3 mh S0,; 76.41 MHz; 5000 scans; 51 Hz/pt). (&) and (D) SSe32 |

(B) cie-S,8e,%*, (C) §35¢%*, (E) Se42 , (F) trans-—S2Se22 . Expanded spec—
tra show M5e-TTge coupling in SSe32 '

. ] . .
. .
\ i . .
. . . - - : EAd :

{11
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¥

for (53.05e1_0)2(3b4F17)(SbF6)3 dissolved in AsF3 and the

- Raman spectra of the’so1utjons are consistent with -the

formation of SxSe4 x2+ catiohs (section VI.IO)} | The 125Te

and. 77se chemical shifts of the TexSe4‘_x2+ cations follow a

simplé trend based on their percentage composition of tel-

lurium or selenium. Since selenium is more electronegative- -

than tellurium (57}, the greater the selenium'con;en; of the
cation the more deshielded the tellurium or selenium -envir-

onments .are, and this is reflected in a gradual” shift of

both Vthe 77Se and 125Te resonances to higher frequency

(Table VI.2). . Sulfur and seléenium have roughly the same

eTectrénegativity, ﬁowéver'(S?j;'and eot all of the

Sx5e4_x2+ resonances can be 'aseigned unambiguously. The
'resonahcet at 633 ppm is-also observed when-Se,(AsF.), alone
is dissolved in'SO2 and can be assigned to Se42+. Published

2+

chemicaiﬁkhifts for Se4 in oleum range from 636 t6/5465ppm

(50). Two resonances, at 636 and 729*ppm, are observed in a

ratio of - 2:1 with satellite doublets about ‘each of them.

2+
The only § Se, .

SSe32+,' which would also be expected to give two resonances

rd

cation expected to‘display-coupling is

in a ratio of 2:1, as observed. The satellite doublets are

of 8.8% and 17.5% relative intensity for the Targe-and the

. : .
small resonance respectively. The expected relative inten-

sities for coupling to one and two equiﬁa]ent,' natural

| abundance'selenium nuclei, as in SSe32+, are 8.2 and 16.3%

s
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respectively (Table IV.4). The two resonances at 636 and 729

2+ 717 17

ppm can then be assigned to SSe3 . The Se-""Se coupling

(336 Hz) is considerably larger than that observed for

;2% in 30% oleum (188 Hz, see Table VI.2). = The reson-

TeSe
ance at 651 ppm grows the most dramat1ca]]y upon increasing
the S:Se ratio of the reactants (Table vI.3) and 1s presum-
-ably therefore due to. the sulfur- r1ch §3592 cat10n.h The
'relat1ve 1ntens1ty of the remaining two. resonances is fairly
constant for all of the mixtures, as would be expected for:
the two ste22+ cations. In the case of Te55e22+ the cis-
catioid is usually observed in higher‘concentration-than the
trans- (see for eﬁahhle éections IV.2 and Vi.4, and ref

(78)). = For .this reason the more intense resonance at 720
2+

_ ppm can be tentatively aésigned to . cisFSZSe2 and . the

resonande at 587 ppm to trans-S'Se22+. Using t\e assign-
ments as descr1bed above one observes that the three highest
frequency resonances (729 720 and 651 ppm) have sulfur
trans- to the selenium nucleus be1ng observed? wh11e for the
'.uthree lower frequency-resonances (636, 633 and 587 ppm) the
trans- atom is se]ehieﬁ. In bhth of_these groups of three
resonances one of the th}ee is of substantially fbwer fre-
guency than the remaining‘teo ahd the §e1enium -environment
corresponding to‘fhis'resonance-is cis- to two sulfur atoms.
The rema1n1ng'two reson nces in eacth group have approximate-
1y equal chemical. sh1fts._ These se]en1um environments ére-

cis- to one se]en1um and. to one sulfur atom. These consist-~
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encies in the selenium environmehts lend some support to
the above chemical shift assignments.

} - Although AsFg apparently does not oxidize sulfur to

542+.1H.the absence -of "halogen ”catalyste“ (see section VI.5
and ref..(22, 83)), mixed SxSe4_x2*_cations‘were,observed in
the 775e NMR spectrum of the solution reSuTting from reac-

.tion VI.3, where no haﬁogen was added to assist the reac-

tion. Additional resonances were observed (Fig. Vi.?) which
obably resulted from other mixed Se-S cations since the
resonances do not correspond to any of the known selenium

homopfoyatomic~ cations.  Essentially the same proddct‘diég

“tribution was obtained in fze_}eaction-pf_582+'with'se1enium

(react1on VI 4)

(24 2+
2 Se + 25+ 3 Ast — 5,5¢,. .« +h$ySez VIi.3
2+ e 2t :
S (AsF )2 + S —» S Se4 -~ SySez ) L VI.4
It has been reported that Te42+ and'Se42+ ,dp not

scramble to give mixed,square-planar species in solution

.(50). When Se4(AsF6)2 and 54(AsF ) were miked in equal

prdpprtions in 502-‘solution, th‘el77

2+

Se NMR spectrum revealed '
on]y‘Se4 after 2 h at room temperature. Af;er two weeks,
'howevee, the compIete range of S4Se4 2+ cations was observ_
ed, w1th approx1mate1y the same product distribution as in
Figure VI.6. The different behav1our of these Qairs ef
cations is related to'the electropositive nature of telluri-

um. The Se42+ cation can reedily‘oxidize Te42+ to Te64+”and,

o .
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..5-.‘FIQUR?__»VI;7 _*7‘7Se NMR spectrum of the.solution’ resulting from reaction VI,3
(0.2213 g Se; 040914 g S; 0.715 g Fgi 3 mL $0,376.41, MHz; 7100 scens;
6.1 Hz/pt). (A)"'(F), as in Fig, VI.¢. Expa.nded./s’apectcra, 150,000 scans,
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“with respect to those byried in Se0,
-, .y . .

f pu]sing and accumulation.of data. Another recent

{ - 122

oxidation-reduction occurs. rather than scrambling, Although
2+

342 is s1m11ar]y a stronger ox13§nx than Se, ,. no poly-

atomic ca?‘on of selenium is known with.a higher oxidation
: . e

state than 'in'Sé42+

unlikely in this m1xturé. i
) Spjn-lattice re]axat1on tlme (T ) me%surements were
carried‘ oq} for the five most.intense lines in Figure VI.6

and the resu1t$ gre‘presented in Figure.VI.B. The average

. 'z ) -
Tl- value .is 0.38-s with the unique selenium atom of SSe3

P

having the lowesE-bbsérved‘value, -0.34 s, and the -ofher

selenium Bnvironment of this cation having the highest. va]-

77

ue, 0.43 s. Prev1ou% _S T1 values of '5- 10 s for aqueous

so]ut1ons of Na25e03 and Na23904,, and 0.3-1.4 s for aqueous

. solutions_ of N_aHSeO3 and H,Se0

,5e0, have been reported (84).

The selenium atoms in- the M42+ ions are comparatively naked

2- or'Se042' jogs and
the Tl's are then re]ativeiy short, which allows for rapid
s

ldxation time study reports Tl'Valuesﬂranging from 0.7 s for

o

HZSe to 31 s for (C6 CH Se)2 and di¥scusses the 1likely

'relaxafionlmech' isms (85). 4 5‘

Sase

VI.JO Raman Spectra. .

3
> T ‘ .
Figure Wﬁfgl\:T e pairs'of peaks at 268 and 135 cm'1 and 217

and oxidation-reduction is therefore

2+

re-

(Te3 Oﬁ Q(Sb3 14 SbF ) Tt_le Rgm'a‘n spect‘r'a of this com-
pound as™—a_ solid d in E;F ~solution are presented in

194
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FIGURE V1.8 77Se T1 meaeurements for the S, Se x2+ catlons (x = 0-3),
(A)=(E) as in Fig. VI, 6: (A) 0.34 s, (B) O 39 s, (¢) o, 36 s, (D) 0.43 s,
(E) 0039 50 : ‘ , / .
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TABLE VI.3 Iﬁtensity in 77Sé.HMR Spectra of § Se, z+
as a Function of Reactants Ratio, * 7%

RAT102 CHEMICAL SHIFT (ppm) | R

x y 729 720 651 6367 633° 587 |
13 9 22 o 19 40 2
2 : 2 |10 32 12 19 21 3 | & )
3 co1 | s 3 a1 s 10 3| s
3.7 1 0.3 | - 11 82 - 7 - i

©o(a) AN feactfons are x S+ y Se + 4 Ast + Bré {trace)

2+

. ' : ’ 2+ . o -
in 502. (b)_SSe3 . (c) Se4 - )

I . hanid - I r ‘ . - I
300 200 100 S
| av, cm /

-I’I-GU'RE V1.9 Ra.man spectrum (6328 ,..A)' of Te3;°Su1 .O(Sb'3F14) (S‘b!'.s),
. 8) AsFy solution (sample described in Pig. :V'I.Z); b) solid, 77 K.

——_—-_— .

P s
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_ 125
" . /

and 105 cm™® have been identified as belonging to
: trans;TeZSezzf and Te42+ respectively (76, 77). These spec-

ies are observed in the %ste NMR spectra of the same sample

~ ‘ .. -
(section VI.7). The remaining peaks at 254, 209 and 120cm 1
2+

1

“then presumably result from the Te,Se cation, which has

-

ch syhmetry:and,six vibrational modes (3A1, B: anq‘ 282),
a11-of which eré Raman and infrared active. Some of these

modes \are probably very’ close in energy and the Raman bands
+

presumably overlap w1th each other or w1th the TeZSe2 and
Te,?* bands.. | o |
2+

S Se4 -x :. The Raman spectra for compounds of nominal comp-

osition (52 0S 0)(A5F )2 and (53.03e1.0)(AsFé)2 iq SO2

‘solution and as the solid respectively éfe given in Figure

Vi.zo. The signal-to-noise ratio is_betteg for the sd]ution
sbectrum as the solid détomﬁosed markedly in the laser beam
even at 77 K.  Three regidheee;p be distinguished: 1) S-S
stretches at 610-500 cm™, 2)'S-Se stretches at 490-400 cm” !
aﬁd 3) Se-Se stretches at 350-300 cm™l.  As expected, the

1nten51t1es of the bands in the Se- Se reg1on 1ncrease rela-

A H

tive to those in the S- S reg1on as the Se: S ratio increases
‘ i

from 1:3 (Figure VI;lOb) to 1:1 (Figure VI.lOa). Three

-

. similar givisions 'i/g_xEPserved in the Raman spettra of

disordered 'S (Seg_, rings, although the peaks are all sh1fted
to lower frequency for § Se8 x? reflect1ng the lower bond

order (86). The Raman spectrum of (53_05e1_0)2§5b7F35) is

uvery compTex since fhe‘Sb4F17"‘anion has numerous bands in

.A\*g
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- FIGURE VI.,10 Reaman spectra (5145 i) of (a) the (S oSes 0)(AsF6)2 ‘solution of
. Pig, VI.6, (b) golid (S .05, )(Ast)z, spinning sample, 77" Ky {&) and (d)

powdered crystals of (S 0584 0) (Sb4F17)(SbF6)3 at 295 K and 77 K.

921
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the same region as those of Sx5e4_x2+ (Fig. VI.10c). The
anion bands sharpen considerably upon cooling (Fig. VvI.10d),

however, allowing many of them to be distinguished.

vi.1l1 Geometry About Sb(III) in Sb3ETE—“and Sb4F17 .

The Sb F14' anion (Fig.: VI.11) has one Sb{(III) and
two Sb(V) atoms and can alternatively be viewed as one SbFé+
and two SbFﬁ’ ions (see section VI.8). The primary geometry

of the Sb(I1I) atom can be described as trigonaI-bipyramida1

'AX4E, where the lone pair a?d the two terminal fluorine

atoms' occupy the equatorial plane and the bridging f]uor1ne

atoms are ax#%] (61). Secondary bonding is frequently ap-

parent in structures 11ke th15 where/,nﬁre is a “hole" in

approximate space occupied by the ]one pair. These second-

)
ary bonds are presumed to be nucleophilic 1in nature and

-

since the Jone pair isfless effective in screening the

nucleus than is a-coordinated atom the secondary bonds tend

to aform in the general d1r€tt1on piﬁ&n%>:pace' occup1ed by

the 1one pair while avoiding the girection of i

~electron density and .hence serve to further delineate its
posit'gi. . The directions of these contacts can pe further
des bed as either capping the faces or bridgingfthe ‘'edges

i
i

of ihe polyhedron describing the brimary bonds aﬁd the lone -
pair, and pfeferentja]1y those faces that contain the lone-

pair as a vertex (87). For three primary bonds the result-

o

. the primary coordination sphere whlch corresponds to the .

s maximum



{ TeyoSe,,)(Sh, F, XSHEF, )

/‘\
b) (TezSezNSbsFia)(SbFe ) - (TeacSeglisnsisen)

-
L3

FIGURE VI.11 ORTEP views of the SbyF,,” anions in

‘TegSey(SbyF,,) (SbFg) and Tey oSey o(SbyF,,)(SbFg).

. (a) The complete anion, including interionic¢ contacts
to Sb(III). (b) Views directed toward the assumed
positions of the lone pajrs of electrons showing edge-
bridging '(TeQSeéz".' salt) '_and' face-capping (’.l'e3.OSe1 .02"' ‘ )
salt) secondary bonds (unfilled bonds), _ L"f“? B

-



of Na,(SbF3)(C,0,) and Bry(Sb,F,;)(Sb

- 129
=3 -

ing ‘géometry with face-capping secondafy bonds is described
by a.mdnocappéd octahedron (Fig. III.5). Four contacts
éapping the faces of the trigonal bipyramid in Sb3F14'
produce a monocapped square antiprism about Sb(IIl1) with the

lone pair as the cap (Fig. VI;12)3 : The Sb3F14' anion of

=(Te3 0Se1 0)(Sb3F14)(SbF ) provides a good example of thisA

Ax 4E ‘arrangement (Fig. VI. 11) Other examples. are Sb(III)
IOFQZJ,-Sn(II) of

SnF,(AsFg) and Sn{NCS)F, Te(IV) of diphenyl tellurium dini-
trate kFig. Vi.l@).and Pb{II) of Pb(L)(NOB)z, where L is a
tétra-dza macrocycle (87-93). Four contacts bridging the

edges of.the polyhedron, an AX4Y'4E geometry, are observed
‘ =

o for SH(IT1) in (Te,Se,)(SbyF7,) (SbFg) (Figure VI.11b) and
. for the I(V) atom in IF (Sb

Fiqy) (94).
The compougd (Se3 0S¢y . 0) (Sb4F17)(SbF )3 provides

the only-crystallographic ev1dence of a mixed S-Se cation as

‘well as. the on]y example of the Sb4F17 ~anion, in ‘whicﬁ-

there are two Sb(III) atoms (an. VI.14). The Sb,F..” anion

4" 17
can be broken into an szF5 and two SbFG' units. The
central f1uor1ne atom of Sb2F5+ lies on a center of symmetry

so that the Sb(II11)--F--Sb(III) bond angle is 180° and the

lone paiFS’:oh Sb(III) are perfeft]y ‘'staggered. The

.Sb(III)-—F-—Sb(IIi) bond ang]eﬁ in_ previously observed

SB‘ZFS+ units range from 149.8° in (SbF3)3(SbF) (95) to 180°
observed here, for {SbFg) (SbF;) (96) and for one of thé

.”\
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FIGURE VI. 12 The AX4Y4E geometry, (a) Four contacts, Y, capping faces of tE9

AX4E polyhedron, (b) View directed toward the lone pair, E,
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d) SniNcsIF e) Br3(Sb2F"j(sbld§:;)

FIGURE ¥1.,13 Examples of the AX,Y,E geomeiry, {a), (¢} snd (d} redrawn from .
ocordinatea in ref, (88), (90) and (91} by Dr, J.F. Sawyer; (b) reproduced from
ref, (92); {e) ref, (89). A1l views ars toward the assumed Qirecticn of the ) i
«  lone pair of electrons on the central atom, exc;pt {b), vhich is viewed

from the opposite sida, . . @ T ' A

* 4 <

) P 4 - r
ﬁ . .
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TABLE'VI,4 Bond Valence Calculations for

Sb(III) of SbaF,,- and Sb,Fy,-.

- COMPOUND ~ ' " BOND VALENCE

| "1a' ob
:(erSez)(Sb3F14)(SbF6) 2.38 3.18
tTg3JOSe1_0)(Sb3F14)(5bF6) | 2.4L-} 3f15

: (Te2$e4)(5b3F14)(§bF6) - '2'41, 3.14
(53,058,002 (SD4Fy7) (SDFg)g  2.33 - 3.10

(a) Primary bonds only (SgefFus'?,33-i).7f
(b) A1l contacts-to 3.52 A. - o

s “ -
1.35{(9)
&
1.841 (10%
FIGURE VI.14 The Sb,F,.” emion.~ F16<l9'

132
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four szFs groups in (SbF3)5(§bF5)3‘(97). The analogous
ahgje in the iscelectronic Snng"%nion has a value:of.134°
(98). "

In .a11 -of these  55amp1es involving po]ymeﬁic
Sb(II1)-Sb(V) anions and SBF,/SbF. adducts it is Tdifficult

to c1eah1y differentiate the primary and secondary bonds.

.For the Sb3F14" anion of (Te Se2}45b3F14)(SbF ) the 1ongest
: d1stance betweel Sb(III) and a’ br1dg1ng fluor1ne of Sb(V) is

2.25" A wh11e the closest secondary bonds to Sb(III) are on]y

2.56 R in 1ength . The Sb4F17; anion- has bridging distances
of 2.33 A and co tact d1stances as short as,_ 2.76 A. In

4)(Sb F4)(Sb F )(SbF )5 the difference is ayen less dist-

inct wrth. the/ ongest pr1mary bond being 2.15 R . apd the.
_ shortest secondary' 2;33 ﬁ'(23). This‘Secondary ‘bond  is-

‘ equa] 1n ]ength to one cons1dered 1n the pr1mary geometry of

o

ﬁ
Sb4 17 s emphas1z1ng' the somewhat arbltrary nature of the.

~fonic un1t5 into which these comp]ex an1ons can be d1v1ded

The primary geometry‘about Sb(III) in Sb4F17 is

a]so AX4E and the geometry of the secondary bonds 1s s1m11ar

to ‘that observed above for Sb3F " except that there;1s a

Fifth contact, to F(32)f? of3}37.Aﬁwh1ch is onlyfmargina11y
. Q . . . .

less than the sum of van der waals radii of 3. 52 3‘-(39)

Th1s f1uor1ne atom is capp1ng a face of the Ax E po1yhedron,

as  is F(33)' while the other ‘three contacts appear to be

bridging edges, giving .an overall AX4Y2Y 3E arrangement.

 (Fig. VI,15a). Toe Sb(III) atom of (Tezseq)(Sb3F14?(SoF6)

R —



FIGURE VI, 15 Views of the secondary 'bonding (u.n.filled bonds) to Sb(III) atoms
(c) Br3(Sb2F11)(Sb10F 2), ref. (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 geometry to that of Sb(III)

-in Sb4F17 (Fig{ VI.15b). .One of the Sb(III) atoms of

(Br3)(Sb2F11)(Sb10 42), Sb(i),:a]so has five contacts aboot
a trigonal- b1pyram1da1 pr1mary geometry (89) In this case
;he. three shorter contacts (2.58-2.71 A) appear to be face-
capping; the. "no longer contacts (3 27 and 3.43 A) edge-
br1dg1ng (Flg. VI. 15c).

