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Sy(AsFs)-Ask; was prepared by the reaction of sulfur with arsenic pentafluoride in liquid Apkantitatively)

and in anhydrous HF in the presence of trace amounts of bromine. A single-crystal X-ray structure of the compound
has been determined: monoclinic, space gdRgc, Z = 4,a= 7.886(1) A\b =9.261(2) A,c = 19.191(3) A,

B =92.82(1}, V = 1399.9(4) B, T = 293 K, R, = 0.052 for 1563 reflections (> 20(l) 1580 total and 235
parameters). We report a term-by-term calculation of the lattice potential energy of this salt and also use our
generalized equation, which estimates lattice energies to assist in probing the homopolyatomic cation
thermochemistry in the solid and the gaseous states. We f{#&&)2°AsF; to be more stableAfH°[S4(AsFs)2-

AsFs,c] &~ —4050+ 105 kJ/mol) than either the unsolvateg{/AsFe)2 (AtH[Sa(AsFs)2,c] ~ —3104 4+ 117 kJ/

mol) by 144 kJ/mol or two moles of,8sFs (c) and Ask (I) by 362 kJ/mol. The greater stability of the?S salt

arises because of the greater lattice potential energy of the 1:2 solvated salt (1734 kJ/mol) relative to twice that
of the 1:1 salt (2x 541= 1082 kJ/mol). The relative lattice stabilization enthalpies of Mons relative to two

M_* ions (i.e., in My(AsFe), (c) with respect to two MAsFs (c) (M = S, Se, and Te)) are found to be 218, 289,

and 365 kJ/mol, respectively. Evaluation of the thermodynamic data implies that appropriate presently available
anions are unlikely to stabilize M in the solid phase. A revised value fAfH°[Sey(AsFs).,c] = —31824- 106

kJ/mol is proposed based on estimates of the lattice energy0A$®), (c) and a previously calculated gas-
phase dimerization energy of 2Se0 Se?*.

Introduction extrapolate the known (or related) data are fraught with

. . . uncertainty. Although the sulfur cations are found in stable salts
Considerable progres$ has been made in the characteriza- of weakly basic anions such as ASE SbFii-, and SQF-,

tion and rationalization of the homopolyatomic cations of group the corresponding salts of Algl and ALCl;~ have not been
7

16. Nevertheless, numerous puzzling observations remain. These o . . S
include the fact that while & (n = 4, 8, 19) cations have isolated? The intense blue color given on oxidation of sulfur,

been prepared, the sulfur analogues of&eé’ Sa 22 and and associated withg®', has been ascribed to the radical cation
! ’ + 10,11 +

Tes*™ 8 and several other recently prepared tellurium homopoly- S ,b althougljh elxacltly_gow:jS‘L ‘an 3| are reéated habs not

atomic cationhave not. An attempt to make a thermochemical yet been completely elucidated and analogos Bas not been

analysis of this area of chemistry is hampered because of thedetected. Apother radical has been identified in solutions by
lack of gas-phase thermodynamic data, and any attempts to®/€Ctron spin resonance (ESR) spectroscopy and has been
assigned as both;S1112and $F.13 S, §*, and possibly §%,
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(2) Brownridge, 'S.. Krossing,gl.; Passmore, J.. Jenkins, H. D. B.: Clearly, many of these observations could possibly be
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solution, is established. This aim is probably best achieved by phase dimerization enthalgyAH(1), of —257 kJ/mol for the
means of a concerted approach, such as the one we are adoptinglissociation of $* (g) to 2S* (g):

This involves the use of a combination of preparative/synthetic

investigations coupled with associated calorimetric studies and 842+ (9)— ZS;r (9) AH(1) (2)
crystallographic determinations leading to computational studies

at the appropriateb initio level to obtain any relevant and The corresponding values @H(1) for Sé7 is —199 kJ/mol
experimentally unavailable ancillary gas-phase dat¥. It has and for Té%is —137 kJ/mol. It is, however, 3", and not g,
proved possible to mount an extensive and systematic$ttidy ~ that is found in the solid state, as for example ufASFe),*
of the effect of inclusion of electron correlation and of the 0.6SQ** (S:X)aSu(AsFe)s (X = Br® and P29, Su(ShpFs)-
modification of the basis set size, on the results of computation (SkFs)(SbFe)s,?” and now reported in $AsFs)o"AsFs (this
of the dimerization enthalpy of 2M (g) — M42* (g) (M = S, \_Nork): We shp_w, in this study that the tetrasulfurHRcation
Se). Such studies now place us in a good position to understandS 1attice-stabilizedin Su(AsFs),-AsFs (c) and, therefore, by
the requirements for making reliabéb initio calculations of implication, likely to be so in other,5"-containing salts.

gas-phase data for other systems. In addition, lattice enthalpiesenlt?];ddlt(;??éfnqattr;snbgfs gsgSOFl;)f P(rce)V;Cr’]‘jjS(')yu?it:rrl?;'rn:girs;g't":: .
can now be estimated more readily by our generalized Py 2

equationt®~20 which was derived as an extension of Bartlett’s ?g)ﬁ);fiﬁ%nmggg:ﬁg;ﬁle; c?rirglrzzl gvti;: %\gzge t(t;z)a(( AH(%

equatiod! that was only applicable to 1:1 salts. =3 kJ/mol)2®
In this paper we report the preparation, X-ray crystal structure
determination, and energetics of the salfASFs),°AsFs. This Se(AsFy), (c) — 2Sg(AsFy), (c)  AH(2) )

leads us to an estimate of the energetics associated with the

AsFs “solvation” of the parent §AsFs), salt. Unfortunately, Similar studie®® showed Tg(AsFs), (C) to be stable relative to
the S(AsFg),-AsFs salt of interest, like the related salf{&sFs)»* 2TeAsFs (c) by 244 kJ/mol. SE*, not Se*, and Te?", not
0.6SQ, is an unsuitable candidate for fluorine bomb calorimetry Te:*, have been found in the solid state in a variety of salts.
because of the instability with respect to loss of solvent However, Tg** 2°and polymeric (T&*).* are formed with the
molecules on handling and because of the resulting uncertainty!ess basic VOGF~ and BiClg?~ anions, respectively. On the

in the exact formulation of the sample. Therefore, direct Otherhand, is it possible to stabilize any Msalts (M= S, Se,
experimental determination of the enthalpies of formation of 1€) Sufficiently [cf. OFAsFs™ 37 with a suitable large nonbasic
Sy S b o Tovng e pen? A orlison ol s ofsentor 1 o
o eatimate of the lattics aninaipy flam tho X.ray parameters 01 formaion for the S{ASF2), and Ta(Asr)Sals is herefore

. also the subject of this study.
by an extended term-by-term calculation reported below. In J Y
addition, we have recently calculated a converged average gasExperimental Section

Caution! Anhydrous HF causes severe burns. All manipulations

(15) Cameron, T. S.; Deeth, R. J.; Dionne, |.; Jenkins, H. D. B.; Krossing, should be carried out in a fume hood. Protective clothing, safety glasses,
I.; Passmore, J.; Roobottom, H. Kiorg. Chem, accepted, subjectto  and face shield should be worn when working with liquid HF or arsenic
modification. fluorides, which react with water to produce HF. If skin contact is

8% ?éﬁskisrllr;gi_'l.;DPaBs_sg?t(;rried Litorg._ irr]c?srgiﬁggﬁ'?ésiﬁgfe 3. Suontamo suspected, the exposed area should be immediately irrigated with large

R. J. Comput. Cherr200Q 21, 218. amounts of flowing water and, after thorough washing (at least 15 min),
(18) Roobottom, H. K.; Jenkins, H. D. B.; Passmore, J.; Glasser,Chem. massaged with calcium gluconate geBeeking medical treatment is

Educ.1999 76, 1570. recommended. The immediate accessibility of an HF antidote gel is
(19) Jenkins, H. D. B.; Roobottom, H. K.; Passmore, J.; Glassénarg. indispensable.

Chem.1999 38, 3609.