_The_ s1gn1f1cance of these secondary 1nteract1ons to
the overa]] bonding scheme in Sb3F14' and Sb,F " s empha-

at17
sized 1h Tab]e VI.4.- If only the primary bonds are consid-

ered (Sb--F s 2 33 A) the valence about Sb using Brown's

YI.1

- method of determ1n1ng bond valence (99) ranges from 2.33 to

2.41. If, however,: a]l interatomic d1stances Tess than, the
.. N . . ..‘ ) b . . ‘e ) -
van. der Waals limit are considered, ° the results range from

3.10 to'3.}8,‘ which is much closer to the anti&ﬁpated‘value

of 3.0;_H~Severa1 addggfonal examo]es arfe provided by Sawyef’“"‘

and Gillespie (87) anfl Passmore et al. (

2+

Anion;Qatjon Interactions in Ma Str@ctﬂres.

descr1bed elsewhere (2 t deviations
n .
of the square- p]anar M42 .cat1on from perfeftt squares and

, the sli

the var1at1ons of bond 1engths for a given7¢ation from. one

:structure to another may be attr1buted in part to the charge-

transfer 1nteract1ons of the M4 cat1ons w1th the1r accomp-
any1ng an1ons.* In-an SCF-MO study of Te (100) the calcu-

lated bond 1eng£h was 0. $¥4 A shorter than that observed in

T
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Te4}Alc14)2 and" Te,(A1,C1,), (13), but when the calculation

was repeated sipulating the chlorine atoms that are cioéest

to the cation in the crystal §thsturés by{\21nt charges of
-1/4 e~ (1.e. the *?5&f’€1 atoms ‘of the anion share the ==

B

s1ngle negat1ve charge equa11y) the boqQ}]ength in the Te42

ion 1ncreased by 0.06 A to a va]ue very close ta. the exper1-

ntaT“va]ue._ .
square. its bridged by at 1east one'atom'and there are. gener-

a11y severa1 add1t1ona1 contacts a]ong the extens1ons of the

d1agona1s. These d1rect1ons are pfesumably minima in the

.2+

cular 'orbgtals of the M4 B Cations (23) The in'p]a;e‘

the 0ut of- p]ane 1nteract1ons are w1th the LUMO of Tr symme<

In a]l kfBwn case?’of M42+ cations each edge of -the .

‘,electron dens1ty about the cat1on and they may be corre]ated '

'-w1th the symmetr1es af theravatlable 1owest unoccup1ed mo]e-r

‘\shteractions are probab1y w1th the LUMO of o'symmetry wh11e’_

try. .These molecular orb1tals are relat1ve1y close in ener-

9y (iB 51',100) The degree of thTs 1nteract1on of course

depends upon- the nature of the donor atoms.‘ A more po]ar1z-ﬁ

ant1bond1n1\jrb1ta1s of the ca@%on, 1ncreas1ng the M--M bond

ngth. thereby decreas1ng the HOMO- LUHO gap and the

" able’ an1on tends to donate more e]ectron dens1ty 1nto the

energ§ of t;;hq\t1ons in the e]ectronlc absorpt1on and dif-

fuse-reflectance spectra. = Such a trend i's ‘observed for

2+

- : * A Lo _ :
Se,” .where the 7r-7r transition is observed to "vary from

o b oo R o+ e amg Cn e e e oo S
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413 fim in Se,a(Sb,F,) (Sb,F )(SbF g)p to 524 nm in Se,(HS,0,),
17y Lo - 77 _125 125 125 . :

milarly, Se Te and “Te- Te coupling con-

174 ; 125

stants in Se and 2+

Te NMR spectra of Te Se4 -x cations
are strong]y dependent upon the so]vent (see section VI 7).
Recent mo]ecu}ar ‘orbital calculations indicate that’

‘s in the o-bonding in the M42+ cations.

2+ 2+

and 54 and the HOMO-

LUMD . gap decpéases in the order $,°% > se %7

ected: in both a reduction of fbe‘;tereoepecifi-

1ncrease in the number of the contacts 'to _Te;2+

2+ .
3.0°%1.0 i

3.05 1. 0)(Sb F14)(SbF ) (Fig. VI 16). The geometry about

2+
Te25e2 .

(Fig. VI.}é)l It is notewarthy that_the' three shortest

an in Se4

> Tequ'(ldl)c

~in  salts f th1s cation (23) and to Te, .Se
(Te

bowever, is well- def1ned in (Te Sez)(Sb )(SbFG)-

contacts (2.80, .2f93’ and 2.99 K) are ail to tel}urium‘and
'vtbat tellurium has .one ‘more contact than‘does se]en1um (two-
'contacts of 1engths 3.10 and 3.12 A) Since these contacts'n
are assumed to be nucleoph1]1c in nature the arrangement‘
about TeZSezzj “is i@dicative of a bui]dwup.'of pos1tTve i
charge'on teliurtum re]ative to»selenium.‘ This is reasonJ

able in terms of the re]at1ve electronegat1v1t1es of 'tbese;'

. “H..___\
two e]ements as descr1bed earl]er (sect1on Iv. 7) n- the -
ot 2+
other mixed Te-Se catton, Te3 0Se1 0 Jn Te3i05e1.0(5b4F20),

Te(2) has the highest percentage of te]iurium as well as the

greatest number'of conta;ts in-the struoture. The remaining

-



* (Te, Se,)(Sby Fy XSDF, ) S . (re,ms%)(Sb,FH)(SbF,) ‘

FIGURE VI.16 Anion-cation interactions in TeZSez(Sb F14) (SbFG)
a-nd Te3 OSB-‘ O(Sb F14) (SbFS) 2 .’g’ 0
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FIGURE VI.17 Anion-cétion interactions in
(s_ﬂ).OSe.1 .O)E(Sb4F17)(SbF6)3.l | ‘
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three sites, however, do not'apbear to reflect this trend. .

Contacts to the 33 0Se 2+'cations of

(53 OSEP\D) (Sb4F17)(SbF )3 (Fig. VI.17) ex1h1b1t typ1ca1

_arrangements as described above. In each case the four

shortest contacts (rang1ng from 2 598 to 2. 830 A) br1dge the

edges of the cat1on. The largest "number of contacts occur

at the sites re]atlvelxxrich in selenium. There are six

contacts to Se(l} and;:Zfﬁ contacts to Se(3) which are 40.2
t

and 32.1% selenium respectively, while Se(2) and Se(4) with

15.3 and 12.8%_selenidm have only four cdntacts.

!

.- - . ) ‘-7. . T
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' 1
.distorted monocappgo octahedron, 3 3 nd the central

“ Group VI atom. similar geqmetries are gbserved for bridge-

. to s,Tecl, (0. 846 g, 2 00 mmo]) (103) and 30 mL of CHLCT

142

VI1.1 . Introduction.

H

A lYarge number of salts of fheqMX3+ catign (M = S,
Se, Te; X = F, C1, Br, I) have been characterized by X-ray
crystalloyraphy. Many of these structures have recently

been summarized by Passmore et al. (102). In all cases the
cation has essentially trigonal pyramidal, Cay symmetry, @s__
expected from VSEPR cons1derat1ons (61). Interibnioh;iglz-

acts are 51gZIf1cant in all of these structures as well a

e

generally™ form in d1rect1ons around the Tone pa1r of e]eq

trons and opposite the primary M--X bonds to compleﬁél a

head positions infﬁ102+, 72t and M6?+ cations as described

. above (see Fig. III 5 - and 11.6). It was of interest to

L]

character1ze ‘more salts of. .the Hx3+ catiom' so "that the

-

secondary bond1ng 1nteract1ons could be further stud1ed and

trends in the geometry of theucat1on w1th var1at1ons in M

“and/or. X could be established.

“n

VIil.2 Preparation of (Tec13)(A1614) tr1c11n1c. N

o

Aluminum tr1ch10r1de (0.533-g, 4.00 mmo]) was added_

272
was d1st1]1ed onto th1s myxture in a doub]e bulb vessel at

—

77 K;_ Upon farming to 295 K the so]ut1on had the character-

g.istic rorange_ color of S.TeCl

7 o but after stirring for 24 h

- . .
the color changed to a bright yellow and a large quantity of

r
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-

white powder precipitated. The powder was filtered off and
recpysta]1izeq in CHZE]Z, producing thin white plates. The
Raman spectrum of thesescrystals (fab]e ViI.l1 and Fig.
VII.I) _ﬁas consistemt with'(TeC]3)(A1C?4) but the space
group “an& unit cell parameters were inconsfstent- with the
previously reported;structure of this compound_(104)'and'-p
istructure QEterminatipn was carried out. Yellow, block-Tike
crjsfé]sp also formedrfrﬁm the original réactipn mixture and
these wére ideptified'as Ss(orfﬁorhombic,- Fddd) from pre-

»

'cession;photographs.

~YII.3 Preparation of (Teci3)(AsE6).

‘.'The synthetic .route followed here~(reactioh vIii.l)-
is anaToéouS-to the reported preparqtion“ of ‘(TeBr3)(AsF6)
(105) ~ Arsenic pentafluoride (0.226 g, 1..33 mmo]) and SOZ
(20 mL) were distilled onto TeQ] ‘LO 2383 g,>0.8845 mmol) 1n
a doub]e bulb vessel at 77 X. The meture‘was warmed to
roo; temperature and aftér 24 h‘of iti}ring thé solutfdn'was
él very pale yellow color, presuméb]y as a result pf 'C]Z
pro uced in the.reactioﬁ n Sb1rr1ng was cont1nued for one

“
week with no apparent ¢hange. An 011 was formed upon slow
removal of the solvent, which depos1ted a large quant1ty'of
whité powder- upon coo11ng ‘the other bulb of the vesse] to
255 K to remove all of the solvent, . The powder was traps;'

: : N
ferreq to an&ther vessel and'recrysta1\1zed from a 1:4

‘“£H20121502 mixed splvent, producing thin Golorless plates.
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Table VII.1 Raman Spectra of the TeCl f Salts Produced in
“Sections VII.2 through VIi.s. .
§> ATCT, Sbc12/f-\\‘__ . SbF AsF
- 77 K /> 295 in S0,
g 708(5)¢
i . 667(10)° 671(8)¢€
- ' : 640(20) 649(1)2
\ . . . y - 578(3)F
\ 467(4)2 | o . 543(3)
458(4) : 442(2)
391(100) 399(76) . 398(100) 399(96) 406(100). -411(100) .
. 386(31). '384(48) 388(48)  404(25)
378(26) 370(10) 366(16) 376(40) : 394 (32)
368(56), 360(20) 358(26)_  355(32) , L 389(32)
347(27)® 340(s) 5 344(10)3 333(100) 379(62)
- 313(100)° 312(78) b | ¢ 371(sh)
- b - 285(9)r ~ 284(14)° 361(15)
265(11)) -y 263(4) ‘
. A56(18)° 257(23) - 246(1)
193(4)®  "19s(8) . o -
191(14) 188(17) .-
181(24) 179(27)
174{18) - 172(38) : .
168(14) 171(17) 169(8) 173(16)  171(44)
. _ 165%19; 166(37) (29) : )
. 152(10 . 159 (29 154 (49
148121) 149(11)  149(22) . 146(38) >
144(18)  142(2). S .
131(13)  133(3)° -130(5)
, 124(4) |
121(7)2  121(8) 121(8) .
. 118(3) .
93(1) o
84(2) . 76(8) 82(8)
73(5) - - :
62(10) - ‘ 67(12)
y 54(5) 58(32) o
. 48(9)
44(8)
38(18) -
35(17) 34(79)
31(16) 28(57) -
% | - S
: (a) A1C1,”, ref. (160). (b) SbCIL™, ref,(128). (c) 'sbCly,

Cref. (161). (d) SbF.™, ref.T[162). (e) AsF ", ref. (163).

P
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Ja

FIGURE VII. 1’ Reman spectra (5145 E) of a) TeCl4 “recrystal_
. llzed from 302, 77 X, b) TeCl (AlCl ), 295 K, ¢) TeCl (SbCls),

77 K, d) TeCl (Ast), 295 K. (*) 1ndlca'l:es 1, of TeCl3+

e
-
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‘The Raman spectrum gT these crystals (Tab]e/CII.l and ﬁjg.

VII.1) was significantly different . from that - previously

reported for this compound (106), but a subsequent X-ray

cryStal structure determination confirmed the composition to-

be (TeC] )(ASF Y.

oo

2 TEC]4.+ 3- ASFS——+- 2 TeCl (ASF ) + ASF3 + C12 VII.1

%

VII.4 Preparat1on of (TeC] )(SbF ) ﬂAttemhted Recrfgtalliz-
ation of TeF,(SbFg). -

Tellurium tetrafluoride (0.4714 g,  .2.315 mmol) was

combined with SbF5 (0.4970 g, 2.293 mmol) and 30 mL of SO s

2
in a double-bulb vessel and the reaction mixture stifred for

2. h.before the SO2 was s]oﬁly disti]leg,off of the colorless

solution leaving a white powder. tTThis,product, presumab]y

v

™

"TeF,(SbFg) (107), proved to be too soluble in S0, to obtain, -

gpod crystals so a poftion of the'produét (0.4842 a, 1.152
- \ . N
mmo 1 ‘TeF4(SbF5)) was transjerred into another double-bulb

vessel, along wigh 15 mﬂ SOz.and‘ZO mL_CH 012, producing a

2
colorless solution free of residue. A large quantity of

PETY
PR

.presumably'mostly-cohposed of the 1es§-vo]ati]e-CHZCIé, ‘was

"white powder precipitated after half of the solvent had been

sToy]y removed by distillation. The remaining solvent,

. left over the powder to encourage crysta] growth. After

two 'weeks the_ so]ut1on was a pa]e p1nk color and thin,

—__colorless plate- and needle-shaped crystals had _forméd"at

the vapor-liquid interface. The Raman spectrum of these

crystals (Table VII.1) was consistent with (TeC13}(SbF6) and -

(]



and allowing the sblvent to
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*

i

the X-ray crystal structure determi/mﬁ this
" compositTan. - : ' ) _

VII.5 Preparation of (TeCl;)(SbClg).

Tellurium ~(0.4016 g, 3.147 mmol) was weighed into
) utam : ‘

r

bé?%ﬁgn a dry-box. _.Thirty mL of 50, was condensed into the

ampoule with the S$C1s'at 77 K and after sealing the vessel
7 ) - -
melt this yellow solution was

: v -
- poured onto the tellurium and the mixture stirred at vroom

-

_.temperatmre." A pale magenta solution cg{@r‘Was observed,

2+

jndicafjhg initial formation of Te,“ . After 2 h all the Te
fﬁﬁﬁq/,paacted, producing a yellow solution free of residue.
" The - vessel was heated at 340 {;for‘ZQ h with no apparent

change. After slowly distillinhsope of the solvent to the

'otzgp"am%Gﬁle large yellow crystals wére deposﬁted. . The
Raman spectrum of these crystals indicated that they were

. o ,
'(Tec13)(SbC16) (see Table VII.1, Fig. VII.1). A subsequent

crystallographic analysis revealed that the chlorine

were disordered éﬁf the structure was not comp]efed.

N

J{g\’//§pace”group.and unit cell'data are included in the Appendix.

VII.6 ‘Pfeparation of (TeF3)2(SO¢1. —
| Thirty mL SO,.and AsFg (2.187 g, /12.87 mmol) and a
trace of Bbz (20 mg) were condensed onto a mixturé of .Te

-

.ﬂl - : .

> I | L _',{1/1 . :S ! .

&

one bulb of a’d 1e-bu1b;vesse1 and an excess \Qj; SbC]sl
(4.67 Q,“IS.G mol) was.added with a syringe to the other

~ -




-

«j.

U

ji: .8115 g, 6.360 mmol) and Se (0. 5082 g, 6. 436 mmol) at 77 X

a doub]e bulb vesse]. After allowing the solvent to melt

the react1on m1xture was stirred producing first green, thep

.“brown and blood-red solution colors, returning to green

after 2 h of mixing.. These co]ors are cons1stejg with the

2+ 2+

initial formation of Seq and/or Seqq (both green) fol-

wlowed by the production of mi xed Te-Se cations (red or brown

in" color), "which react further to produce colorless Tngi

~

., and Se82+' aagﬁdf Selbzf. “ After 24 h a large quantity d?‘

fine]j-divided_ black powder had precipitated. The green

Téo]ﬂtfoo . 'was filtered and the solvent slowly distilled-off,

leaving efdeep green'oi$\ ‘A'few,mL_of SOékﬁere ‘disti]]ed_

onto this oil in an'NﬁR7oube and the '7se MR "spectrum . of
this solution -identified 'the,Se102+lcat10 - (see section

117.7).  No .other species were observed. After several

weeks (;ew ~colorless crysta1s formed in the NMR tube.

These were isolated and were by X-ray crysfa]lograpﬁy

to'bE~(TeF3)2(£8A3' _.‘_ . o _

VII.6 Discussion of Crystal Structures.” - . |
(TeC13)(A1C1,)-triclinic:  The géométriés of ‘the two indep-

’
endent TeC13 cat1ons in this new. mod1f1catzon of

(TeC13)(A1014) “(a monoc11n1c form has been reported (104)),

are given in Figure VII.2, A complete with secondary Te...Cl

interactions. Both cat1ons have a tetrahedra] AX3E primargﬁ@ir

s

bond geometry, wh1ch is cons1stent with VSEPR theory. Three

v
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FIGURE v?f{ ORTEP views of the two TeCl3y* cations. in
)

TeC13(AL1CT,

—triclinib, examples of the AX3¥3E'geometry.;;

Lower views

are toward the assumed position of the lone pair of electrons.
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J,secz:jf$y_( nHs oppos1te the pr1mary bonds.EQ\plete a dis-
-tfr Mono? E octahedron (cf.” Fig. ' III.5).  The

d.e.. [(Tecf3+)(C1 )]4, also has an .

Ly (108) The dimensions. of the TeCI3+ cations

lip th1s'A1C]4f. sa1t however,.'afe substqntialjy'different'

from those of the same cation in TeC]4,(Table VIii.2). There’
. . / " r . N '

is.a sig%{fi;ant decréase in the:Te--C1 Sond length-in;going
frem Te? to the A1t14' salt, witﬁ a cor:espondingnjengthen-'
ing--of the'secondary Te...Cl contacts. This correlation:
'between . primary and secondary bond lengths 'is expected if
the’ thiorine atoms inﬁthe anions donete e1ec£?be densify
into _ant1bond1ng G‘ orbitals @ssoc1ated w1th tﬁe ;Tej:b1
f bonds of the cat1on (sé%gkect1oh IM. 9) Cons1stent ﬁith
',the weaker nature of the secondary bonds and the;rstrohger

5 B . v
pr1marlee--Cl bonds, there is also an 1ncrease in the mean

-1ntramo1ecuiar C1- Te c1- angle in the A]C] - éalt over that' -

l

in TeC]4 (Table VII 2) The d1mens1ons of the TeC13‘ cationj
in the tr1c11n1c A]C] . salt are very s1m11 to;those_ of
: the prev1ously pubf&shed monoc11n1c‘:§a1t, (104)"fﬂ(tab1e

| - In tH?‘present structure the two A1C147.eeiens__aré
Both sl1ght1y flattened tetrahedra w1th 'eemei'significant:“”J
¢'d1fferences in bond lengths (Tab]e VII 3) 7Noteab1y,-.eee§
anion conta1ns a bond wh1ch is ca. 0.04 ;0_0105 A shorter
~than the remaining.bands and theee two sport Qonds,ere_ to

. 8 S .. o R L :
the two chlorine atoms of the anmions that are not 1involved

e e e e R 5 g e e et - e

s e AL
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Table VII.2 Mean Dimensions of Mx;* Cations. , .
‘ ‘ ) Hi3* C Bond Lengths (i) ' Bond Angles (deg) Réf,
: M- X Mool Y KMeX X-Ma.Y YoMLY
SF4(BF,) 1.492(2) z}§14(3) 97.5(1) 130
SeF3(NbFg) 1.73(4)  2.35(4)  -94.9(3)  85(3) 96(3) 125
SeFy(Nb,F 1)  1.66(2). 2.43(2)  94(2).  B84(1) 99(1) 126
TeF,(Sb,F ) 1.84(4) 2.59(3)*" 90(2) 75(1)  101(1). 46
~ 5C1,(1C1,) 1.988(3) 3.115(3) 101.3(1) 159.5(1)° 77.1(1) 115 -
' SCI,(SbE1g)  1.956(2)° 3.220(3) '103.7(2) 88.31(7) 76.52(5) 116
sCi (ucly)  1.e6(1)  3.25°  102.3(3) . o Jamf
. sec) ¢ | 2.166 2.837 , . :96.0 - 89.6 84%.0 132
SeCly(AICT,)  2.110  3.08 ©  99.3 - B8.S B2.1 . 132
SeCl,(M00CT,) 2.148(2) 2.878(2) ¢ - | 132
seCly(sbClg)  2.1001)  3.13(1) O 16
Tec1,®. +2.311(3) Lz.szé(aj _E?.h(z) 89.9(3) 85.0(2) '1o§i
. Tec1g(alc1) T 2.276(2) 3;061;2) 95.0(2) -gséS(z) 93.8(2) -104-
| TeC13(A1C1,)% 2.277(2) 3.075(2) 95.21(7) 86.81(6) 90.94(5) h ..
. -3

TeCl,(AsFg) ~ 2.264(2) 2.796(5)% 96:00(8) 80.9¢1) “102.0(2)

(TeCl,(SbF,)  2.258(2) 2.739(5)* 95.8(1) 81.2(1) 102.3(1) h."
. 1 )

<

SeBr,’ " - 2.36(3) 2.98(3)  96{1) ' 90(1) 83(1) 133 o

- SeBry(SbFg)  2.269(8) 2.77(4) 100.5(3) 86.4(9)  86(1) 102 -
B TeBry(AsFg)  2.432(2) 2.84(1)  97.92(8) 84.4(3) 9Zi2(a) 102 -

‘Tel (AsFg) . 2.667(2) 2.98(1) = 99.9(1) ' 138

{a) Mean ¢f three face;capﬁjﬁg cbntactﬁ.' (bY Trans- angle. -

(c) On? tw§ coﬁtiqtsﬁreportea;r'(d) .~ G *)(c1')]4: I
T.e. [(TeC1,*)(C17)],. () Monoclinic modification..
'(glliri;linié modification. (h) This work. C -

(1) f.e. [(seBry*)(8r7)],. ce i

b e . . C L LR <t .
o - ) L - b - ' . " : *



" Table VII.3 Bond Lengths (&) and Bond Angles (deg).

a) TeC13(AlC]4)
¥ o

Bond Lengths -
€1(11)  2.279

(2)
- €1(12). 2.281(2)
-7C1(13)  2.277(2)
(2)
(2)
(2)

- Te(1l)

...C1{14) 341
...C1{16)  3.086
...C1(17)  3.067

A1(1) .145(2)

- c1{14) 2 -
- C1(15)  2.096(3) .
- c1(16)  2.138(3)
- ¢1(17)  2.151(2),
Te(2) - C1(21) 2.278(2)
- c1(22) 2.273(2)
- €1(23) 2.275(2)
...C1(25) 3.065(2)
...C1(24) °3.043(2)
...C1(26) 3.150(2)
A1(2) - C1{24) 2.147(2)
- €1(25)  2.153(3)
- c1{26) 2.149(2)
- €1(27) 2.087(2)

“c1(1z);re(1)-61(13)
| c1{14),
| -C1(16)

Bond Angles

c1(11) Te(1)-C1(12)
) -€1(13)
-C1(14)

-C1(16)

€1

-C1(17)

(13) Te(1)-C1(14)
T .c1(16)

-C1{17}

c1(14) Te(l) c1(161
_ -C1(17)

c1¢( 6) Te(l) c1(17)
c1(21) Te(2)- C1(22).