(20) Our generalized equation for a salt8, has the parametric form Materials and General ProceduresArsenic pentafluoride (Ozark-

Mahoning) and fluorine (Air Products) were used as received. Sulfur
UporMXo) = |Z+Z_|V[a\f1/3 + B] = 2[aV ¥+ 4] Q) (Fisher Scientific, precipitated) was vacuum-dried before use. Bromine
herez. andz. are the charges on the catiorfMand anion X- (Fisher S_ci(_entific) and arsenic trifluoride (Ozark—Mahoning) were

\rléspectrvely,v is the number gf ions present in the latticep(+ q): vacu_um-dlstllled and stored oves®,and NaF, respect_lvgly. Hydrogen

V is the volume of the formula unit pKq in the crystalline lattice fluoride (Matheson, anhydrous, 99%) was doubly distilled and stored
(=VeellZ, whereVgg is the volume of the unit cell andis the number
of molecules (formula units) per cell), and in the alternative formula- (22) B3PW91/6-313G(3df)//B3PW91/6-31+G* is sufficient to describe

tion, | is the ionic strength term defined aé)y nkz whereny is the the energetics of 5" and related sulfur species. B3PW91/6-311G-
number of ions of typek in the lattice bearing charga and the (2df) gives the geometries closest to that from experiment of all
summation ovek is taken over all the ions in the lattice. and methods employed in our systematic study of basis set and correlation
have been assign&tkspecific values depending on the stoichiometry effects6.17

of the salt MpXq. This equation then permits lattice energies to be (23) Jenkins, H. D. B.; Roobottom, H. K.; Passmorejnbrg. Chem,
assigned directly (and preferably) using the crystal structure molecular submitted for publication.

volume {) data as determined experimentally from crystallographic (24) Passmore, J.; Sutherland, G. W.; White, PJ.8Chem. Soc., Chem.
determinations. Alternatively, i¥cei and Z are not availabley is Commun.198Q 330.

determined from the estimated individual close-packing effective ion (25) Passmore, J.; Sutherland, G. W.; Whidden, T. K.; White, P. S.; Wong,
volumesV; andV- (defined to be ion-additive such thét= (pVy + C.-M. Can. J. Chem1985 63, 1209.

qV-). The values ofV; and V- (written in this paper a&/(Md9"), (26) Passmore, J.; Sutherland, G. W.; White, An8tg. Chem1982 21,
V(XP7)) have recently been assign€dWhere values o¥/; and V- 2717.

are not listed in ref 19 it is possible to infer approximate volumes by (27) Faggiani, R.; Gillespie, R. J.; Sawyer, J. F.; Vekris, J.AEta
considering size relationships between the ions that are listed. For Crystallogr. 1989 C45, 1847.

example, from Table 6 in ref 19 we hawBr,") = 0.057 nni and (28) Tomaszkiewicz, |.; Passmore, J.; Schatte, G.; O'Hare, P. A.Ghem.
V(SN') = 0.032 nni, and since we can anticipate théBr,™) > Thermodyn1996 28, 1019.
V(S;") > V(SN'), we can estimate that(S;") ~ 0.045 nni. (29) Beck, J.; Bock, GAngew. Chem., Int. Ed. Engl995 34, 2559.

(21) Mallouk, T. E.; Rosenthal, G. L.; Mier, G.; Brusasco, R.; Bartlett, (30) Beal, J. B.; Pupp, C.; White, W. Ehorg. Chem.1969 8, 828.
N. Inorg. Chem.1984 23, 3167. (31) Peters, D.; Miethchen, R. Fluorine Chem1996 79, 161.
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over K:NiFg-KF (Ozark-Mahoning) in a prefluorinated FEP vessel
(Fluorocarbon-Bunnel Plastics Division, Penntube products, Mickleton,
NJ). This vessel was connected to a Teflon needle valve (SS 6393-11
Chemfluor & Elast-O-Fluor, Norton Co., purchased from Cole-Parmer
Instrument Co.) with a Kel-F lid and aluminum compression fittings.
The reactions were carried out in prefluorinated FEP vessels (20
cm long, %, in. 0.d. and 2 mm thick wall; tubes with thinner walls
were found to collapse when subjected to dynamic vacuum) containing
a Teflon coated magnetic stir bar. Any apparatus coming in contact
with anhydrous HF was carefully dried and fluorinated before use.
Sulfur and the productfAsFs).:Ask; were manipulated in a Vacuum
Atmospheres Dri-Lab equipped with a Dri-Train (HF-493) and an
internal circulating drying unit containing 1 kg 8 A molecular sieves.

Infrared, FT Raman spectra, and powder photographs were obtainedZ

as previously described.The elemental analysis was carried out by
Beller Mikroanalytisches Laboratorium, @mgen, Germany. General
techniques used are described in ref 33.

Preparation of Sy(AsFe)2*AsFs in Anhydrous HF or Liquid AsF s.
We previously prepareds@\sFs).*0.6SQ quantitatively by the reaction
of sulfur, Ask, and a trace amount of bromine in $&* The salt
Sy(AsFs)2*Ask; was similarly synthesized in anhydrous HF. In a typical
reaction, in a prefluorinated FEP vessel, anhydrous hydrogen fluoride
(ca. 8 g) was condensed onto elemental sulfur (1.83 g, 7.13 mmol)
followed by a large excess of AsF12.20 g, 71.80 mmol) relative to
the amount indicated by eq 4, and a trace quantity ef @05 mmol).

,S; (5) + 3ASF; (g) — S(AsFy), AsF; () @)
A dark-blue solution and solid were observed on warming the mixture
to room temperature. The contents were stirred for 1 day, producing a
light-blue solution over a white precipitate indicative of(AsFe)z,
which indicated that the oxidation reaction was complete. Thermal
cycling of the mixture (4 cycles/day) between room temperature and 0
°C for 3 days gave a pale-blue crystalline solid containing some crystals.

Cameron et al.

Table 1. Crystallographic Data for AsFs)2Asks

chemical

Su(AsFe)2rAsks  cryst size, mm 0.14 0.23x 0.31

formula
fw 638.00 F(000) 1192
cryst syst monoclinic reflns for lattice 25;60 12—14°
parameters
space group P2i/c abs correction 1.510.68
, 7.886 (1) D range 6 3-23
, 9.261 (2) scan type w—260
c, A 19.191 (3) hkl range —8108,0to 10,
0to 20
p, deg 92.82 (1) no. unique refins 2022
V, A3 1399.9 (4) no. obsd reflns 1580
(1> 20()]
4 no. parameters 235
temp, K 293 (2) Rq? 0.052
Dealca g T3 3.027 WRP 0.144
u, et 75.419 GOF 1.796
A 0.70926

2Ry = Y||Fol — [Fell/Z|Fol.Pw = 1{0%Fd) + [(0.118P)2 +
(6.5915P}. P = [2F2 + max(F,2,0)]/3.

v5(AsFs )], and 119 (1.1) [lattice mode]. An almost identical FT Raman
spectrum was obtained for,@sFs)2xSO; (x < 1), both spectra
deposited. The weak Raman spectrum of Asfsolvation may be
masked by the stronger AsFpeaks. Anal. Calcd for fAsFe)rAsFs
(and S(AsFs)2): S, 20.10 (25.35); As, 35.23 (29.61); F, 44.67 (45.05).
Found: S, 23.49; As, 34.92; F, 41.90.

Sy(AsFe)2rAsks was prepared in 98% yield by means of the reaction
of sulfur (0.93 g, 3.64 mmol) with a large excess A$6.35 g, 37.40
mmol) in liquid Ask; (16.9 g) and a trace amount of bromine (0.04
mmol) in a two-bulbed glass vessel. A red solution over a crystalline
white material was observed within 12 h at room temperature. Upon
slow removal of the solvent, the white product (4.55 g, 4.65 g
calculated) changed color and assumed a pale-blue color, interpreted
as being indicative of the presence of a trace amountg(isFs)..

Great care was taken in removing the solvent (ca. 6 h, to constant .o 1 Raman spectrum and powder photograph s0AsFe),:AsF;
weight) as to not destroy the crystals by expanding the last portion of 1,246 in Ask were identical to that obtained from the salt made in
volatile material into the line, isolating the reaction vessel, evacuating HE

the line, etc. until the pressure above the crystals was zero. This gave  tphermal Stability of Solid Ss(ASFs),*AsFs. The S(AsFs),-AsFs salt