. -C1(23)
" -C1(25)

| ~C1(26)

C](ZZ) Te(2) C1(23)
-C1(25)

-Ci(24).

-C1{26)

c](zaq;Tecz}-c1(2§)  86.

-c1(24)

177.41(6)"
177.13(7)

B85.53(6)

87.41(6)

96 .58(5)

90.67(5) "
. 89.23(8)

96.04(7)

96. 95(7)‘“-~ 1

'90.83(6)

177.32(6)-
92.44(6)

95, 00(7)
'86.61(6)

85.24(6)

171.13(6) -

C](23) Te(2)- 01(25)'
| | -c1(24)
"-C1(26y

C1(25)- Te(2)-C1(24) -
2 -C1(26) . .
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Bond Angles

gths

Bond Len

b) TeC13(AsF6)
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c) TEC13(SbF6)

. Bond ]engths A hBond Angles

'1Te(1j S C1(1) . 2.261(2) C1(1) - Te(l) T c1(2) 97.6(1
U o ci(2) 2.252(3) ‘ - c1{1)  92.3(1
(1) 2.660(6) F(1) 85.8(1
e F(3)  2.950(6) ..E(3)  133.8(1
~LL.F(8)  2.778(4) ..F(5) - 75.5(1
o ..F(5') 167.6(1
'$b(1) - F(1) . 1.879(5) - .
_ - F(2) 1.842(7) C1(2) - Te(1)...F(1) 175.0(2
- F{3)  1.863{6) " CUUTLLF(3) 81.6(2
- F(4)  1.843(7) ..F(5)  82.3(1
- F(5)  1.867(4) | .
| | F(1)...Te(1)...F(3)  93.4(2)
S LE(B) . 95.1(D) |
F(3)...Te(1)...F(5)  58.5(1)
F(5)...Te(1)...F(5') 116.6(2)
L
~

eac n s PO IPERE L SRS IS
T A R
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d) (TeF3),S0,

Bond. Lengths - Bond Angles

s

, o
Té(1) - F(11)- 1.860(8) F(11) Te(l) F(12) 87.8(4)
“ - F(12)  1.900(8) -F(13) 86.5(8)

- F(13) 1.837(8) : -0{1) 86.5(4)

- 0(1) - -2.213(9) > s -0{3) 163.2(4)

- 0(3) - 2.321(11) ‘

..0(2) 3.131(10) 1F(12) Te{1)-F{13) 86.5(4)

JF(21)  3.321(8) -0{1) 166.4(4)

F(23) 3.303(8) P -0(3) 82.8(4)

F(11') 3.079(8) L)
R o 'Pt13) Te(l) 0{1) 80.8(4) v/
Te(2) - F(21) - 1.850(9) - . -0(3) 79.1(4).7
: = F{22) .1.857(10) : T

-"F(23) . 1.845(8) 0(1)-Te(1)-0(3) 99.5(4)

- 0(2)  2.374(10) o :

- 0(4) 2.343(12) F{21)-Te(2)-F(22) 85.3(4)
...F{12) 2.667(9) -F(23) 89.4(4)
...0(3) i3.155(11) - -0{2) . 73.8(4) -
.«-F(22') 3.274(10) ' -0(4)} 164.8(8) -

Z 0(1; }1.471(9) . F{22)-Te(2)-F(23) 89.1(4)

- 0(2) /1.477(10) o -0(2)  156.8(4)

- 0(3) ./ 1.469(10) - -0(4) 81.8(4)

- 0(a)"  1.453(11) . o

RN F(23) Te(z) 0(2) 80.7(4%)
‘ = -0(4) 82.3(4)
0(2)fTe(2)-0(4) 117.0(4)
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‘decreases as the Te...C1 secondary bond 1n a d1rect1on,;;-

AX, Y Y'

156

in any significant Te. ..Cl interactions. In the monoc11n1c

form of this compound the d1mens1ona\ij>the A1C14* anion

-~ "also i]]ustrate,thls same trend (104},

. : . o\ L
_(Te013+)(SbF6') and (TeCls*)(As 6')- The hexaf1uoroant1mon-

ate salt of'the TeC13, cation crysta111zes in the orthorhom-

bic space group Pnma. In this salt the cation has crystal--

&

Tographic mirror symmetry with C]-Te¥C1 angles of '97.6(1)

(x2) and 92 3(1) (F1g. ¥Ii1.3). Furthermore, the independ- -

ent Te-—C] d1stances of 2.261(2) (x2) and 2.252(3) & are
s1gn1f1cant1y shorter than those for (TeCl )(A]C] ) or TeC'l4
(Tab]e ViI.2). These d1fferences can be correlated w1th:the

%

strengths of the interionic contacts involving each’ fe613+

. cation. As discuSsed above, 'the Te-4CI primary bond length

-

approx1mate1y .trans-_to the pr1mary bond. 1ncreases ~in

Tength.

In: theupreéent saftjthere'areofour Te...F contacts

shorter than van der ﬁaa]s d{stances,, three of whnth may be

consfdered to be capp1ng the C1-C1-E faces of the TeCl,E

3

'ftetrahedron, w1th the fourth bridging a C1...E edge of the

same tetrahedron. This arrangement of primary and secondary _

bonds"%ay be described as AX3Y3Y E and is related to a

tricapp{iitrigona17pr1smatlc arrangement of ligands

in which all three faces and all three edges ~of

3'3° 3¢

 the AX,E tetrahedron containing the lone pair E would be

-
-
-

ay N ST

o

-
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'FIGURE VII.3 The TeClj* cation in a)‘iécl3(SbFé), aﬁ“exampie of the *-
AX3Y3Y'E geometry, and b) TeCl3(AsFg), AX3Y3Y'2E.' Both views are
tow_ard— the assumed positions of the lone pairs of ®lectrous,

)

LST
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invo]ved in secondany<bonds. In fhe‘ﬁrésent salt two of the 

r o

general]y 1onger’Y' edge br1dg1ng contacts are missing.

>

similar AX3Y3Y E geometry has been descr1bed above for the

three-coordinate tellurium gtom in Te4 55e5 5(AsF )2 (F1g.

III,B)T //good gé?mp{e of an AX3Y3Y' E geometry§1p this

class of compounds is available . in the’ structure of

{TeF ) {sb,F ;) (Fig. 1IT1.7).

‘When ;fhe ‘dffference in ‘van-der Waals rgdff for

-fluorine and 6h1oripe is taken into consideration, the three

face-capping Te...F contacts in (Te613)(SbF6) are'WEak‘cﬁm-

pared  to the Te...Cl contacts in other Te013+ s$ﬂts (Table

vii.2), but 'arelconsistent‘ﬁifﬁ the'shqrt Te--Cl primary
bond

bond lengthé observed. This difference in secondary

.‘strengths for fluorine and chlorine ligands is 'a function of

size and polaﬁizability'(t1'> F). ‘The effect of the addi-

tipnal edge-bﬁidging contact to F(3) is to lengthen the . twd"
Te--C1 bonds (to C1(1) and C1(1')) trans- to F(3) relative

to. Te--C1(2), which has only one opposing Te...F bond (see

Fig. VII.3). The contact toF{3) also serves to spread F(5)

and F(5'). ‘apart so that F(l);..Te-ti(Z) is closer . to 180°.

(175.2(2)° ) ‘than are F(5)...Te-C1(1') and. F(5')...Te-C1(1)
(167.6(1)°). o
The correspond1ng hexafluoroarsenate sa]t

(Tec13)(AsF6), is not 1somorphous with (TeC] )(SbF ), but

. crystallizes in the monoclinic space group ‘P21/n. This-

A .

O S
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situation was also observeH‘(IOZ)f for the cofresponding
salts (SeBr3)(SbF6) (ortho}hombic; space group Pglzqzl) and

(SeBr )(AsF ) (ﬁonot]inic, space group 52 /¢), but. this does

-not completely exclude the poss1b111ty\that other po1ymorph-

iC. forms of these TeC]3 and SeBr3+ sa]tsrlsomorphous with

the current structures m1ght exist,

In (TeC]B)(ASFﬁ) the TeCle cation has no crystallo-

graphic symmetry and the C1-Te-C1 bond angles show that the

{ cation is much less distorted._fr'om_-_c3v symmetry than that in

' the SbF

salts is v1rtua11y the same (Tab]es VII.2 and/ VIi.}). The
Te--C]l bond 1engths in the AsF “ salt are rgina]]x-longer
thanﬂthose ‘observed for the SbF
‘differences are.again'related to thg_secondary bqnds to the
te]iurium-atom and are consistent with AsF
Lew1s base (F~ donor) than SbF ¢ B

> In (TeCI )(AsF ) there are F1ve Tb...F inter@gtidns

wfich are Iess ;han the sum of the van der Waals radii of

"

3.53 A '(324\\and may‘be consfdered as secondary bonding
1nteract1on

frans— to the Te—-C] primary bonﬁ§ and cap the faces of the

__TeC13E .tetrahedron, while two further 1onger' 1nteract10ns

approx1mate1y br1dge two Cl...E edges of the same tetrahed-’

ron (F1g. vII. 3) Overall the env1ronment of tellurium in

this saLE\may be designated as AX,Y,Y',E.

3'3: 2 ‘
The‘hexafluoroantimoﬁate and hexifluor<;r§enate‘ an-

6 §a1t . although the average C1- -Te-C1 /angle in both

s salt (Table VII.3). These

6 being a better

Three of these inte act1ons are approx1mate1y'
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ions e%n these two structures are distonted octahedra with
r. --+ Sb--F and As--F bond 1ength5'of 1.842(7) to'1.879(5) i.'and
-1.663(5) to 1. Y\EﬁS) A respect1ve1y. .'The primary bonds to-
fluorine atoms involved in-the shortest Te...F contacts are
stightly 10nger than those to atoms which do not form any

contacts (Table VII..3).

4

.(TeF3)2(SO4)- In this salt the d1st1nct1on between an ionic
Aformulation and a cova]ent]y 11nked sulfate adduct is not

E1eqr since some of the anion-cation Te...0 distances are as,n‘

short as 2. 213(9) A (Table VII.3). Similar 1--0 and Xe--0

bond lengths of 2.26(1) and 2 22(2) A respectively are found
in IZSZOGFZ (109) and the‘[(XeF ) SO F] cation (110). In

-‘, ) fact, each tellurium atom of (TeF ) (s0,) forms two'.ghort
. %ﬁe--o bonds so that the prlmary geometry of these atoms can .
| be -~ cons1dered to be d1storted AXSE with the ]one pa1rs ,in

the remaining_octahedral_positfon; transQ to the shotter o
Te(1)--F(13) and Tefé);;%(za) axial bonds (Fig.'VII 4)' The
.remaining Te--F bond 1engths then appear to be *a funct1on of.
the‘ strength of the trans- re]ated Te--O d1stances (Tab1e -
VII.3). The Te(l)F-F(IZ) bon@;1s‘part1cu]ar1y long since
F(12) .-is also involved in a secondary bond to Te(2) The
atoms f(ll), -F(12}), 0(1) and 0(3) constitute an equator1a1
- plane of. theﬂTe(l)'octahedron and are all . pushed s]ightly

.« out of the plane of Te(l) and towards the a£1ca1 F{13) atom.

'Valence-she11 e]ectron—pair repu151on theory pred1cts-ith1s

7.
.
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| FIGURE'.'VI'I.A";_ ORTEP dr ing._‘of the polymeric (i‘JeFB‘) 250y - -
. structure. Unfilled b <.is‘ between TeF3 and SO, groups
range from 2,21 to 2,37 A in length (see Table VII.3). .
Dotted ']:'i_-_nés indicate primary bonds to next-nearest
" sulfur atoms. | | T
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@

d{stortion, 'resujtfhgf,from the greater repu]sfve'effect;of
Athe-Tone pair oﬁ‘e]ectrons'compareq to the pair oﬁ§5i§ctrons T‘
forming‘the Te(l)eiF(i3)'bond (615 The AXSE geometry obs-
erved here 15 rather d1fferent from that of the Mx3 salts
'oesprjhed above, but(r:srather-s1m11arfto that 'of.nTeF4.
(). LS ' . ‘
- . o | . -
Completing the -overa]]‘coordination-ﬁheTl of each
: teTlurium atom - of (TeF ) (SO ) out to. the -van 'oer HaaTsl

. < .
11m1ts are three further contacts at Te(z) and four contacts

~at Te(l) (F1g. VII. 5) Thes ote atoms/are arranged such
that they are approx1mate1y capp1ng three or four faces of
) the AXSE octahedron descr1b1ng the pr1mary geometry.f The
overall geometry of Te(l) can be descr1bed as AXgY,E and’

that of Te(2)‘as AXSYBE' Remarkably similar AX5Y4E beome:

tries are observed for the XeF5 cation in (XeF )(PtF ) and ©
. p Jb-
for IF 1n the XeF (IF5) adduct {112, 113) .-In TeF4 there o
are three face- capp1ng contacts, as for’;e}23~above (111).
. N . R . . " - ; . . ) AN . ‘

~. .
<

"+‘ ' - . . . . ‘ )
VIi.7 The Geometry of Hx3 Cations. S - . C7J§rr .
S 7 e
Ca It 15 1nterqst1ng to note the close s1m11ar1ty of e N

the geometry of the MX3 cat1ons\to th soe]ectron1c Group:
- L4 .

v tr1ha'|1de mo]izles# The'bon&ngths are in every case |
shorter and the~-bond ang]es slightlftqarger in the Gr0up VI," “f“\g
. tr1ha11de cations (see ref. (102), Tab]e 6) The shorter

bond Tengths .in the CatTOHS are cons1sﬂ$nt with the smaller

Dd

coya]ent radii of: the ijtral atoms and the pos1tmxe charge

-

-

]
f



N : - :
FIGURE VII.5 Two views of Te(1) in (TeF3)2504 showing secondary bonds
- (unfilled bonds) capping X-X-E. faces of the 'AX5E polyhedron, giving an

of the dlone pair of electrons,. .

<. s

overall AXcY,E geometry, Right hand.view is toward assumed direction

'

el
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maj also have a small bond-shortening effect. The bonding,

electron pairs in the short bonds. in the cations will be

clos®r together and therefore repel each other more strongly."

than in the neutral molecules, ‘1eadihg to the larger obser- .

ved bond angles. In addition, the ele;tronegativity of a

45-.._._'.‘ .

.positively-chargéd' chalcoéen éénf}éilatom'fs“gnéatgrl than

that pi*g neutral group V atom and according to . VSEPR theory :
the- bon&ing pairs of e]ectrgni;would then be reélatively ‘ e
e K i < Q3 ¢ o8 . o .f
closer to the central atoms of the cations .and take up more . 5
space in the valence shell of the central atom, contributing o
“'to the observed increase in the bond angle. - N
Seéondary‘ bohding is.génera]]yAweaker,ih stfucturesu A ,:”

. of the néuffa] molecules than the énion-cation interactions w. . \./
.observed in thg'an+ structures. Since Seﬁoﬁddry bonds tend. .- ﬁﬁ-ééi;
“to weaken the M--X primary bonds (see seCtion‘VI.lz), bond =

pair; - bond pair repulsions decreaSe with respect to Tlone

. pair - bond pair repulsions with increasing secondary bond e .
N & . ' . . ‘ . } ' . ‘ ._ " ) ] . oe 0 7 .‘ . ;- |
strength, .decreasing the X-M-X apgles. The angle expansion e
“in go{nd from a neutral molecule £ an-MXy, cationsis tfere- St

_ A v , : s

fore not as large as might be’anticipatedgyé;q£\examp]e, ths;
_'ea% . C1-¢-Ch angTe” from Ihe']ow*femperature crystat Etrqcf-
~“tufe of PC, (114) is 100.09(9)° and the ipterZmolecular

. 1 - v o . - " i . .
. contacts eg;e atl greater thanZhe van- der Waals' distance.

This “angle is only marginally Jess than the ‘mean wagggé;Vf.- S £

r s

. anytes of - 101.3(1)°. and 03.7(2)° in -
.-‘? \_. ' ‘-'-a: —v l/" R o ‘

-

. . . - . 7 ) .
. : ‘ . : Car " PRI b
IR . ! : . 1 : -2 ' C
’ -t S0 . . 4 .
L . . D . v .
- IR - ‘ ) e
. . . : '
. . ‘ - J\. o .
. ) [ Y . .. y - i Y ) e
. - . - ' / -
-\ ' Lo L ’ d \ .
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(SC15)(SbCi,) respectively (115, 116). The larger angle in
thé SbC]s'.salt is consistent with the weaker S...C1 bonds
in this structure compared to the 1614' sa]t'(Tahle VI;.Z),
- 1 In the two series MFB+ and MC]3+f(M"= S,-Se, féj the
bdnding .electron pairs become'}urther abart as M ihtreases
in size and the M--F or M--Cl bonds increase in \E\\th.

-These electron pairs therefore will repel each  other less

strong]y and the lone pair of electrons will spread out over

i

the surface of the ‘central atom reduc1ng the angle between
‘the bond1ng pa1rs of electrons. The X=M X bond ang]e,stffgf/

ily- decreases from sulfur to selenium to te]]urlum in both

of these series (Table VII.2). Similarly, X-M-X is smaller

in (T 3)(AsFG)'than in (SeBr3)(SbF6). This trend';an also

-.be sexplained using a hyhridization model and the inert pair

leads to the lone pair on-tellurium having more s-chhracter'
than for the other chalcogens. As a consequence, the h-Fx
primary bonds for te]lurfum have "more p-character and there-

fore a correépondinggy smaller bond angle. In"the SnBr3'

. énion of CsSnBr3 (11?);the centra] tin atom i urrgunded

a perfect octahedron of bromine.atoms.

‘Thetlone pair 1is
‘”‘sterep1nact1ve and . pre9umabjyrre§ides | sphert;a] S-
.'“ho iJ;].. The same argument holds fpr tie TeC]sz; anien
EREEEY: . o

v - ™ ’ B

‘In the series st*, SeX3+,and Tex3+, x"_ Fncreases
.~ ' L

in the order F < €1 < Br < I.' ! similar trepd is noted for’

.’.V | ] “‘Qw‘ ‘ @ ?G~'r hnan,

effect. The increasing-s-p enérgy separation down a group_

_‘

i

3
\




“the ispelectronic neutral molecules and is consistent with

~They are

L4

ﬂ.obServe.d for Sef
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‘the changing'e]ectronegat1Vity of X. The greater the elec- -

the bond1ng pa1r and attracts it to. 1tse1f reduc1ng the
repu1s1on between bond pairs and decreas1ng the X-M-X angle

shorter ‘bond lengths. For example, X-Te-X is 90(2)°

in )(SbZFll) compared to 96.0(1)% and 95,8(1)° in

(Tec13)(AsF ) and (TeCl, )(SbF ), 97. 92(8) in (TeBr3)(AsF6}'
cand 99.9(1)° in (Te13){AsF )(Table vIii.2). | v

The geometry of the secondary bonds also changes in
a regular manner. In general these 1nteract1ons are formed

in those Yirections which avoid the concentrations of elec-

tron - density -due to the primary bonds and the Tone pair.

'erefore formed in dlrect1ons between the unshared
-

| pa1r and the bond pa1rs. It is nbted above that the bond1ng-"'*“

pairs . are forced c]oser together as M 1ncreases in size 1in

the ser1es HF3 R -MC13 and MBr3 as the lone pm1r spreads

out on the surface of the larger, central atom. The second-

Lary bonds that- form around this spreading lone pair are

,forced further and further apart and c10>er tO/the,,p%lmary

bonds in the same ser1es. ‘ For examp]e, the mean s ondary

‘secondary bond ang]e,' Y...M...Y “\Wtreases from 7 .52(5) to
82. 1 fo. 90 94(5)@ in (sc13)(5bc1 ), (SeCl )(A1C1 a) ang

(TeC )(A]Clqﬁgtr1c11n1c respect1vely¢ The same trend y(
3 and TeF3 ‘or_SeBr3 - and T%Brs -;salts

;fnegat1v1ty of X, the more X contracts the charge cloud of
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(Table VII.2).

- VII.9 AnidniCation Interactions in'MXj+ Q@tionkl
) L]

ThEre are 51gn1f1cant anion- cat1on contacts 1n all
of the character1zed examp]es of the MX3 , cations. The

1 : _
strength of these‘1n;eract1ons at M, I,e. M...Y, incqeas{i\

in  the serie5'5'<-5e‘< Te, J/pnsivf;tent with the increasing
'e1ectroﬁesitive nature of the cha]xogens 1n the same order.
For example, M...Y is 3. 220(3), 3.13(1) and 3.075(2) R ‘m
‘_the compounds (sc1 3)(sbC1,), (SeCl }(sbC1,) and ‘

(TeC1 )(AlC] ) tr1c11n1c respectlvely (Table VII. 2). TheSe

distances are'0.35, 0. 52 and 0.73 A respect1v ly-less than

_the _van”_derlﬁaaﬁg‘limiting distancesﬂ,(BQ). Th ron
;?Eehdafy dends are probably'paftially eesp;%ssﬁle f ri ghe
1n@rease in the Yoo ML Y angle down the group.- The trend
in‘ th1s angle is descr1bed above in re]a%ﬁon to the‘greater
_ stereoact1v1ty of the lone pair down the group.

;pontacts to M sim parly depend on the nature of Y.

The degree of charge-transfer from the andon_to the Te013+

cation is apparently-greater in tﬁe A1C14' salt than in the

Ast" “and SbEGEfsa1ts,"sihce the-Te-gC] primary bonds are

somewhat longes in the A]Cl#f
T A :
not too surprising. since chTOr_ne‘1s ]arger nd ‘more polar-
i;ab]e thah.f]uorinez;-'TheﬂaBo&e cOmparison is eonditioR%T.
. &

« however, - on the \overall env1ronment of the central atom.

‘hemaining essent1aTJy'the(}ame in. the d1fferent sa]ts. Hosx‘

salt (Ta le WI. 2) - This is
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salt. Theré are variations in the M...Y interaction for a

168
of the cations- have 51mp1e AX3Y3E geometries. "~ The TeC]

cat1on' has additional edge br1dging.contatts in the - AsF6

and SbFG; salts, but the degree of éharge-trajsfer.ii\still

apparently somewhat less in these salts than iin the A1C14'

-

given‘.Y -as we11' depend1ng on the Lewis bas1t1ty of 7 the

anion. The M...Y d1stance in (SC] )(Sbc1 ), for example, is
somewhat 1onger than in (5613)(101 ) (Table VEI.2), cgns1s-
tent with SbC] ‘being a stronger Lew1s ac1d than ICI3 (115)

Variations in ‘the length.of ‘the Te--Cl bond 1n T€E13+ salts

can be torre]ated‘w1th_the_pos1t1ons.of-TeCl3 stretches ' in

their\Saman spectra. The symmetric stretching vfbration of

the: T 013 cation o curs at success1ve1y h1gher frequencfEs

-

in the Raman spectra.

(TeC1,)(AsFg) (Fig.. VII. 10,

the pr1mar_y Te--C1 bond\engt in the same series_- (Table

VII.2). . This stretch occqrs at a_ highker frequency 1n'
LW - - .

(TeC13)(Sb616) than in
B 5% H

LR

cation @nteractions are wea

someﬁhat shorter in the SbCI' salt ‘than in thé A]C] salt.

4
The Sbc1 .anion then is apparent]y a somewhat w-aker Lewis

'base than A]C14x}//or in other words SbC1. is P stronger

: Lew1s acid than Rﬁoag‘ | -

<\\h§or 2 3*ven M the tenden%y for contacts to X, -that

“/is X...Y, "o hecome s1gn1f1cant-1ncreases 1ﬁ the order F <

>

Cl1 << Br < I,-éorreﬁponﬁing to the increasing polarizability
RN ) S .. ' ' o
F R T A

4

e ae it iAo % e e n
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h and electropositive nature of X in the same ser{Zs. In the
- A

strucfures‘reportgd here this type of contact is not preval-

[

~ent, b% whey cén be seen in structures of the- compoundiﬂ/_)e
A\ (SeBr3)(SbFg), (TeBry)(AsFg) and (Té?s)(Ast)_ (10Z; - 134)
Consistent with the increase fn the interactions at X ap-
.pears to be a tendency for the contacts to M to éimultane-
ously' decrease in strength, that is the degreé bf charge-
tranéfer to the éatfon vja-both the M and X contacts appears
‘io be constant. The M...Y distiance steadily increages from
2.59(3) to 2.738(5) to 2.84(1) to 2.98(1) A in the compounds
(TeF5) (SbyFy ), (TeClo)(SbFc), (TeBry)(AsFj) and
(Teié)(AsFé) resp%ctive1y_(Tab1e VII.2). ‘

o

o . R _ : .
Vllklp F-19, Se-?? and Te-125 NHR of SeF3 and TeF3 . . ?&4?

It fs c]ear'from‘thé‘above discussion that the X-M-X

3
Texa+ for the crystal structures examined. It was q]so of

bond angle decreases steadily in the series SX3+ > SeX
[ . . . ]

« interest to determine if the same- angle depeﬁdence coul be .

125

e observed in solution. To this end, the 198, 77se ang/1%%7e

.
¥

. \\NMR :spectra of the SeF3+ and TeF3+ cations were obtained so

19, 77 g 195.125

Ed

that the Se an F

Te coupling cdﬁstants.toy1d be
used ﬁg'compare the F-Se-F and F-Te-F bond angles in these %

‘o cations in solution. The Fermi contact mechanism, which is

concerned with'tmi/pegreé oifﬁ;jiiégcter in a bond;'ggvefal-' ﬁl
ly. dominates sp¥n-spin EOup ing in high resolution NMR

/. - - -
(lﬂEQ. - Since the X-M-X bond angle is related to the amount
e o ' ‘ — . _ . =
\/ ) _ ..l . . . ) . ‘ € - A B4 3
Oy T~ - . v T S -
, . : : o N ) . - '-:'. o
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D

of s-character in the M--X ond, "that is a large bond angle
¢ D :

-corresponds to a high de%é of ss-charater, trends in the

-

X- M X bond angle can be rel ted to changes in the spin-spin

¢oupling constants. _ \\ , et

P .
Observed scaJar coup]1ng constants involving diff

~- ent nuc]e1 cannbt be compared d1rect1y, but useful cémpari-
SOns - can be made us1ng reduced couph1ng' constants, K
which take jnto accoont the different magnetogycic.nati
the nuclides oetng compared (Iéb)‘ Reduced density oyp]in@
constants,' L;x, add1t1ona11y correct for relativistic ef-

fects which become important for heavy nuclei (121 123)(’

K (4v /h)J

Lux (4w /c? )KH&(v( l)MU( -1y ) VII.3

)“1 VII.2

where h is Planck's constant, ¢ is the speed of 11ght XM is

'the mdgnetogyr1c ratjo of. nuc]eus M (1n nuc]ear,/magnetons)

andl)( 1),, is the hyperflne 1ntegra1 of nucleus M {a measure
of the -electron_dens1ty f nucleus M). . The hyperfihe

integrals 4f the main grodp elem

N ref. (121): F = -0.5272577, se £ -0. 8300371, Te = -1.2585161.
' The.TeF3+'cation we. obta1ned by three routes (Table

_ JII 4): ):the reactiopfof TeF4 with ess A“F in 802,
/r”’; 2) the reac%1on of Te(OTeF 5)a w1th e;i§§§\¢sF5 in S0, gzd

3) the direct fluorlnatlon of elemental tellurium with’ SbF

‘-’\., ‘ ’ - 3 .
. 1HL§02. EXCESS‘ASFS Was used in the First two re;:::kn\ to

ts have been tabulated in .

5 -

reduce line broaden1ng by suppress1on oiﬁj}ﬁor1de ex- '

-

o~
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9‘ .
change in the presence of excess ‘Lewis ac}3~(124) Trifluor-
oselen1um hexafluoroarsenate was prepared by the react1on of
Se (Ast)2 w1tp»02AsF6 (react1on‘¥II 4).

‘ HE _ B
_ .‘Se4,(AsF6)2 + 14 OzAst —_— 4 SeF3A5F6 ﬁ 14 02 + 12 ASFS

| ';_ N . - “,_;:J/f‘r o VII.4
f;gn excess of Se'(AsF } lwas used since 0 Vs paramagnet1c
and if present in .eyen sma]] amounts, cou]d cause s1gn1f1cant
line broadening in the-NMR spectra. Anhydrous * hydrogen
f]uoride ~was useq.as the so]uent‘in the ‘preparatiQn since

. : . A .
02+ would be expected to oxidize SO, to SO;. Sulfur dioxide

,except1on of th{lZﬁ/SbF so]ut1on, 1ow temperatures were

employed- to reduce line broaden1ng resu]twng from f]uor1de

125

-exChange.*tT Te: NMR spectrum of a TeF /AsF5 solution in

SO2 recorded at 200 K is g1ven as F1g VII 6.

19 -77 1255

The- ‘s Se and Te NMR parameters for the SeF3

:_‘a_nd'Te-F3 cations are given in Table VII 4. The mean

19,77 19 125

F-""Se and "Te-"“"Te coup]1ng constants are 1202 agd’ 2907‘

Hz respect1vely. The SeF3 coupllng c“ﬁpares well w1th the

19 4

value of 1213z reported for the ~°F NMR spectrum xof 2

solution of SeF4(BF3) in HF (124). ™ The 19F:77se and

19p_125¢, couplings -.in §eF3+.and'TeF3+ are ‘cahpared "ith

other Se-F and-Te-f compounds:in Tab]e-VII.S;, LThe_reduced‘

R

density, coupling constants for'a given.pair of Se(VI)p‘and
IEJMI), compoundsf ould be approx1mate1y equal’ Since the
environments and-B8n lng of the spec1es are expected to e

+ - . - - . . -

171
<

Was the preferred solvent for the NMR samples and, with the

[
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: 4

\\.
- I I 1 1 1 o .
* : 700 650 600 -
- H, {(ppm from Te{OHlg) — - ot
. . ) J ) —
\ . GURE VII.6 '27Te NMR spectrum of the TeP;* catiom in | '
. g ///////zzz at 200 K (78.97 HH:, 0.47 m; 5800 scans; 6.1 Hz/pt).

- ‘ .

. D ' Table VII.4 NKR;Paraeetersl for'§er3+ and TeF,y".

v

T T & {ppm) - J(Hz)
Lation 19 Mse 1254, 19F Tlge 19p. 12374 19p 1254,
. ' TseF,*® 112 11200 L 12013 :
R 1203 o
. Térj*‘- -47.2% ' - 663.20 ¢ 2430%°% 29152 :
, - 673.9° . . 29149
:;g:}?.n 688.97*" : | | 33?3;-2-h
-~ 6.2 . o 290890
!‘,r ' _'_(a) Spectra recorded at 200 K unless otherwise indfcated. S(lgF), ]
_6(77Se} and 5(125Te) referenced to externzl CFC13. saturated aque-’
- I ous H25e03 and saturated: aqueous Te(OH), at 295 K respectively.
. (b) a 0.20 m solution of SeFa(Ast) in 502. (c) From 19F spectrum.
S o .. (d) From 775e'§pectrum.‘_te) TeF, (0.3862 i,'1;897.mm61) *RsFy |
e (1.28 g,.7.51 mmol) + 50, (3 g) (see Fig. VII.6).- (f) 295 K. [
L ’ {g) From ,1'25Te spectrum. *Z‘h) Minor product of 0.2 'g‘ Te + 0.4 mL

SI:F5 in 3 mL 502, stirred and- flltered after 48 h. (1) Te(OTeF )4
{0, 9287 g, 0.8583 mmol) + Ast (0. 729 g, 4.29 nmol) + 2.5 ¢ soz

= - (Table Vill.1, Fig. VIII.3]

L,/ ' T - o

172
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Table VII.5 Comparison of }gF-77 15% 12570 Coupling

‘Constants.

S a. b \ R c
Solute \;Lx %MX" Lyx - Ref.,

Se and .”F-

(Hz) ~ (102 NA“2 =3y (107%3NAZndy”

. d N
SeF,; 12028 5.579 f
TeF3" 2907° 8.142 f

seFg 1421 §.595 r 135 - <

TeF, 3736 10.463 © 136
HOSeF . . _13002 6.033 ' 137
HOTeF? 3577% - 10.018 - 138
Xe(0SeF ), 13382 ©» 6.210 139 ¢
Xe(OTeF )5 3600 10.082 139
FeSe00SeF, 14315 6.641 139
FoTe00TeF; <3830%°  10.727 139

-

- (a)- Scalar coup11ng constant. A!] coup11ngs are absolute

values. (b} Reduced coupling constant. (c) Reduced density .

coupling constant. (d) Mean value, see Table VII.4.
(e)fboupﬂ1ng to equatorial F atoms. (f).This work.
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nearly identical (i.e. octahedral, or pseud 6ctahedral for -

the - OMF_ specjes). "These couplings are in fact very close

in _-'va]ue,_‘aTth;oogh'LTeF is generally somewhat.larger ‘than

.<LSeF (Table VII.5). The reduced density coupling constante

for SeF3 * and TeF3‘ are smaller than for the 'Se(VI) and

Te(VI)‘ spec1es and in th1s case L is larger~than L.

SeF TeF*

"This 1nd(cates th t the M--F bonds have more s-character: in

SeF3 than TeF3 - or in other words the F-~Se- F bond >ang]e
wou]d be expected to be somewhat larger than the Fe Te- F bond
ang]e, which is cons1stent w1th x-ray crystal]ograph1c find-

ings;(46 ‘125; 126): Th1s NM? result may be fortu1tous,

hoﬁever, s1nce other. terms may also contrlbute to sp1n spin

‘ coualing.". | ' S ij’,'
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& . .
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VIII.1 Iatro cﬁﬂm \

Ty

series of mixed F/OTeF5 compounds of Te(IV)

: Y A - 176
- *

t’hoteTM acid,
S

péned -the: door to a

The d1scovery of pentafluoro
HOTer, by Enge]brecht and STadky (140

new"claes of compounds. _R Izgand IS ga1most _as

glectrenegat1ve 'as; f1u0r1ne (136) and OTeF5 anaIBQUes' ef
[~

7most .of the“thﬂn f1u0r1des have been prepared (141 : 142);
'1nc1ud1ng the. noble gas compounds Xe#QTeF )2 and Xe(OTeF )4

. - a . l . -
(143, 144) "The react1on of HOTeF. with boron tr1ch1or1de, T

reaction VIII 1, 1eads to B(OTeF )3 (145, 146), wh1ch is a(

very effective QTeFS-donor i suSst1tut1on react1ons such as »

"

virne (34). 5w g - e
~~3 HOTeF. + BcI —3 HC] + BgoTer, )3 ERAR S OS

. _* ‘\ v -
3 TeF4 + 4 B(OTeF )3 3 Te(OTeF )4 + 4 st _ VI]hﬁi‘
ab<

The Cay symmetry of the 0TeF5 group has been est

115hed by V1brat1ona1 speqtroscop1c stud1e% of 0T F5 ' saTts--'

19

(147) and by thercharacter1st1c AB4 patterns fh the *°F NMR

LY = B
spectre\\i,eﬂ] of the compounds so..far. exam1ned (142). f?' R R
ray crysta1]ography has4£onf1rmed th1s gepmetry in a handful-;- :
of compounds 1nc1ud1ng Te(0TeF. ), and B(OTeF )3 - 4 | 146) o ‘*

An ORTEP drawing of B(OTeF )3 is shown 7 F1gure'VIII 17

A cons1derab1e portion of the main- group chem1stry_

-of simple binary f1uor1des is based upon the f1u0r1de “jon-

donor/acceptor propert1es of the parent compounds. Im “the

present work we .have extended the analogy to the OTeFS'

o

anion and have studied 1ts donor/acceptor _roherties in “a

;

S+ Severa¥ examp- '

2
Ll
——
*
-
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FIGURE VIII.1 ORTEP drawing-of B(OTeF) , (reproduced

from reference (146)). N
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structural characfbrﬁzation 43¢,

_the TeF

AR B . 178

L\

ies of‘gTeFi[F fig{nd redistributions have .been reported for
3fder1vat1veg.of Xe(OxeFS)Z, Xe(OTeFS)A‘anq 0Xe(0TeF524 (148 )

The ‘OTeﬁsfaﬁa1ogue of'AsFS, ;As(OTeFS)S, has been pregafed

" in the coug

and'émﬁ1oyed-as an acceptdr species for OTeF5 i

of " the present investigations. It§ preparation has also

-5

:.béen_ described recently by Lentz and Seppelt (149). ' The

precursor U'I.'eF5 ion donor ‘used. in the present study,

Te(0TeFg),, had been prepared

19

temperéture F  NMR spectroscopy #s the chief means of

A subsequent low temper-

125

ature Te NMR study showed the structure of Te{0TeF.), to

be! consistent ,with a trigonal bipyramid undergoing rapid

%

'intramo1ecu1ar exchange between the axial and equatorial

' 4
ligand sites (136).

-

VIII.2” Preparation of TeFx(OTeF5)4_x.

Tellurium‘)thrakié(pentéfluoroorthotel1urate) . was

. preparéed by the stoichiometric reaction of T-eF4 with

B(OTeF5)3 as-reported previously (34). . Mixed fluorides/-

. pentaf]udroorthofe]1ura€e§ were prepared using one half the

amount of - B(OTeF5)3‘required for com efe reaction with
TeF,. 1In a typical reaction, Tef, (0.5906 g, 2.901 mmol)
wp% weighed fnto a glass "'vessel equﬁﬁped with. a Rotaflo

va]ve!éndiB(OTeF5)3:(1.405 g, 1.934 mmol) was distilled onto

—

4» the valve closed. and the mixture fused at ca-

400 K. Boron trifluoride was slowly liberated.~ When no

\

tudied earlier using room-

5
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further gas evolution was observed the mixture was cooled to

room temperatur® and the BF3 removed.by pumping under vacuum

—_

.. for several-minutes, leaving a colorless. crystalliine solid.

Y . : .
. . ] ch"y ‘ + ) 1 ) - ‘
VITI.3 Preparation of [TeF (0FeF), ] [ASF, (0TeFg)g_ 17,
U Mixed F/OTeFS'derivatives of (TeF3)(AsF6).were pre-
pared directly in 10 mm NMR‘tub?s by the additfon of ASF5 to."
. . . A
Te(OTeFS)4 or_Tng(OTer)q_x in SO2 so*qilon. In a typical
reaction ASF5 (0.0692 g, 0.408 mmol) was distilled onto SO

- A

(2 mL) and Te(OTeF5)4 (0.4433 g, 0.4097 mmol) in a 10 mm NMR
tube and the end flame-sealed. Upon thawing the reacf{on

mixtdre a colorless solution was produced with no residue.