a dark-blue crystalline solid and dark-blue powder, implying some
decomposition to §AsFs)2. An IR study of the volatile material showed
peaks attributable to H®;® SiF, (trace)® AsFs,%” and Ask.%8 Close
inspection of the material under a microscope showed most of the
colorless crystals to be coated with an amorphous dark-blue material
which is likely S(AsFe).. Several crystals were quickly mounted in
rigorously dried glass capillaries under dry nitrogen and were identified
as S(AsFe)2rAsF; by X-ray crystallography. An amount of 7.23 g of
product was recovered, giving an 80% yield based on the formation of
Sy(AsFe)2rAsk; or 101% yield based ons@\sFs).. The bulk product
gave a good X-ray powder diffraction pattern (CaKadiation) and

prepared in Asgcan be stored over a period of at least 1 year, without
any noticeable decomposition, in a sealed FEP tube under nitrogen,
which in turn is sealed in a glass tube-&20 °C. Samples stored under
the same conditions at room temperature ai@ °C started to exhibit
signs of decomposition after only 2 weeks and 1 month, respectively.
Decomposition was indicated by the formation of a yellow material,
most likely to be elemental sulfur. Evacuation of a 3.8 g sample of
Sy(AsFg)2rAsF; for 1 h (80 h) through a liquid Ncooled tube led to
loss of 0.01 g (0.19 g) AsFor 1.3% (31%) of the As§of solvation

(IR) but without noticeable change in crystallinity. Heating afASFs),-

Ask; at 45°C for 4 h resulted in decomposition of the sample as

was indexed against single-crystal data, consistent with the presenceqicated by the presence of sulfur. Crystals o{ASF)»0.6SQ

of both S(AsFs)*AsF; and S(AsFs)2. Powder photographic data have
been deposited as Supporting Information. IR {&m 702(s), 665(w),
390(m) p1(AsFs7)]®° and 540(w) Ps(Ss21)].>4° FT-Raman (cm?)
(deposited), relative intensities in parenthe¥e&25 (0.5), 698 (0.4),
687 (2.0), 672 (L.4p[(AsFs7)] and 552 (1.0), 546 (1.3)j(Asks)];3942
606 (1.4) Ps(S#1)],>*° 590 (10) pu(S#M)], 373 (1.2) pa(Se),

(32) Brownridge, S.; Cameron, T. S.; Passsmore, J.; Schatte, G.; Way, T.
J. Chem. Soc., Dalton Tran$996 2553.

(33) Murchie, M. P.; Kapoor, R.; Passmore, J.; SchattelnGrg. Synth.
1996 31, 80.

(34) Shelton, R. D.; Nielsen, A. Hl. Chem. Physl951, 19, 1312.

(35) Smith, D. F.J. Chem. Phys1958 28, 1040.

(36) Jones, E. A,; Kirby-Smith, J. S.; Woltz, P. J. H.; Nielsen, A.JH.
Chem. Phys1951 19, 242.

(37) Hoskins, L. C.; Lord, R. CJ. Chem. Phys1967, 46, 2402.

(38) Hoskins, L. C.; Lord, R. CJ. Chem. Phys1965 43, 155.

(39) Begun, G. M.; Rutenberg, A. Morg. Chem.1967, 6, 2212.

(40) Burns, R. C.; Gillespie, R. Jnorg. Chem.1982 21, 3877.

(41) The solution FT Raman spectrum of(/&sFg)2-0.6SQ preparedin
situ with a large excess AsFshows bands attributable to?S,540
AsFs~,3942 AsFs,37 and Ask.38

(42) Christe, K. O.; Sawodny, Wnorg. Chem.1967, 6, 1783.

collapsed to a pale-blue powder when subjected to a dynamic vacuum
for less than 10 min at room temperature. Both salts become darker
blue upon grinding, which indicates some disproportionation, decom-
position, or else a reaction with moisture to give products containing
Se(AsFe)2.

X-ray Crystallography. The data for §AsFs).*Ask; were collected
at 293 K on a CAD4 four-circle diffractometer with @26 scan mode
with graphite-monochromated Modkradiation. Crystallographic details
are summarized in Table 1. The data were reduced to a standartf scale
and corrected for Lorentz polarization and absorption (range-1.51
0.68) effects’® The structure was solved by direct methods using
SHELXS# The positions of all atoms were derived from an E-map,
and the structure was refined with SHELX®7R; = 0.052, wR =
0.144 for 1563 reflections > 20(l) 1580 total and 235 parameters,
with anisotropic thermal parameters on all atoms. OnegAgfoup

(43) Cameron, T. S.; Cordes, R. Ecta Crystallog.1979 B35, 748.