-~

VIII.4 Preparation.of As(OTer)s. |
| The synthetic route employed here is analogous to
thét used for Te(OTeF5)4. In a typical reaction B(OTer)3
(56.7893 g, 7.9687mm01)‘wa§ wefghed into,one bulb of a double-
bilb reaction vessel equipped withra magnetic stirring bar
aﬁd a glass friﬁ separating the two bulbs. Arsenic penta-
fluoride (0.8217 g, 4.836 mmol) was added to a thin-walled
gYass weighing'bulb prior to condénsing, along with 502 (30
~#mL), into the reaction vessel c0ntéiqing -B(OTeF5)3. .The
vessel was then flame-sealed, hfhé resulting colorless so]d:'-
‘tion st}rbéd fof’da h and upon reméval of the solvent by

static distillation into the other bulb of the reaction

vessel, "colorless crystaTs of As(OTeF5)5 were deposited.
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The™low-melting crystals were washed several times with cold

{ca. 250 K) S0,.- Residual SOz-qu removed by freezing ;he

other bulb offthe vessel in liqéid N2 for 1 h before flame-

sealing the bulb. containing As(OTeFS)S. ’ Ramén spectrum of

, As(OTéFS)5 -‘at 77 K (cm'l, values in parentheses denote

intenstties):  760(6), 722(77), 690(85), 6§79(31), 670(100),
658(13),  554(31), 535(47), 519(56), 486(10), 331(16),

: T . _
'+ 318(38), 283(6), 250(15)},- 215(5),L144(46), 134(13). Thisy

- VIII.6 Tellurium-125 NMR of TeF (0Tef,)

spectrum is sighificant]y different from-that reported by
Lentz aﬁd Seppe]f (iig): Tpeir 19f. NMR data, however,
agrees well with ours, although a-different sign convention
was used. It is possible that their Raman sample, which was

obtained via sublimation, was a differeht'crysta1line phaSe‘

from .that reported'héré.

¥VI1I11.5 Preparation of Gs[As(OTeFS)G].'

Cesium pentafluoroorthoté11urate was prepared from’

CsC1 and HOTeF. as previously described (147). Cesium chlor-
ide was dried at 430 K for 96 h and under vacuum at 450 K .
ovérnight. Stoichiomgtric portions of Cs[0TeF5] (0.1542 g,
0.4151 mmol), and As(OTeF5)5 (0.5237‘9, 0.4138 mmolj.'were

combined 1in an FEP tube fitted with a valve and me]ted énd

thoroughiy mixed at ca. 350-K.

L4

dax®
When a miXture‘of.the compounds TeFx(OTeF5)4_-x was

dissolved in S0,C1F and the solution cooled to 200 K, fluor-
- o :

-

’
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ine. EXChiﬂge ‘was- slowed sufficiently on the HMR time scale

for the individual compounds TeFx(OTeF5)4_x (x = 0 1 or " 2)

to LQQ__1dent1f1ed (F1g. VIII.2). . As previously reported
i

(136), a Te(OTeF5)4¢s1gnal is observed at 602.4 ppm in' the

Te(IV) region of the spect?um. The monofluoro derivétive,

TeF(0TeF.),, 1is identified by the doublet pattern resulting

from a directly-bonded 'PF-12%Te(IV) coupling of- 2810 Hz.
* The 19¢-1251¢ coupling in Tef,", which also Has tellurium-in
its +4 ‘ox1dat1on state is 2914 Hz (sect;on VII 8) The

1:2: 1 tr1p]et ass1gned to Teﬁé 0TeF )2 has a d1rectly bonded"

19F-.125Te(IV) coupling of 2850 Hz, There ijs ‘a- further .

coupling of Te(IV) to the equatofial fluorine atoms on

Te(VI) of 40 Hz. This long-range cduﬁ]ihg was not resolved

, for the other two TeFx(OTeF5)4_¥_compounds;”ibut has been
reported (136) to be 31.8Hz for Te(0TeFg), in S0,CIF. Long- .

‘range foup11ng of Te(IV) to the ax1a1 fluorine atom was,.not

resolved for any of the compounds. The 129Xe NMR spectra of

by e

+ |4
XeOTeF -, XEFy(QTEFS)Z-y’ OXeFx(OTeF5)4_X, XEFx(OTeFS)A-x

and Ozxer(OTer)é;y~(3 = 0-4 and-y =.0-2) similarly display

129

fine structure resulting from Xe coup]1ng to the equa-

torial fluorine atoms of the OTeF5 groups only (138, 148).
. All of the peaks in Figure VIII.2 are broadened due to these’

small couplings and/or rgsidual ‘ligand exchange.

125 125

Satellite peakE resulting from Te(IV)- Te(VI)

couplings are observed for TeF(OTéF5)3 and Ter(OTeFS')2 with
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2000 Hz

» P

L
600 550 i 500

) ' He (ppm from Te(OH)g ) —

FICURE VIII.2 '2°Te IR spectrum of a 3;2 mixture of TeF, and B(0Te?g); in SOCLT at
200 K, Te(IV) region (0.77 m Te(IV); 48,000 scans; 6.1 Hz/pt). (4) re(o'reps) :
(B) TeP(OTeP )q; (C) TePp(0TePc),. () and (c) denote 2J[125Te(IV)-125Te{VI)§.

350'%-"%51a{1V) ] is resoived Tor TeF,(0TeFg),. .
' @
3 -~
3000 Hz VA B ‘
A 100 Hz
‘ p——r{
8
A

I 1 . I N L . L
700 650 600 550

¢ Ho (ppm from TelOH}G) —_— ) v
LS

FIGURE VIII.3 12504 NKR smpectrum for the reaction of'Te(O'reF )4 with excess AoF. in
50,, Te(IV) region at 200 X (0.34 m Te(OTePg),; 35,000 scans; 6.1 Hz/pt). (A) TeF *s:
(B) TBP2(0T3F5)+. Inset showa quintet resulting from coupling of Te{IV) to the equa-—

_ torial fluorine atoms of the OTeP, up in TePz(O’J.‘eFE’)"'. Coupling to the axial

fluorine atom is not resolved.

4
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values of 1730 and 2440 Hz respect1ve1y (Table VIIL.1). "The

ana1ogous coupling for T’e(OTeFS)4 is only 544 Hz in CH %ﬂ

(136) and couplings to.axial and eq%ator1a].0TeF5 groups are

| 670 and 840 Kz respeétively'in'SOZClF Cat 143 K (Table

129 125

VIII.1). Analogous two-bond Xe- Te couplings have been

e : . . .
observed 1in the case of:OTeF5 derivatives -of xenon and are

similar 1in magnitude to those of the Te(IlV) derivatives

129 125

(148). This is not too surprising, since Xe and Te

'

‘have 51m11ar magnetogyr1c ratios. The tetrakis derivatve,

Te(OTeF5)4, is the only memger of the Tef{IV) series for
whicﬁ individual axial and equatorial OTer.groups have been
distinguished. kftramolecular exchange cannot be slowed

sufficiently for the other species above the freezing point

of the so]bent, S0,CIF (see section’ VITI.10). The increase

125 125

in the Te(IV) Te(VI);coup]ing constant as x 1increases

in the compounds TeF (OTeF )4 _x "is consistent w1th an in-

crease in the cova]ency of the Te-- TeF5 bond. Since fluor-

ine is more e]ectronegat1ve than OTeF5 (136) and a Te--F

bond is more ionic than a Te--0TeF, bond, an increase in the

" number of Te(IV)--FfUUHd‘.causes an increase-in the covalen-

cy of the remaining'TeékquFs,bonds.' As covalency increases

183

so does the magnitude of the coupling. This same effect is

19. 125

observed in the long-range F- Te(IV) couplings. noted

above. A decrease in the - d1rect1y bonded 19F—125Te(IV)

coupling from TeFZ(DTer)2 to TeF(OTeF5)3 (Tqb}e VIII.1)

is also consistent with the above description, i.e. as more:

A.
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(%3

- »

. Tamis 125 .
TABLE VIII.L . Te NMR Parameters for TeFx(DTeFS);‘_x and [T&z(OTeF‘S}Lx] ‘

. - X . B
alute & a J(Hz) Solvent Temp. Concn.
: oo 1257, . _ TS 257, 1257, 1257, LK) (matel)
. Te(0Te'Fg)y ©  Te 633.3. L. sochP 297 0.18
Te'-160.8 F(e)35659 , :
' F(AJ3855 -
. Te(DTe‘fFc), Te 581.6 e .. SO5CIF 143 0.18
) ‘sl _ . E 2CIF,
Te'(E)-156.0 F(E)36209 250 '
F{A)3340 ’
) Te'(A}-167.7 F{E}BTIA 670
F{A}3502
\ . , A . - .
‘ Te(0Te*Fg)s Te -600.4 , S0,C1IF 200 0.13
Te'-159.4 _ . ‘ '
Te{OTe'Fg)4> Te 566.8 S s0, 200 0.03
T Ter-160.7 | ] ‘
" TeF(0Te'F Te 563.0 2810 . 1730 SO,CIF . 200  0.4%
5)3 63.0 , 2
TeF(0Te'Fg);  Te 535.3 2814 . : S0, 200 0.03
TeF,(0Te'F5l;  Te S40.7 zaggc 2440 SO,CIF 200 0,17
L TeFy 606:6 . - s0, - 200 sat'd
Te(0Te Fe)a* Te 636.0 s 3l 50 200  0.12
33, Te'-1g2.5 F(E)37369 R
o o F(A}3706 . : .
TeF(0Te'Fg),*  Te 637.2 . zsggc, 50, 200 0.12
A ' ‘ Te'-159.2 F(£)3724¢ ‘ )
: ' FLA)3681 _ )
TeF,(0Te'Fg)*  Te 544.5° 27§éc so, o200 0.7
Te'-151.3 F E]}?Z&d ‘
FlA)3636 ’
TeFy* . 671.2 2905 $0, 200 0.17

3 meferenced with respect to saturat’ed:saqﬁou\izge{0H)5 at 295 K. : :
Taken from reference 136. EIRRAT QLSS P

A and E denote axial and equatorial, respectqvely.
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-intensity to-a triplet assigned to ITeFZ(OTeFS)f. Clearly,
“AsF

"a qu{ntet {(J = 21 Hz) arising from c0ub1ing of Te{(IV) to the

L “\\\\\ . i 185

N 1

re]atxve]y e]ectropos1t1ve OTeF5 groups are added 'fhe 're-.

maining jTe(IV)—-F bonds becqme'.more “fonic and* J( .

125Te(1¥)) is reduced o -
VI1i1.7° Te11ur1um 125 NHR of [TeF (0TeF )3 ] Cations. .
. Figure VIII.3 dep1cts the Te(IV) region of the.lzsfe

NMR spectrum resulting from the reaction_ of T-e(OTeFS)4 wfth
Ast. Iqha prqeedure'identice1 td}tﬁat used for the accumus
lation of the Tef3f spectra (seetidn ViI.IO); ad excess of ©
Ast,was empioyed‘toihelp %dppress-fiuoridgLQIer ekchanger
Two distinct species were. observed in the Te(IV) qegion.

The TeF3+ duartet appeared'and was approximately equal in

5 behaves .25 a %luorjnating agent as well as an - OTef

acceptor in - this reaction. - The directly-bonded

125Te(IV) coupling in TefF (OTeF')+, 2736 Hz, 1is somewhat L

1ess ‘than that observed for TeF (Tab]e VIII.1). .Each

the peaks of the TeFZ(OTeES) triplet was further split into
equatdrialéfluorine atoms of the 0TeF. group.

the Lmore OTe
L9#_125

When Tess Ast'wa3'al1owed to react wit Te(OTeF )4,
e\j;%;rich TeF(OfeFS)Z- cation was fobserved. The

Te(IV) coupling 'in TeF(0TeFg),” is 2630 Hz (rable”>

VIII.1). The ‘'steady decrease in J(!%F-12%7e(1v)) in the

. + ' y + + 7, . ey
series TeF3 , TeEZ(OTer) . TeF(OTeFS)2 is consistent with

the greatehrcova1eqcy'bf the Te--OTer bond in comparison to

'

3
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the Te(IV)f-F bond,\as was notee above for the TeFx(OTeF
compeunds;h The coupling of Te(IV) to the f]uorihe-atoms on
.TeCVI) _in Ter(bfeF5)+ is larger than that observed for
TeEQOTeF51é4 and‘th}e, 'egain, islconsistent with.the in-
creased cova]ency of th'elTe-'-—OTeF5 bond in the presence oé'e

1arger number of re]at1ve1y ionic Te(IV)--F bonds. The 19

_125

F-
Te(VI) couplings reflect this sanme trend. Stronger (more

*cova]ent) e—-OTeF5 bonds are offset by 'weaker Te(VI)--F

_125

bonds and-a'sma11en.d(l T (VI)) Cpup11ngs of Te(VI)

to both axial and equatorfa] fluorine atoms decrease 'stead-

ily in the series Te(OTeF y. .t

. e+ . +
5)3 . TeF(OTeFS)Z., Ter(OTeFS)

(Table v1;1.1)._J | 3
A significant concentration of Te(OTeF5)3+ was not
observed in reactions of Te(OTeF )4 with AsF, but was

produced when\ As(OTeF )5 was. used as the OTeF5 acé%ptor.

The Raman spectrum of a-so]1d1f1ed 1:1 melt . of Te(OTeF )4

and As(OTer)5 1dent1f1ed the start1ng mater1a1s on1y (Fig.

VIII.4). When this melt was d1ssq1ved in 502, however, it.

. !
was clear from the NMR spectra that a react1on did take

place in solution. The room temperature 125

Te NMR spectrum
of this solutfion con§1sted of a single broad resonance ‘et
601 ppm in the Te(IV)‘region. Upon cooling to 200 K, two
distinct resonances were vieible_(Fig. VII1.5). The reson-
ance at 570 ppm co}reeponds'io that observedffor Te(OTeFS)4

in 5502 at this temperature {(Table VIII.1). The remaining

5)ax

[
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FIGURE VIII,.4 Reman specira (297 K, 5145 J.\) of (a) As{COTeP.) (b) Ta(OTe? 2
: 5759 524
and {¢) a fused 1:1 mixture of As(OTePS)S and Te(0TeP

5’j'

| e E—
\2000 Hr .

650 - 625 800 , 575.
Ho  (ppm from Te(OH)g ) ——

PIGURE ?111_5 1252¢ MR spectrum of an 902 solution of & 131 Ta(OTeP5)4/As(OTer5)5
mixture at 200 X, Te(IV) region (the initial concentration was 0,24 'm in Te(O‘reP5)4;

78,97 LHz; 30,000 scans; 6.1 Ha/pt). (A) Te(OTeP)
from 125‘1‘0(1\')-125‘.1‘0(\'1) coupling; (B) Te(O’l‘eF5)4;
shows exchange averaged resonance 8t 295 K.

* with {a) satellites resulting

71

x) 'I'aF(OTePS)z"' impurity. Inset

)

-l
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resonance, at 646 ppm, was in the same region as Te(IV) in
the Tef,(0TeFg)* and TeF,(0TeF )" cations apd the satellite
peaks observed about the main resonance were consistent in
intensity with coupling to three natural abundance tél]urium
atoms (see Table iv.4). These observations indicate that
this second resdnance results frOm the Te(OTeF5)3+. cqtion.
The Te(IV!-Te(VI) coupling of 31i Hz is considerably smaller
than those pb;grQed in_fhg &éutral,TeFx(OTeF5)4_x'compounds.

The. averaged Te(IV) énvironment observed at 295 K
for the above solution indic§tés OTeF group e*change at
ihis|temperature. "As describedﬁabdve, the chemical shift of
thi§ resonance 1fes béfween those Vof Te(OTeF5)3+ and
Te(OTeﬁ5)4, indicating that tBel295 K resonance may result
from exchange averaging of the Te(OTeF5)3+ gnd /Te(OTer)4
resohaqces. The chemical shifts of these latter two species

were necessarily. recorded at 200 K, however, and since the

chemical shif£ of Te(IV) in Te(OTeFS)4 is markedly tempera-

tuﬁe;depen&enf'(see Table VIII.1), the position of the aver-
—

aged resonance could be fortuitous. Three groups of reson-

/?/ ances {doublets of quintets) were observed in. the Te(VI)
' }

fegion of the'Epectrum. One ofafhése, .at -158 ppm, split.

L4

into two séts of resonances at 200 K. The componént at -160
ppm_corfeépopds to Te(OTgF5)4, while the o%her component, at
B s assigned tq Te(OTeF5)3+ bas%d.on the similar
exchange behavior .observed in the Te(IV) région of the

. spectrum.,  The Te(0TeF), lines

‘in the Te(VI) region' are

‘l
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very broad at 200 K owing to the slow Berry pseudorotatfon'
at tﬁis—temperature. f 0% the two otﬂer.groups of resonances.
in® ‘the Te(IV) region' at é;5 K, f%e group centered df/'-IGS
ppm corresponds tb As(OTeFS)S, while the 6ther, at -171 ppm,
was assigned to A;(Q%eFS)G' (Table VIII.3).  This anion was

h 79as-1257¢ coupling, -in the 75ps - NMR

observéd, along wit

specfrum of the same solution at 295 K {see below). Clearly-
then, the OTer exchange is not between Te(IV) and As {equa-
tion VIL1.3), which would result in equvaience of all of
the UTeF5 <grohb§ .and a single sét of resonances in the

‘:Te(ﬁl) region. ' | - ' | - o
Te(OTeF, 5)g * As(OTeF )5 e Te(OTef )3 + As(0TeF¢) "

' 2 ViII.3

“Although a 1:1 stoichidmetry of Te(OTgFS)4 and

As(OT;eFS)5 ﬁas useq.in the'preparatioﬁ, _it was clear that a

significant quantity 'oflTe(OTéF5)4 Egmained'Jnreécted and

the observed facile exchange of OTeF5 groups ih solution was

between Te(0TeF5)4 and Te(0TeFy),". That is, the Te(OTng)B
initially formed in the reaction competes as a ligand
acceﬁ?b} towards unreacted Te(OTeF5)4, tggﬁ breventing com-
plete reaction of Te(OTeFS)4 with A%(OTer)s. < Since

125TE(IV)-125 125

Te(VI) and Te -19F couplings are retained for
samp]es of Te(OTeF )4 a]one in solution at 297 X .é136), it
would appear that: Te(OTer)4 does not _dqssoc ate to

Té(OTeF5)3+ and OTéFs' jons at thfs temperature. The observ-

.\-
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75

150

ed facile exchange of 0.TeF5 groups between Te_(OTeFS)3+ and,

.
Te(OTeFS)4 in the present sample then implies that OTeFS-

bridged species such as structure VIII.I may act as interme-

diates for this eXchange;»§'§uch proposed bridged intermedi-
ates would be of considerable interest Since there are_.af
present no known_compounds with OTer'bridges. The presumed

lack of bridging in OTeF5 compouﬁds may be cited as a key

difference between the donor-acceptor chemistry of OTeF5 and

that of fluorine. S
_ ‘ Fsle, IEFS TRy
RN
e Ne |
A | TeFg VITI.I
0 o\ o

Foie ~ TeFs -

Excess .As(OTer)5 was observed in the Te{(VI) region

of the 12°Te NMR spectrum, @fut was not identified in the

75As‘5pegtrum, pcssumgbly-becau;e the resonancevwas'SEVerely'

qﬁadrupo]e relaxed ‘and therefore severely broadened and

collapsed into the SpeEtra] baseline. A sampiq of pure
As(OTeF5)5 in SO‘2 simiTar]y did ,not produce an ‘observable

75,

As signal. The linewidths of ‘°As resonances are discuss-

ed in more detail beTou. - A

VIII.8 Arsenic-?S NMR bf‘the As(OTeFS)G' Anion.

The oh]y solution NMR study of 75

As was reported by
Balimann and,Pregosin (150), although there have been appli-

cations of 75-As NMR in soiid-state‘physigs (151).“Ba1imann
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and Pregosin reported the As chemica hifts for a series

of tetrahedral arsonium ions in aqueous solution as-well as

those for the As0,>”, AsF ™ and AsH,” ions.

Arsenic-75 has a spin of 3/2, 100% natural abundance

and a sensitivity of 2.51 x 1072 1

similar to that of }25Te. Despite a favorable natural abun- -

75

relative to "H, which is

dance and sensitivity, As NMR spectra are. difficult to

obtain - as a‘re$h1t of the large quadrupole moment of the:

spin-3/2 ’°As  nucleus (Q = 0.3 x 107 %%cn?) which tends to
produce very&broad\]ings owing to quadrupo]ar rg}axatign.

Under extreme narrowing conditions, linewidths,SIJllz, are

:

given by equation VIII.4. ~
- 3w (21+3) [e*q,, Q) E .
nr + e q 1
SU, = —_— ( 2E ) (1 Pl 2) ) o
T e ey AU K WAL Ty

where e s the charge®on the electron,
. %
field gradiént at the nucleus, with 4,, as its Gargest

q is the . eledtric

.'component,rk is the ésymmetry\paraheter for q and ‘tk is the -
isotropic tuﬁbling correlation time (1-10 ps for non-viscous
liquids). NMR _spectrarfor quadrupo]argnuclei can'only be.

-observéd if the nucleus is in a highly squetriC‘ environ-
ment,' prefqraﬁ]y a cubic.envﬁronment, i.e. Td or Oh. { In
such fan environment q,, and 1 are drdﬁatica11y reduced and
Fherefore So is_&Ullzﬁ(equation.YfII.4). Arsenic-?S has fhe
additional disadvantage of having a spin of only 3/2 so thaf;
the spin term of equation VIII.4 is relatively large and

- -

i
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61)1/2 will even be large in a highly symmetrid environment.

In contrast, ZOQBj with 1 = 9/2 and Q = -0.4 x 10" 2%¢m? -
would 'have lines one tenth as wide as those of 75As in the
: same'environment, while 93Nb with I = 9/2 and
Q = -0.2 x 10_24 cm2 wou]d-producé lines approximately 1/40
‘as broad. e ‘
| The 75As NMR ﬁpectrum of the As(OTer)s' anion in

.

75

CH3CN' soiution -1s presented in Figure VIII.6. The As

lihewidth at 298 K s surprisiné]y narrow (165 Hz). It is
.clear that the local symmetry about fhe arsenic atom in this
anion must be near]y’octahedr&l for a sighalito be observed
at all. Balimann and Pregosin (150)‘haverreported a “value
of 94Hz for 0.1M aqueous KAsF6 at 303K. An additional fea-
* ture of the‘As(OTéFS)G' spectrum is the observation of long-
15 125 ’

range As-*“>Te coupling which-appears as shoulders about

fthe éentrak'rééonance;~ ‘The magnftude_of 2J(75As-.125rTe), as
measured froﬁ.fhé siﬁulated spectrum, is 420 + 42 Hz.

The As(OTeFS)é' spectrum was'}ﬁmu]ated‘uging the two
dimension]eés'paramgters X = (W,-W)2m) and y = 2MIT, where J
is 2J(75As-1_25Te). fhe relaxation time of T5ps 1s repre-
sented ﬁ& T while the angular ffequecies W, and w are taken
at the center and any pther_point of the 'NMR multiplet
respective]y; ~This method- has been successfully applied in
‘the simuiation of spectré of other quadrupolar nuclei | coup-’

led to spih—llz]nuc1ei (1s2). A summation of seveqal spec-

e
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SIMULATED

~20.2 ppm

OBSERVED SIMULATED (_/\L

FIGURE VIII.6 Observed and simulated T5as NMR spectra
of (a) CsI;Aa(OTeFS)G:I in CH,CN (42.82 MHz; 0.15 m;
60,000 scens; 12 Hz/pt) and (b) & 1:1 mixture of
As(OTeF,); end Te(OTeF,), in 50, (42.82 Miz; 0.12 mj
340,000 scans; 6,1 Hz/pt), both at 298 K. Shoulders
result from 75As-1 25Te coupling.

-8
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tra for the most probable isotopic distributions of telluri-
um (125Te, spin-i/Z,' 6.99% natural abundance) was included
in the present simulation. The contribution of 123Te (spin-
1/2, .0.87% natural abundance) was considered insignificant
and ignored. The probabilities for the possible isotopic
isomers o%._As(OTeFS)G‘ are listed in Table VIII.2. The

concentrations of only the first three isotopic isomer; were
considered to be hidh enough to be inc1qded in the simula-
tion and the coupling constant, J, was assumed to be the
same in all of the spécies. -'Simplations for a range of y
values are presented in Figure VIII.7. - Large values of y,
which ihp]y long T values for a givén J, -ipdicate s1ow
quadrupole relaxation rates and narrow lines. Small values
of y indicate fast relaxation of 75As and broad lines. At
y = 100.0 the three individual spectra for the isotopHc
isomers considered are bbserved and at y = 2.0 all coliapse
to a single line. The simulated spectrdm with a y value of
5.0 appeared to best matﬁh the shape of the_ observed spec-
trum. The uncertainty ih J of + 10% is a measure of the
uncerfainty“in the choice of ji The simulated spectrum for
y = S.O was expanded to fit the observed sﬁectrum and
2J(75As--125Te)r determined by coﬁparing the known distance J
on the simulated spectrum with the frequency scale ipfx the

75As

observed spectrum. ‘The As(OTer)B" resonance in'the
.spectrum of an 502 so]ﬁtion of a 1:1 mixture of il'e(OTer)4

and As(OTeF5)5 is considerably broader (5v1j2.='240 Hi) than
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Table ¥II1.2 Probabtlfties of the Natural Abundance

Te Isotopic Isomers of the As(OTeFS)S' Anfon.

¢ or 1257,
nuclel

L R N ]

LY
Probability

0.6474
0.2919
0.0548
0.0055
0.0003
g x 1075

1 x 10”7

=
Yot

p—

TSy
resonance

singlet'
doublet
triplet
quartet
qqlntet
seftet

septet

1=

FIGURE VIII.7 Simulation of the /7As NMR spectrum
of AB(OTeFS)G' for & range of y values, o

S61
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that observed fdr As(OTeFS)s"in CH3CN (Fig. VIII.6). The
best fit was obtained with y = 4.2 and in this instance
2J(?SAs-lsteb was found to be 432 Hz. \\;\\-;

The narrow 75As résonances in both solvent media are
consisteqt with an octahedral arrangement of 0TeF; 1igands

and the observed 7555125

As Te coupling is consistent with the
six telluriﬁm atoms maintaining an octahedral disposition
about tﬁe central arsenic atom, despite the presumed non-
linear As-O;Te angle. Rapfq rotation about the '‘As--0 bond
would allow for the required high symmetry about arsenic,
but this proposal seéms‘rather unlikely in view of the 1ar%5
isize of the 0TéF5°group1 The cengral uranium and teLlurium
atoms in U(OTeF5)6'(153)_dn& the tyo crystallographic forms
of Te(OTeF5)6 (34) are 0cfahedra]1y coordinated to the oxy-
gen- atoms of six.OTeF5 ligands and all three central atoms
lie on inversion ﬁenters in their hespectiveﬂstructures S0
that the te]]qrium atoms of the OTeF5 groups are octahedra]-

ly arranged about the central atoms as well. It therefore

seems reasonable to suppose that the same arrangement 1is

founi in As(OTer)G'. L J | "

The redgced'density coupling constant, lLAsF’ of
ASFG' calculated from the observed scalar coupling . constant
of 930 Hz (150) -is 6:38 x 10743 NA"2m3, in good agreement

with the reduced density coupling constants of the isoelec- -

tronic SeFg and TeF, molecules (see Table VEI.5). The two-
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Table ¥I11.3 NMR Parameters for As(0TeF:). and As(0TeF;).".

As(DTeFS)5 [As(UTer)SJ'
+ +
¢s* [Te(0TeF),)
Solvent S0,C1F . SO,C1F SO, CHCN 50,
Temp.(X) 295 190 295 295 295
Concn.(m) 0.31 0.24  0.05 0.15 0.12
5(1°F) (ppm)? AP _a0.3 -46.4
E: -39.6 = « - -37.2
5(7%as)? | -28.9 | -28.2 {
§(1257¢)2 : -165.8 -165.8 | -171.1 |-170.3 \
(1919 () 178
0(1%95.1237, ANa030¢ .
. E: 3080 3082
2(VIF-1257¢) A: 3650° 36509 3714 | 34089 | 33969
E: 3714 3722 3724 3598 3616
I(7 5512574 a20° 432°
(a) Y9F, 75as and 125 te spectra are referenced with respect to

external neat CFC13. a saturated CH3CN solution of N;Ast and .
saturated agueous Te(OH)6 respecfively at 295 k. (b) A and E

denote axial and equatorial F atoms. ({c) obtatned from 19

F spec-
. 125 75
trum. (d) obtained from Te spectrum. (e) obtained from As

spectrum.
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75 125 125

As- Te and 125

bond Te-"“?Te scalar couplings of 432 and

1302  Hz in As(OTeFS)s" and Te(OTeF5)6 respectively ' (see

Table VIII.3 and ref. (136)) give comparable reduced density

43 -43 -2m3

coupling constants (3.69 x 10 '° and 3.16 x 10 NA

respectively). The Sb(OTeFS)G' anion (158) should have a

scalar coupling constant, 2J(lzlsb—125

—

if the reduced‘densjfy coupling constant is considered to be

Te), of roughly 960 Hz

approximately equal to that of As(OTeFS)G'. Reduced density
coupling - constants have been discussed in some detail in’

section VII.10. =
VIII.9 Berry Pseudorotation in Te(0TeF ), and As(OTeF),.

125

The Te(VI) region of the Te NMR spectrum of
1 ¢

_'[e(OTer)4 in SOZCIF solution at 297 K consisted of two

125Te to one

over]apping quintets resulting frbm codpling of
axial and four equatorial f]uoriné atoms. - This pattern is
characteristic of an OTerAgroup and indicates that only one
txpe of OTeF5 A's ‘present. Va]énce-she]]\ electron-pair
repu1sjdn' (VSEPR) predictions (61) suggest that Te(0TeF.),

should have a trigonal bipyramidal geometry with both axial

and equatorial OTng groups (structure VIII.II).

) F_Tew . '
:Texw”” VIIT.II
0
F.Te” TeFg
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19

Eguivalence of these OTeF5 groups with retention of F-

" 125 125 125

Te(IV) and Te(IV)- Te(V1) couplings indicate rapid

intramolecular exchande in solution (136).  Such exchange
for five-cd?rdinate molecules (the lone bair of electrons is
considered part of the coordination sphere) 1is generally
bglieved to také‘place via a square-pyram%da] transition
state (Berry pseudorotation (154)). If the activation ener:

gy for this pseudorotat{on is sufficfentl} high, cooling the

9

sample can. slow theréxchangg enough on the 'NMR time scale
for separate ax{al‘ihd equatorial environmeni; to be obser-
ved.- Such -was the case for Te(0TeFg), and two distinct
Te(yI) ;gnujronmenfs were observed upon cooling to 146 K

;o< | )
(Fi?. K}II.S). The axial bonds "in a trigonal bipyramid are
; ' N - .
gené&a]lz} somewhat longer than the equatorial bonds (61) so

e e’

that the magnitude of the coupling from the central Te(IV)

te Te(VI) in ()TeF'5 should be smaller for the axial groups.

A weaker {longer} Te—-OTeF5 bond should be complemented by

stronger Te{(VI)--F bonds and 1arger{diréct1y—bonded‘
125Te(V‘I)—lgF couplings. The axial and equatorial OTer

groups are assigneinn'Figure VIII.B using these assumptions
(the observed couplings arg lTisted in Tab]e_VIII.I).
Pﬁ?f\igf NMR spectrum of the same sample at 297 K

'(Fng VIII.9) was an AB4 spectrum as expected for a single

OTeF5 1igand environhent. Upon cooling the solution} how-

~ever, the signals broadened and eventually resonances for

two separate environments emerged. The ;gF-lste(VI) satel-

S
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FIGURE VIII.8 1250¢ NMR spectrum of Te(OTeF5)4_iﬁ S0,C1F solution at 146 K
(0,18 m; 3500 scans; 3,0 Hz/pt)e (A) end (E) denote axial and equatorial ]
OTeE,J.- groups respectivély. Inset left shows Te(IV) (42,000 scans; 6.1 Hz/pt).
Inset right shows 2J[125'I'¢3(IV)—125Te(\4"1):I for axial (2) and equatorial (e)
OTeF groups (42,900 scans; 6.1 Hz/pt)\.

002
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FIGURE VIII,.9 Variabie temperature 19F NMR . \
spectra of Te(OTeF ) in S0,C1F solution FIGURE VIII,.10 Plot of log (t71)
(235,36 MHz; 0.18 m' 60 scanss 2.4 Hz/pt)e = . as a function of T'1; (a) from $V;
(A) eand (E) denote axial and equatorial (o) from $v,., '

. OTeFg groups respectively, () and (e)
- denote J( 9p..125pe (V1))
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order AB4 spectrum could be resolved (J F/Sv

202

rlite peaks. were of sufficient fntensity to assign the two

different OTeF5 resonances by comparing these coup11ngs with

those observed 1in the 12%

jal OTer groups,- only a few of the lines of

AB

~ 1). An AB

Te NMR spectrum. For the equator-

the second -~

4

pattern was also observed for the ax1a1 OTeF5 groups but the

FF/Sv ratio was clearly much smaller (J

trum. -

The temperature dependEnce of the,19

FF/%Vpp =
this spectrum more closely appﬁoximdteg a'first‘

F AB

.066) and

order spec-

4 spectrum

of-Te(OTeFS-)4 can be separated ﬁnto three distinct _regions:

(1) the range from room temperature'down to‘where the reson-

" ances broaden . and beg1n to be resolved 1nto two sets of A

ey

and two B resonances (177 K); (2) the 1ntermed1ate exchange

region (156-177 K), where the resonances for four f1u0r1ne

env1ronments are reso]ved and the chemical shift
¥

between each pair of env1ronments increase with
& .

temperature; (3) and finally, the range where

.further change in the chemical shifts, - but the

‘continue to decrease (the slow exchange region).

differences
decreasing
there is no
Tinewidths 

Réte data

have been extracted for an eqha] population two-site

exchange process from the temperature depeandence of the

chemical shift differences of the axial and equatorial en-

vironments in the intermediate 'exchange region using equa-

tion VIII.5 7(55). .
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1/T-='ﬁhm(smg)2t(sv)2]1L£ ) VIII.5

~

where 1/7T 'is the exghange rate, Si% is the difference 1in
chemical shift for the two exchanging sites in the slow
exchange region and 50 is the_separatioh of aeaks in the
intermediate exchange region (in Hz): The activation energy

for the exehahge-process was determined from the temperature

' dependence of the exchange rate via the Arrhenius equation

(VIII.6) (55).

- 1og(1/T)

log A - E,/(2.303 RT) © VIIL.6

e
»

where A is a constant, E, is the activation energy, R is the
gas constant (8.3143 JXK “lno1- 1) and T is the temperature {K}.

In the slow and 1ntermed1ate exchange regions the
exchange.’rate_was determ1ned from line width measurements

(equation VIII.?7 (55)).

1/T = .(5”1/2 -50° ) | | NITI.7

" where 8U°1/2 is the natura) linewidth in the absence of’

exchange as measured at the fast or slow exchange 11m1t, and

Slﬁ/ZA is the observed 11new1dth An activation energy of

30.7 £ 0.3 kd mol~Y (7.34 + 0.06 kcal mol” ) was determined

19

from . the F NMR spectra using exchange rate data extracted

from the temperature dependence of both SV and "5v1/2 ‘(Sﬁe

Fig. VIII. 10 and Table VIII.4, correlation coefficient

RZ = 0. 994).

4
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- 1
L & - *
¢
Table VII1.4 Exchange Rate Data Extracted From Variable Temﬁ-
. erature F-19 NMR Spectra of Te(OTeFS)“ in SOZCIF.
1) T Y 1x10¥) Sv(HZ)""Sv”z(HZ)b 2} 10g(z 1)
| | ' T _
136.9 6.81 86 95¢ % 1.98¢
151.0 6.62 - 13 180 2.25¢ .
, A -
156.1 . 6.41 11219 157 . 319°¢ " 2.50%
161.2 6.20 1101 @308 7935, 937°  2.90%, 2.97%
166.6 6.00 1032 - 1945° v 3.29% .
17127 5.82 . &@o : . 33488 ™ 3.52°¢
294.5 _ s6f
(a} separation of axial B resonance and largest resonance of i
. . L . .
of equatorial .MB4 multiplet., (b) width at half-height of the
high fie]ﬁ component of ;‘.he axial B doublet. (c-) obtained from
equation VNI.7. ({d) 625. (e) obtained from equation VIII.S5.
o s
(1) 82y, - - s ‘
LY
) /
. H
: I
Jf -
- - - ‘
4 e ,
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The'activatioﬁ energy, Ea’ can be determjnéd from

the coalescence tehperature, Tc {the temperaturerét which~
the exchanging peaks just mnge), according to equation

VIII.8 {155) - .
==E§§;ps RT_(10.319 - Yog(Wéwe/V2 ) + log T_) - VIII.8

fI!.S method is less reliable than the Arrhenius plot since
- only one data pbint is used, making it difficult to deter-

mine the coa]escence temperature to a precision greater than

+ 2 K. In the 19 nur spectra, T = 177 # 2 K and v, = 1121
 — . . i - .
+ 3 Hz. The activationﬂenergy,- Ea’ is 31.0 £ 0. 4-kJ mo1~ 1

-
(7.4 = 0. 1 kcal mb1°~ 1) according to equat1on VIII.8. 1In the

| lste‘NMR-spectra,e coalescence of the two lowest frequency-

*

‘lines of the 0TeF resonazz:i)(515= 1206 + 4 Hz) was observ-

ed at 179 + 2 K. 'The a vation energy then is-31.3 1'0.4

'1). The mean activation energy.

-1

kd mo1™! (7.5 + 0.1 kcal mol

from these three detérminafiogs is 31.0 + 0.4 kJ mol (7.4

+ 0.1 kcal mol'l); This value 15 very close to the value of

7.2 + 0.5 kca] m01 -1 obta1ned for 1ntramo]ecu1ar exchange 1n

both PF,CI, and PFaBr as followed by 19

19

“F NMR (156)

The NMR Vspectrum of As(OTeF )5 disso]véd in

SO C]F at 297 K a]so cons1sted of an: AB4 spectrum as expect-

ed Tor a single OTeF5 env1ronment (/Jg. VIII 11). Direc;]y-

19F 123 19 125

bonded Te,_and Te couplings were observed as

satel]%te peaks about the main resonances. The 19F-125Te

_ L
e
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FIGURE VIII.'1 The 9% mm spectrum of Aa(OTeP5)5 in SOCIF... (a) Obeerved spectrum,
235,36 lHz, 0,13 m, 1100 scans, .7 Hz/pt: (A) sxial fluorime, (E) equatorial fluorine
atomn, (+)} 1259, eatellites, (A) 12304 satellites, (i) impurity. (v} Simulated spece

trum ignoring 19?-1?3Te and sTe coupling,.
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coupling constants agree well with those observed in the

1257, NMR spectrum (Table VIII.3) and are typical for l9F-

125Te(VI) cohplings {Table VIII.1). Since a single O0TeF

19 125

5
environment is observed in both the '°F and Te NMR spec-
tra, it would appear that this five-co&rdinate molecule also
undergoes rapid Berry pseudorotation.h Unlike Te(OTeFS)a,
. however, the -exchange could npt be slowed sufficienny on
.the NMR time scale to observe separate axial and equatorial
‘OTer Iigaﬁd enviropmenps. Nq sijniffcaqt broadening of the
Aresonances in tﬁe_lste NMR spectrum was observed at temper-
atures as low as 155 K. It would appear that either the
lone pair of electrohs in Te(O_TeFS)4 is more effectivé in
obstructing pseudorotation ﬁhan is the fifth OTeF5 group in
' As(OTer)5 {giving a fbwer ekchange barrier in the latter
compound) or the chemical shift difference between the axial
_and equatorial 0TeFy groups in As(OTer.)'5 is considerably
smaller than in Te(OTeF5)4} If_thellatter were the case,
coalescence could then occur &t a substantially lower temperQ_
ature in As(OTéFS)g than iﬁ.Té(OTeF5)4 even if the exchange
‘ barriers in the two ;ompounds-are similar  {see equétion

VIII.8).



CHAPTER IX
CONCLUSIONS
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IX.1 Summary ,and Conclusions.

The Te/Se/MFS (M = As or Sb) system has been exten-
sively examined in SO, solution. Tellurium is more easily
oxidized than selenium so that (Tes)(SeB)(AsFB)G(SOZ); with
tellurium 1in the +2/3.oxidation state and selenium jn the
+1/4 6xidation state, was produced at high temperature . in
préference to mixed cations of intermediate ogidation sfate.
Long (one week) réaction times lTead to homopolyatomic cat-
jons and *a very few mixed cations of .particularly high

2+ T2+

stability, for example Te,Se,”" and trans-Te,Se,” . Cations

such as Te3Se32+ and Te35e2+ were obtained after oh]y_a few
hours of react%on, but these_were only isolated in compounds
~containing disordered mixtures of isostructural cations.
Severéﬁ of.thé published structures of the m}xed polyatomic
cations (17& 20) probably involve some disorder of this
type. Néw, érdered forﬁs of Te23e4(SbF6)2 and TeZSea(Ast)2
were prepared. Attempts to prepare Te-Se cations of lower-
average oxidation state than +0.2, as in lreactibn IX.l,

2+

resulted only in TeZSe8 and unreacted chalcogen. There

was no EVidg@ce for the formation of a TeZSex2+ cation where
x > 8, ‘
2 Tg + 12 Se + 3 AsF5 —K— TeZSelz(Astlz

_— TeZSeé(AsF + 4 Se TIX.1

2+

6)2

The novel Te,Se, cation was isolated in the com-

pound (TeZSeﬁ)(TeZSeB)(AsF (502)2. Thi;_cube-]ike cation

6)4
is very different in structure from that of the homopoly-

-
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atomic cations of the same average oxidation state, § 2+

8
82+’ and is more closely related to the .structure of the
3- 3- . : 2+
11 and As11 anions (62? 63). Both of the TeZSe6 and
2+

Se8 structures can be derived, however, from their iso-

: 2+ 2+
structqra1 parent cat1ons TeZSe8 10 -
2+ 2+

ence in the TeZSe6 and Se8 structures can be explained

and

Se
P

and Se The differ-

in terms of the preference of the more ‘e]ectropositive'
te11urfum atoms for three-coordinate sites; where the posi-
tive charges are‘férma]ly tocated. Selenium-77 and 125¢e‘
NMR studies indicated that both the Te25e62+_and the . 3982+
cations retain their structures in solution.

r The new T92542+ cation was prepared and characteriz-

.ed in the compound (Te2.153.9)(SbF6)2, which includes a

small percentage of'the jsostructural Te3832+ cétion in the
same lattice. These are the.only two Te-S cations to be

isolated to date although numerous resonances were observed

in the '2°Te NMR spectra of Te/S/MF mixtures.
The mixed square cations ste4-x2+ were identified
in the 77Se NMR spectra of S/Se/MF5 solutions in 502., Spin-

2+

lattice relaxation times (Tl)'were determined for Se4

syse?t, cis-525e2€# and_sse,”*, with a mean value of 0.38 s.

The 'new  compé%nd (33-05e1.0)2(5b4F17).(Sb_F6)3 gontainé a

disordered mixture of these cations and is the only compound

—_

with a mixgﬁ*Se-S cation yet to be characterized by X-ray

crysta]]ograﬁﬁy.

™



The compdund (53_05e1.0)2(5b4F17)(SbF6)3 additionally

provided the only exémple of the mixed-valence Sb4F17' anion.

The Sb(IIll) atoms of this anion and Sb3F14' anions found in

other fluoroantimonate salts of the polyatomic cations all

have stereoactive lone pairs of electrons quated in the

equatorial piané of a trigonal bipyramid completed by short

bonds to neighbouring fluorine atoms. There are numerous
anions in the structures. These longer bonds fbrm- around
the presumed position of the lone pair and 1in 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 176717

77,125 125, 125

Se

Se Te and Te Te coupling constants varied marked-

. 1y with differert solvents in the 77Se and 125

Té NMR spéctra
of these square cations.l Charge transfer from the SOIQenf
to tﬁe cations iseprqbably signifiﬁant in  these so]utipns
just as anion-cation interactions are significant in the

solid-state structures.” The differences in the coupling

‘ ‘6onstants probably result from the varying abilities of the

solvents to donate electron density into antibonding orbit-

als of the cations.  In crystal structures of the other .

. polyatomic cations, interionic contacts were observed in

211

Se,

¥ B
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directions that can be described as bridging edges or cap-
ping faces of polyhedra comprised of fﬁe primary bonds and
the lone pair(s). - | |

Antimony pentafluoride oxidized élemenfél tellurium
to produce TeF3+ as a minor produét. Arsenic pentafiuoride
had previously been shown (22) to react with tel]urium‘ to
produce TeF3+ in the presence of small amounts of Br2 or IZ'
The SeF3+ cation resu]ted_from the reaction of Sed(AsFé)é

1

with OZASFB' The reduced hensity coupling constant, L

Sef’
in'SeF3+ 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 MX3+ salts (M = S, Se, Te;. X = F, C1,
Br, I) were prepared and characterized by X-ray crysta}log-
raphy.’ }he geometries of these cations were dompared with

those of MX3+ cations in pfevious]y determined structures.

-The X--M--X bond angles in the cations are somewhat Tlarger

than in the isoelectronic neutral molecules owing~fto _the
shorter M--X bsnds in the cations and greater repu]siohs
between the bonding pgirs-qf electrons.. The greater -elec-
tronegativity of the central afom in the cations serves to

pull. the 'bonding pairs of electrons c]osér to the <central

atom, increasing bond pair repulsions still further. The

L
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bond angle differences between the cations and the neutral
molecules are not as great as anticipated, however, prdbab]y
as a result of the stronger seébndary bonding in the Struc—
tures of the cations. Bend angles decrease in the series

3+ > Sex3+ > Tex3+, consistent with the longer M--X bonds

SX

and reduced bond pair - bond pair repulsions. Bond angles
- ‘ i

also decrease 1in the series MI3+ > MBr3+ > MC13+ > MF3+.

Thiﬁ is consistent with a more e]ectfonegative X atom con-
tracting the charge ;1oud of the‘bdnding_eTectron pair and
&rawing it closer-td itself and further away from the cent-
ral atOm, reducing repulsions between bonding pairs of elec-

trons despite shorter bond lengthsi ‘ Secondary bonds to the

cation are also affected by the stereocactivity of the lone

pair on the central atom. The Y...M...Y angle increases’és
X--M--X‘decngases in the above series. In most cases secon-
dary bonds to tHe cation cap faces of the tetﬁahedron formed

by tﬁe primary _bonds 'and  the 1lone pair, ailthough ‘in
(TeC13)(SbF6) and (TeC13)(AsF6) additional edge-bridging
contacts were ébéerved. The geometries of thése secondary
bonds are very similar to thbse observed at three-coordinate
positions in salts of the polyatomic cations. The stréngth
of the secondary bonds is very ﬁuch dependent wupon the
nature\of‘the anionf' fhe mean Te...X distance increaseé_;nd

the mTe-;Cl-distance decreases signifjtantfy'ﬁn the -serie§

TeCl, (i.e. [(TeC1;7)(C17)1,), TeCl4(A1C1,), TeCly(SbF).

" The increase in the strength of the Te--Cl bond is reflected
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in an increase in the frequency of the symmetric 'TeC13+

"stretch in the Raman spectra of these compounds. Although

Trends in the

the crysta]_structure of (Te@]a)(SbC16) Eou1d not be deter-
mined, the Raman spectrum indicates a Te--C1 bond Tength
intermediate to the A]CIQ' and SbF;: saats.

| In (TeF3)2504 the distinction between an ionic form-
ulation and a coQa]ent]y linked sulfate adduct is not “tlear.
Each tellurium atom forms two short Te--0 bonﬁgﬂso that thi/>
primary geqmetry of these atoms is AXSE. Longer cont§cts to

oxygen and fluorine atoms cap faces of the AXSE pseudoocta-

+
5

XeF,(IFg) adduct (113) and in TeF, (111)%

hedron, as previously observed in XeF. ' salts (112), the

The chemistry of Te(IV) was extended in the prepara-

tion of new mi xed F/OTeF5 analogues of TeF4 and TeF., .

3
19F_125Te 125 e_125

and T Te couplings observed

125

in the Te NMR spectra can be explained in terms of the

relative electronegativity of fluorine and the OTeF; group.

As the number of‘ OTeF5 groups increases the .remaining
Te{IlV)--F bonds become ;incneasihg]y ionic * and J(lgF—
125Te(IV)) decreases., As the number ;}. Te(IM)-—F bonds
increases the Te(IV)-—OTeF5 bond becomes increasingly coval-
ent and long rangé‘lgF-lste(IV) and 125Te(%l)r125Te(IV)

couplings increase. The As(OTng)G' anion was prepared as

the counter anit6n of Te(OTeF5)3+. _‘This anion proved to e

one of the few species of sufficiently high” symmetry to

»
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75

record an '°As NMR spectrum.- The two-bond reduced density

coupling conﬁtadt,‘ 2L(75As-125'1'e), compared favorably with
. 2L(125 _125

-the analogous Te Te) coupling in the Te(0TeF

) 5)6
molecule. The intramolecular exchange of - Te(OTeF5)4 in

0,C1F solution was followed by variable temperature 19

" 125

F and
Te NMR spectroscopy and an exchange barrier of 7.4 % 0.1
kcal/mol was determined for this presumed Berry pseudorotaQ
tion. o
IX.2 Discussion of Unit Cell Volumes.

The unit cell volumes of all of the known_struétures
of the polyatomic cations of the chaitﬁéé;s‘that have been
characterized by X-ray crystaT?ography are given -in Table
IX.1. ~ When these volumes are divided by Z, the number of
molécu]es in‘a unit cell, molecular volumes are 6btained.
Comparison o%'theée molecular volumes allows the volumes of
the-.indi@jdual atoms ‘or ions in these: structures to be
determined, | For examp]e,‘the vb]ume of a se]en}um:atom,cén
be obtained by taking one quarter of the‘difference in the
molecular volumes' of (‘[éZSeS)(A;Fﬁ)2 and ‘(Te25e4)(Ang)2
(compouqd$ 16 and 20 in Table IX.l) or (TeéSeB)(SbFG)Q and
(TeZSeo;)'(SbFs)2 ‘(éompounds 17 and 21). The{resul;ing,vd1-

S

Cow , . ‘// o R
ume from these pairs of compounds are 2.5 and 29.2 A

respectively, . or a Tean of 28 33 sf
and SbFG' anions can be determined by subtractihg the‘v01ume'

.. The vo]umes of‘thé ASF

of ten’ selenijum atoms from the molecular volumes of

o
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Table IX.1 unit Cell and Mplecular Volumes (33).
Compound Unit Cell
Volume
1) S g(AsF), 2%84.9
2) 5,4(SbFg), 2847.7
3) Sé(Astiz 3154
4) Sg(SbyF,,) (SHFy) 4570.3
5) S,(ASF(),(50,), ¢, 1381
6) Se ,(AsF(), 3839.5
7) Sejo(SbFe), . 4036.4
a) 5e4(5b2F$)(552F5)(5bF5)5 35617
9) Te,(5bF(), 1706.2
10} TeﬁgAst)q(AsFajz 2760.7
11) Teg(AsFg), (505), ’ 1414.6
12) (54 gSey o)a(SbyFy7) (SBF.),y 3371.5
13) Tez 1S3.9(SBFgl, TN\ 6355
14) Te,S;{AsF.), 1521.6
15) Te353(SbF6)2 1669
16) Te,Seg(AsFg), 4000.6
17) Tezses(SbFs)z . 4244
18) Tezses(TeZSes)(AsFﬁ)4(502)2 4543
19) Te, oSe. (AsF(), 2121.7
20) Te,Se,(AsFg), 3124
21) Te,Se,(SbFy), 6614
22) Te,Se,{SbyF) ) (SHFg) 4546
23) Te, ;Seq 4(SbF), 1691.2
24) Te, ,Se, ((SBF¢), 1720.0
25) Te,Se,(SbyFy,) (SHFg) - 2142.1
26) Tey ,Sey o(SbyF, ) (SbF) 2148.3
127) Tes(SeB)(Ast)s(SOZ) 2158.7

(a) Number of mo]ecules per unit cell.

divided by 2.
Table IX.2.
this calculation.

(e) This work.

2

Molec. Vol.
obsdb';a1cc
686 648 )
712 674
394 399
571 569
345 350
180 487
505 '508
904 -
353 380
690 -
707 740
843. -
397 399
380 386
417 412,
500 502
530 528
1136 1056
530 527
390 390
413 . 416
. 568 569
421 423
430 430
536 513
537 523
1079

1112

Ref

14
15

Me
22
16
16
23

23

~26

26
e
e

20

(b) Unit cell volume

(c) Calculated volume using values listed in
{(d) Treated as 1.0 su1fur d1ox1de molecule in

19

216
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SelO(ASFﬁ)Z and SelO(SbFG)Z respectively. ”Ihf volume of the

tellurium atgm can be obtained by adding one half of the

volume diffefence b‘etween)(TeZSc-zg)(l'n_ﬂl\s_})2 and SelO(ASFG)Z to
0

- the estab}ished volume of selenium, r by'comparison of the.

3.3)(SbF5)2 and (Te3.45é2_5)(SbF6)2 volumes. Simi-

'1ar]y, .the  volume of the sulfur atom can be calculated byl
subtracting the volumes of the_approbriate number of Sbfé'
anions and tei]uhium atoms from the molecular volume of
(Tez.lss-g)(SbFﬁ)z' and the volume of tﬁe SbaF,,” anion caf
be obtained by comparison of SbgF,,~ salts with SbF.” salts
.of the same cation. Mean values for 51{ of these atoms and
ions  are given in Table lez. The component volumes 1in
Table 1X.2 accurately reproduce:the'mbiecular volumes of
most of the compouhds in Table IX.1 and can be wuseful in
suggesting reasonqb]e compositions'far new ‘compounds. once
the unit cell volume has-beén detefmined. The - unknown
cpmpound (Tezsa)(SbFG)z, for. example is predicted to have‘a_'

3

molecular volume of 488 A% and SeB(ASFG)Z’ if ever isolated

in a “crystalline form, would have a molecular volume of

. .03
roughly 426 A™.

"Ix.ég\Suggestions for Future Work.

i

" ‘Investigations of the homopolyatomic cations of the
cha]cogens had beenfvery extensive prior to the start:of the
'present. work.‘ The isolation of .new hpmbpo]yatomi? catfons

will almost certaihly requife the use of different oxidants

<



~Table IX.2 Component Volumes (33).
s ) . -

Species .  Mean Reference
Volume Compounds
/

218

I N o ) (;"\._/ _ ‘ »
'ASFG— - 101 \”FX 16, 19, 20 :

SbFg™ - 114 J 1011, 21, 73, 2
2, 4, 21, 22

s - 23.5 3, 4, 13

| .28
Te - ZCLsa . - 6,16, 23,

502 B} 54. {1, 27

'(.a) See Table IXQI

. '_'ﬁ; __";-_ .

i

16, 17, 29£ é;

-
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and/or different methods of preparation. For example, reac-

t1on IX.2 may lead to crysta111ne sampTes og\the 1ong sought
after Teﬁzf cation. _?w' . o . [

-~
-~

TeF4,+ 11 Te +-41NbF5

This reactton is ana]ogous to the: formation of TeB(A1C1 )2

—> 2 Te (NbF,), o IX.2

from a Te/TeC]4/A'IC13 melt (4). Arseh1c_tr1f1uor1de may

~ prove to be a betteh%solvent than.SO_2 'fqr this re:ction
since AsF.” and SbF,~ sa]t§_ot Te62+ haee a very low solu-
bility‘in S0,,.. S N 1
' The Te~Se mixed catiods'hehe‘simt1er1y'been .exten;ffv

sively studied usifg AsF_5 or SUF5 as oxidants in 502' solu-
tion. Few if any, ® new catlons can be expected from th]S
. system other than cat1ons 1sostructurﬁ] with the present1y

known cat1ons, but with d1fferent Te:Se ratios. It might be

of interest, however, to compare the structure of Te Se8 x

‘cations, x > 2, w1th the unique structures of the Te Se62+
-, - L]

and’ SeB?f 'cetions. Exper1ence d1ctates that attempted

. preparatidhs of thﬁs cation, however, would lead instead to

mixturee of ‘Te Se 2+ andr?e Selo_gaf cationsuﬁ.wh1ch more

6-x
read11y crysta]]TZe w1th AsF6 and SbF B anions..‘nA§wln the

search for new homopo]yato jc cations, new_aﬁ1ons are needed

< w LN

to isolate sa]tsqof new lyatomic Te-Se cat1ons. Solut1ons

of te]]ur1um and i' enjum mixtures 1n o]eum generate a 1arge-

nUmber of un1dentqf*ed resona ces. in the1r 77 ;ZSTe-

'.k%’ﬁﬁ?=h§pectra (F1g. 1%L
. cations cod]d- pegigﬁqg-

Se and

SaTts ongbme_of these unknown

€ precipitated from oleym by the’

2+ ‘.
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FIGURE IX.1 '77Se NMR spectrum of a 1::2 Te-Se mixture in 30% oletm
(1.3 g Te; 1.6 g Se; 3 mL oleum; 17,19 MHz; 51,000 scans; 6,1 Hz/pt).
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,add%tion of 502. ‘ Decaeelenium bis(fTeoresufphate) was suc- .
cessfully crystallized ddring initial eXperimeets with these
mixtures (36). |

The similar size and electronegativity of selenium:
and sulfur iﬁdicate that new mixed cationé'of these.elements'
will éimost_certain]j be disordered. Consider for example

“the compounds (S (Sb,F

e 3.05¢1.0)2(524F7)
Se335 (157). The huge difference in the redox chemistries

(SbF6)3 (this work) and

of . sulfur ~and selenium_ also serves to 1imit the types " of

2+
19
elemental selenijum {reaction IX.3) somewhat surprisingly
2+
4
'Se NMR spectrum. Mixed Se-S  species or

reactions that ‘can be attempted. The reaction of § with

resulted in oxidation ofuselenium'to'Se
77

which was ident-
ified by its

selenium cations of lower oxidation state were not observed.
‘ : - ’ ‘ . .
Reagent stoichiometries must be set so that there “is more

than enough oxidant to take a11 of the se]enlum present to

'Se42 s Otherwise the sulfur present will remain essent1a11y.

2

unreacted {reaction IX.4).

- . SO L _
2+ z 2+ :
Sig° + 4 Se — Se4 + 19/8 58 I1x.3
45 + 4 Se + 3 AsF, —— Se, (AsF )2 + 4 S + AsF, 1X.4
o R : ) .
Somef_mixed Se-5% oationyaof.unknown strucpure were observed
in the "7se NMR sﬁectrh of Se/S/AsF. mixtures-in S0, solvent

“(Fig. IV 7) These proved to be extremeiy ‘sgluble in 302,

but . could perhaps be 1solated from  a SOZISOZCﬂF solvent

mixture. ,The homopo}yatom1c,su1fur cations are 'extreme]y

".
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soluble in S0,,- but are less soluble in SO,CIF. ‘The same
was-foupd,to be the case“for mixgd Se/S and Te/S*cat%ons in
lthe present work. , “

Perhaps the most 1ucna£ive-érea for the preparétipn
of new poiyatomjc cations would be with Te-S mixtures. The
pfeﬁerentiaI oxidation of,téilurium over su]?ur_]imits the
possible products sbmewhgt; but th?.prepa}ation of sa]fs of
tﬁe:Té2542+ ang:TgéS32+ catibns'is a promising start. Cat-
ions with 1long chains of sulfur atoms. gttached to three-
coordinate.€e11urium atoms can belenvisabed. This fits the
tendency = of sulfur:fowardé extensive 2’caten_ation. and ‘' the
preferente_ of electropositive tellurium atoms for three--
,coofdinate.positions. 'Reactions of-teflprium and selenium
in attempfs:to prepare‘TeZSex2+, ‘x‘>;8, cpu]d be repeateq
wifh §u1fur jnstéad'of selenium: Antimony_penpaf]uoride is
preferable over AsF5 in most cases sincétfﬁé cryﬁfal qﬁéiity
“of SbF6' salts is geénerally better théh that of ASFS_;§a1ts.'
Some of the'cétjons may'oﬁ]y be obtaipéd with larger sbxFy—
anions.’

Teénary'reacfions, that is reacfions invo]vin@ mix-
'tuneg of sulfur, se]enﬁuh‘and tellurium, may also be of in-

terest.. In the. first such reacffgg\fﬁvestigated, a 1:1:1:1
mixture of S, Se, Te and AsF, led to the preparation of
_(TeZSes)(TeZSpB)(AsF6)4(502)2 (see'sectiqn I1v.3).

The ‘number of new salts of MX3+ cations that could
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be prepared is pract%ka]]yllimitleSs. Thé trends estab]ish;
- ed for the presenfly known structures could be fleshed out
with new examh]gs. vbrientatiqns of ;econdary‘bdnds about
-the central M(IV) atoms in these structures are 1imjted to
a very few different types at present, but new, ‘1é§s fonic
examples could possibly have a whole range of geometries; as
described for the isoelectronic Sb(IIl) atom in a recent
‘review article (87). Comparison of the HX3+ cations .with
isoglecthonic group IV anions may also be'instrﬁctive.d. The
NMR spectra of the SnF3'-anion could be recorded ahd the
Coup]iﬁg ~constant compared with those of the isoé]éctronic.-

_ TeF3+ and SeF3+ cations rgporte? here. . _‘

A crygiélm\structure of a salt 6f _the Tg(OTeF5)3+'
cdtion would be of interest to compare the steric _gctivity_
of the_ione pair of electrons -on Té(iV)‘w;th the bﬁ1ky OTer

121

'_1igands. The Sb NMR spectrum of the retentfy reported

- Sb(0TeF )~ anion (158) should be recorded and 231257,
121-S-b) compared with the analogous coupling 1in As(OTer)G'_
The reduced density coupling constant for 'As(OTeFS)GT is

43,NA’?m3, indicating that the two-bond scalar

o 3.69 x 107
coupling in fhe antimghy anion sﬁou]d be approximatély 960
Hz ‘‘since both cations are presumably octahedral in struc-
ture. The Iprepafatiop of As(OTngjsland tﬁé-fecent report
of-Sb(OTeF5)s (158; 142)yeans that many ofithe reactions of -
MF;  Lewis acids with gjmb]e fludrides_can'bewrepeated' with

OTeF5 analogues.’ Fof example, the reaction of As(bTer)5
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with Hg(OTeF5)2 and mercury. could lead to new metallic
compounds‘such as ngAs(OTer)s. Similar reactions involv-
' ing mercury, thz and NbF5 or Tan have recently been repbr—
ted (159). The large diffe(ence in size between the MFG;.
‘énd M(OTeFS)GT anions separating the mercury chains or lay-
ers couid Tead to_significant]y different physical prop-

erties,

-

Bottom Line.

This thesis has. presented a variety of perspectives
on the reactions, structures and bonding ofjé number of
simple compqunds of sulfur, se]enfum and tel]urium.  It‘1s
hopea that £hese results andidiséussiong have in some.iway' e

- L] .
helped to demonstrate that main-group chemistry ‘remains a

rich and exciting field. .
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TABLE A.1 uUnit Cell Dimensions and Space Groups for;th,e”Cnmi:ounds Chlradteri‘zed by x-R'ay'Crystallognphx fn this Thesis.

~

, . - _ _ . : : +3
Compound _ Space Group . a T c(A) ot Jei R ] U(AY)
Te,Seg{AsF,), : Pben 16.118{3}  13.089(3) 18.951(4) 50 T 90 4ﬁ01(1)
Te,Seg{SbF), Pben 16.489(3) 13.251(4) 19.422(6}) 90 - g0 90 " az44(2)
Te, cSeg S(Asf;)z Pben - 144790(3) 10.783(2) 1¥.304(2) 90 - 90. 90 L 2121.7(7)
Tez-Ses(Tezsea)(ASFE)‘(Sdz)Z P2,/ 12.432(4) 15.956(6) 23.053_(10) 90 98,61(3) - 9.0\:‘4?(3)
Teg(Seq) (AsFg)g(50,) PT 12.407(4) . 12.465(3) 14.109(5) 96.62(2) 90.49(3) 95.13(2) 2158(1)
Te,Sey(SbFg), - Phen . 12.124(4)  18.493(6)  29.503(7) 90 90 90 - 6614(2)
Te,Se, (StyF,, 1(SBF,) “Pbes 15.288(5) 17.189(5) 17,300(5) 90 90 90 " as46(2)
TEZ_TSeJ‘;(SbFE)Z P2,2,2, 12.192(2) 8.770(2) 15.817(3) 9? , 90 | 50 1691.1(6)
Tey 4Se, o(SBF¢), o P2y2)2, 12.266(3)  8.B28(3) 15.884(¢) * 90 . - 90 90 1720.0(9)
Tes (S, o(SbF ), . Pben " 11.988(3) 18.270(8)  25.096(8) 90 90 90 - 6355(3)
2.1%3.9'35F¢!; ) : ! 7
TesS5(SbFc), P2y /n 8.689(8) 12.217(1) 15.732{1) 90 91.59(5) 90 T 1669(2)
Te,Se,(SboF ) (SBFg) - © Pbem - 8.293(2) xﬁéfaw(al 15.811(4) g0 20 .33_ zlaz:{gs;
Tey.g5e).o(585F13) (SHFg) Pz a - 16.594(8)  11.634(4) . 11.128(3) 90 90 (: 3043 2148(1)
(sj_nssl;0)5f5b4r171(§pré)3 82y/e S 15.267(3)  13.440(4)  16.437(6) 90 . 91.s9(2) 90 3372(2)
Tecl,(A1CT,) ' PT .- 6.554(1) . 19:691(4) °8.391(1) 92.79(1) 97.31(1) - 96.11{1) 1065.8(3)
TeCl (sbely) - C2/¢c or Ct zz'.'13_7(4) 12.781(2) - 1‘9.3'08(73} 90 v H12.47(1) 90 " s048(2)
'Tec13(Asés) _ 7 P2, /0 8.82%(2) 10.009(3)  10.592(5) 90 108,27(3) - %0 . 888.7
TeCl,{SbFg) LT pema ' 17.031(3) 8.460(1)  6.398(1) 0 . 9% %0 921.8{4)
{TeF4),(50,) Co T "rpzlzlz1 ... B.788(1)  8.983(1)  9.946(2) 90 90 90 782.5(3)
N ’ . - . '-V’ + N i 1

L£2
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TABLE A.2 Atomic Posfitional (x 10‘) and Thermal (x 103} Paramaters,
“(a) TeZSeB(Ast)z.

v

, AToM xxio?) B ytxio®y ztx1at) gy u(22) u(s3) u(r2) u(1s) u(zy)
Te(ii : C T 2462.6(8) 2197.4(9) « 5335.2(5) 46.9{7) 37.4(7) . 26.8(5) - 3.9(6) 1.7(6) 1.6(5)
. Te() 3612.4(8) © 2814.5(9) 2987.3(6) " 46.0(8) 39.4(7) © 31.1(6) 1.6(5) 9,3(5) 3.8(6)
, - Seil) ' 3552(1) 1187(1) 4639(1) CAL2(11) 34.1(10)  43.3(11) 7.0(9) - 0.3(9) 10.0(9)
T sef2 i 2986(1) 18y 3528(1) 68.7(14) 30.4(10) © 37.3(11) - - 6.6(10) 210100 - 2.5(9)
T se(d) . 2218(1) . 3657(1) . 2646(1) S1.5(12)  40.3(11)  36.4(10) -~ 0.6(8) - 4.5(9) 10.5(8)
se(d): . 1207(1) 2484(1) 2910(1) 46.4(12)  45.B(11)  35.9(10) - 7.8{9)  -10.7(8) ‘- 2.4(8)
se(s) 737¢01) . 2959(1) 4037(1) ' 35.4(11) 40.0(11)  45.2(11) L3(9) - 3.1(8) - 0.4(9)
Se(6) ‘ 1121{1) 1595(1) . 4721(1) S a0.9(11)  38.0(10)  43.5(11) -.9.0(9) . 2,7(9) 5.449)
Se(7} 2628(1) | 3866(1) 463001} 42,3(11)  27.S(10) 39.5{l10) 1.8(8) 1.9(8) - 1.7{8)
Se(8} 92701) B ATTC B 4158(1) 37.1011)  40.7(11) - 39.B(11) -10.8(9)  ~ 2.4(8) - 0.3(8)
As(1) . 4177(1) ‘ 633(1) " o13s8(1) 39.7(11 47.4012)  32,7(11) - 5.4(9) - 9,2(9) 4.1(9)
L As(2) ) 5962(1) Cosa28(1) 3538013 . 31.9@;’ 34.7(10)  29.4(9) 4.6(8) - 0.1(8) 0.4(8)
F(11) 473508y 17¢0(9) 1575(8) 73(9) - 64(8) 118(12)  ~25(7) -12(8) -32(8)
3631(9) --43%010) ) 1146(7) ©o129(12) 20(10) 69(9) oy -70{9) B(8) -10(7)
4986(10) 64(11) 1118(15) | 68(10) 65(10) 564(43)  -13(%) 132(18) -114¢18)
4131(17) 255 (20) : 2170(8) 269(28) 277(27) 48(10) -168(24) . - 7(13) 5(13)
3986(19) - uagmz'_ : 5920100 . 390(34) 107(¢14) 107(15) - 92(18) -150(19) 70012} p
" 3305(11}) © 1266(20) “ 1639(18) B2(14) 220(25) -348(36) - 0(15) 39(18) -145(24)
ss366) = 5301(a) 4376(5) 58(7) 73(8) - .25(5) 12(6) 5(5) - 1(5)
5500(8) ©407L(8) Cann 81(9) 50(7) 78(9) - 13(6) 19(7) - 207
6803(7) . 4600(9)} . 3884(6) . 54(8) -76(3) 69(8) 25(6) - 4{6) 37(7)
6397(7) 5097(a) . 2699(5) §8(8)  e1(N, 40(6) 14(6) 12(6) 3te)
6437(7} . 6372(8) 31669(6) 78(9) 50(7)' 70(9) - 19(6) - 27 5(6)
5135(7) - S820(9) . . 3199(5) : 'i 52(8) 92(8) 19{7}) 29(7) - 6(8) - (6}
\ | ¢
't o

BEC



*foputation Parameters:

1
\ — d
; . .
f N
& (b) Te, gSeg o(ASFg),. .
(A
o ATOM 1x10%) ¥{x10%) 2(x10%) it
Te(1)* 68403 3340,9(5) 2308.6(4) e
. - Te(2)* ;58.3'”.5’2\" 2707.0(7) 3654,2(5) 43.3(4)
’ “Se{1)* 377.3 : 4363.9(9) - 1032, 9(6} 41t6(5)
Se(2)* 4260.4(5) 2386.2(7) 2p40.8(6) 52.6(6) %
se(3)* . . 3343,9(5) 1124.0(8) 3164.4(6) 44.9(5)
As . 1690.6(6) 859.7(9} ) 176.8(7) 38.3(5)
F(1) 658(3] - lanan - 147(4) 11Ye))
F(2). < 1435(5) siglfe) - 1400(s) 120(6)
£(3) ~+ 1306(6) - 573(6) . e(7) 117
F(4) 2109(5) 2313(7) 212(8) 81(5)
_ - 2750(4) 334(6). 484(4) 56(4)
) f(s} \\\k::~) 1996(4) 795(8) T-"1027(4) 91(5)

Te(1}, ogssm; Te(2}, 0.843(3); Se(1), 1.065(4);

_ se(2), 1.229(5); se(3), 1.069(5).

v22

A1.8(4)
44.9(5)

52.9(6)
41.0(8)
44.2(6)
38.5(6)
99(5)
173(9)
46(4)
53(4)
82(5)
221(10)

uis

T

50.1(5)

39.9(5)
57.5(5)
43,3(5)
40.8(5)

87(4) -

514}
- 231(19)
238(10)
77(4)
41(3)

{

u12 u13

2,6(2) - 3.402)
- 1.2 -4y
- 2.4(4) - TH{4)
11.0 2.1(4) °
8.4 5.3(4)
%.9(4) 4.2(4)
23(3) - 6(3) .
42(5) . 4(4)

*-20(5) -22(6)

-12(4) - &(¢)
28(3) - B(3h
79(8) 15(3),

U3

2.7(3)
12.7(4)
2.3(4)
4.6(4)
- 0.7()
©1.4(4)
-4
1{5)

- 5(8)

13(5)
7(3)
8(5)

-~

6€2 .
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ATON

Te{1}
Te(2)
Te{3)
Te{d)
. Se(])
T osel4)
se(5)
5e(6)
Sef7})
Se(8)
Se{9)-
¥Se(10)
Se{l1)
se(12)
~ Se(13)
se{14})
Se(15}
. Se(16)
As(1)
As{2)
As{3}
As{4)

(c) Te,Seg(Te,Ses) (AsFg) (50,),.

x(x10%)

5153(3)
4362{3}
- 154(3)
- 298(3)
6632(6}
‘71770(5)
7236(5)
- 6383(5)
3912(4)

5525(5)

3609{4)
4526(4)
- 871(5)
560(5)

- 1992(4)

- 1537(5) |

1510(4}

08

4605(5)
10996(5)
- 2240(5)

7362{4) .

L=

{x10%)
)

1755(2) -

3929(2)

sar(z)
3429(2)
2727(4)

24}
" 4235(4)
.+ 3893(4)

2348(3)
1766(3)
2836(3)
4043(3)
3128(3)
2124(3)

1536{4)

2244(4)
2554(3)
1205(3)
1867(3)
15103
“ea(a)

5104(3)

2(x10%)
2984(2)

- 4324(2)

1964(2)
1232(2)
27124(9)
3584(3)

_3904(3)
" 4698(3)

4346{3)
4109(3)

2877(3)

\

C

3212(3)
2285(3)
2584(3)
1556(3)
"752(3)
1282(3)

1042(3)

1170{3}
795(3)

n77{3}.

1989(3)

Un

60(2)
56(2)
86(3)
68(3)

96(5)

61(4)
56(4)
71(4)
66(4)
77{4)
S7{4)
67(4)
69(4)
83(5)
45(4)
74(5)
38(3)

57(4)

58(4)
53(4)

76(5}) "

55(4)

-

Yz

40(2)
58(2)
48, 2)
47(2)
74(4)
86¢4)
77(4)
91 (4)
59(4)
58(4)
62(4)
45(3)
64(4)
67{4)
75(4)
91(5}
55(3)
52(3)
66(4)
6904}
53(d)

s5(4)" *

Ui

74(3) -

70(3)

72(3)
91(4)
96(6)
93(6)
859(6)
76(6)
67(5)
68(5)
80(5)
57(5)

. lOO(Gl

75(5)
nisit
92(6)

. 103(6)

74(5)
50{4)
89 (5)
109(7)
103(6)

n A

- 4(2)
- 7(2)
- 32
-4(2)

C-21(4)

-

- 4(3)
=21(3)
- 5(3)
- 9(3)
3(3)
L1E))

Te 1{3)

11(3)
12(3)
=12(3)
- 6{4)
- 4(3)
73

(N
- 8(3)
19(3)
14(3)

Y3

21(2)
20(2)
24(3)
15(3)
as5(5)
24¢(4)
25(4)
10(4)

324

23(4)
- 7(4)

CTEY
29(4)
7(4)
20(4)

-12(4)

28(4)
28(4)
-4
11(4)
32(%)
2004)

F

Uzs

- 8(2)
-1412)
- T2)
4(2)
~13(4)
- 4{4)
-14(4)
- 202},
- 2(3)
8(3)

-18(4)[".

- 4(3)

-15(4)

-18(4)
- 6{4)
- 7(4)
- 8(3)

- 1(3)
- 5(3)

15(4)
24y

coﬁtinued.

C

1oy

(\“ﬁ (,“\

1) 74

N



»

Y : inued. _
TezSeG(T:ZSeB)(Ast)‘{soz)2 continu

ATOM

F{11)
FLJZ?”“—_
F{13)
F(14)
F(i5)
F{16)
Fl21}
F(22)"
F(23)
F{24)
F(25)
H ~ F{26)
! F(31)
- J F(32)
F(33)
BN

X(xloa)“s; ¥(x10%)
387(5) 116(4)
542(4) 189(3)
522(5) T 67(3)
558(5) 180{4)
407(5) To4i(4)
19(5) 122(4)

1004(8) B8(3)

1091(6) 212¢4)

1006(4) 143(3)

1192(4) - 81(3)

“1120(5) To2a{a)

1196(4) 163(3)

- 281{4) 79(3)
o 278(4) 52(3)
> y79(8) - B7(3)

2{x10%)

161(3)
68(2)

- 116{3)
164(3})
112(3)
63(3)

- 129(2)
- 122(3)
- 39(2)
- 119(2})
- 51(3)
29(2)

362(2) ’

254(2})

272(2} o

U

213{25)

163(18)
200(22)
208 (24)
228(26)
225(25)

168(18)

265(33)
176(19)

152071

227(25)
157017
150(16)
155(17)
161(18)

ATOM

F(34}
F(35)
F(36)

. F(41)

F{42)
F{43)
F(44)

F(45}) .

F(46)
st
s(2)
o1}
0{12)
o{21}

0(22)

xix10%y?

179(5)
103(6)
654(7)
730{3}
745(3)
861(3)
681(3) .
191(3}
812(3)
510(3)
38(4)
365(8)
626(12)
74(6)
155(7)

- ¥{x10%)

45(4).

42(4)

46(5)
607(2}

415(2) »
sa0(2)

565(2)
469(2)
486(2)
408(2)
122(3}
425(7)
385(9}
136(5)

85(s5) -

YWoos

(a0’ v
378(3) 220(26)
J22(3) 258(30)
307(4) 345(41)
229(2) 22010)
- 169(2) 109(12)
® 180(2) 122Q13)
' 137(2) - 128(14)
263(2) 107(12)
220(2) 130(14)
73(2) 214(13)
447(2) 267014}
36(5) 402(58)
22{7} 494(79)
458(3) 231(30)
, 475(4) 269(35)

3




Aton

Te(1)
Te(2}
Te(3}
Te(d}

Te{s)

Te(6)
Se{1}
se(2)
Se( 1)
Se(d}

Se{s)

Se(6)
Se(7)
se(8)
As(1)

- As(2)
As{3) . .
As{a) |
As(S}’

As(6)
S
0(1)
0{2)
F{11)
F(12)
F{13)

F14)

F(15)
F16)
F(21)
F(22)

(d) Tes(Ses)(AsFS)G(?OZ).

. X
2432(1)
XTI

1616(1)

3280(1)
2568(1}
“ 4165(1)
5869(2)

fssss(z)

~ 7968(2)
8954(2)
7625(2)
719(3)
7455(2)

. 5654(2)

a719(2)
7505(2)
167(2)
4766(2)
2333(2)
288(2)
2469(6)

2575(1#{

.3086(15)

- 6065{10)
-45dr(12)

4523(12)

- 3344(10)

4870(11)
4852(12)
=~6581(15)
8451(16)

Y
4198(1)
2603(1)
3189{1)
1530(1)

880(1)
2477(1)
2105(2)
2770(2)
1288{2)
1950(2)
1428(2)
2887(2)
4250(2)
1649(2)

‘4645(2)

2507(2)

" 196(2)

543(2)

19472} -

5062(2)
2974{6)
2818(13)
3847(16)
4547(13)

3251(10)
4583{13)
4612(11)

4674(11)

6011(9)

3407(15)
1607(16)

1

1

z
304(1)
282{1)

1381{1)

1422(1)
243(Y)
256(1)

5369(2)

6638(2)

6527(2)

- £303(2)

4158(2)
3281(2)
4492(2)
4629(2)
2035(1)
82(2)
2033(1} -

" 2462(2)

4287(2)
2528(2)
3141(4)
2141{10)
3655(12)
1855(12)

. o218{i)

828(9)
2161(10)-
3223(9)
1832(11)

‘9(14).

131(15)

1

J 48.9(9)
-30.007)
" 50.0(9)
- 49,1(9)
45.8(8)
29.3(7)
38.7012)
65.9(14)
78.0(1b)
37.3(14)
57.7{15)
“119.2(25)
87.0(19)
62.8(16)
35.4{11)
33.5(11)
w20
33.5(11)
49.3(13}
35.5(12)

- ve0(6)

sagio) *

103(15)
" 33(8)
99(11)
106{12)
41(8)
92(10)
104(12)
“121(6}
134(7)

-

4

Y22
25.8(7)
47.5{8)
51.2(9)
41.9{8)
3.2(7)
47.0(8)
58.8(14)
64,7(15)

.17

87.5(19)
46.4(13}

70.8(18)

42.1(13)

64.0(16) |
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