(44) Walker, N.; Stuart, DActa Crystallog.1983 A39, 158.

(45) Sheldrick, G. M.Crystallographic Computing ;3Sheldrick, G. M.,
Druger, C., Goddard, R., Eds.; Oxford University Press: Oxford, 1985;
p 175.
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Table 2. Atomic Coordinates X 10%) and Equivalent Isotropic to obtain the total lattice potential energy of the solvated salt.
Displacement Parameter&’(x 10°) for Sy(AsF)z2AsFs, with Using the crystal structure reported in this paper, we use the
Estimated Standard Deviations in Parenthses term-by-term approach to carry out an extended calculation.
atom X y z U In general, the total lattice potential enerdygor, of a salt
Asl 2327(2) 947(1) 4171(1) 27(1) MaXy, is defined as
F11 2318(8) 627(8) 3282(3) 48(2)
*F12 3580(5) 2330(3) 4048(18) 80(9) _ _ _
sF121  2540(6) 2710(3)  4070(2) 122(16) Upor = Uetec = Ur T Ugg T Ugq — U, ()
F13 2295(12) 1268(9) 5059(3) 69(2)
"F14 1300(6) —540(5) 4290(2) 110(2) where Ug ec is the electrostatic energy of the lattiddg the
F141  1820(6)  —720(4) 4313(14) 88(15) closed-shell repulsion (or Born) terrygq the dipole-induced
*F15 4130(5) 60(4) 4307(16) 98(16) dinole di . Lond t the dipol
*F151 4320(4) 700(7) 4200(2) 170(3) dipole dispersion energy (London energy terb), the dipole-
*E16 170(6) 1130(6) 4120(3) 105(19) induced quadrupole energy, abld the zero-point energy. The
*F161 590(6) 1810(5) 4050(3) 110(2) corresponding lattice enthalppH,, for the salt is related to
é;i g%g%)o) gg%j((ll)o) 2371%35((%)) 27%((%3)) the above lattice potential eneripor(MaXp) by the equatiof?
F22 1382(10) 6813(10)  3406(4) 66(2) Lo
F23 4085(10) 7774(10) 3053(6) 86(3) AH, = Upo((M X)) + [a((/)ny, ~ —2) +
F24 3865(11) 6340(11)  2025(4) 80(3) e e
F25 1523(10) 7856(8) 2291(4) 67(2) b((/)n™ — 2)IRT (6)
F26 1227(8) 5371(7) 2395(4) 50(2)
Si 2481(3) 824(3) 1927(1) 29(1) whereny"* andny?~ are both equal to 3 for monoatomic ions,
S2 2482(4) 1703(3) 976(1) 35(1) & for fi oo i 16 i vatomt
a3 2146(4) 3572(3) 1412(1) 34(1) 5 for linear polyatomic ions, an or nonlinear polyatomic
sS4 2185(3) 2682(3) 2354(1) 30(1) ions. In the case of FASFe)2°Asks, AH| is related tdJpotSa-
As3 2723(2) 7297(1) 5316(1) 38(1) (AsFg)o+AsFs] by the equation
F31 4145(11) 6647(11) 4782(4) 76(3)
F32 1042(11) 6508(11)  4913(4) 79(3) _ .
F33 3042(13)  6003(9) 5937(4) 75(3) AH_ = UporlSy(AsFy),"AsFy] + 4RT @)
2U(eq) is defined as one-third of the trace of the orthogonalizgd .
tensor. Entries with an asterisk indicate that the disordered AisF Taking the crystal structure data found fo(&8sFs)2 Ak,
labeled as Asl and that each pair, F12 and F121, F14 and F141, F18~ve calculated the electrostatic energy of the cryBialec to
and F151, F16 and F161, has a 50:50% occupancy. be 1849 kJ/mol (using the method of Berfduand the

modification by TempletoR? also discussed by Jenkins et

. e, . al 1754 using a program kindly supplied by Prof. Neil Bartlett
was refined with different occupancies of the AslBlvent molecule. . .
The best, most reasonable fit \?vas that for 100% occupancy. Atomic to one of USl(S.P.). The established procedure, descn_bed by
coordinates (Table 2) and selected interatomic distances (Table 3) areBartiett et af* (and used by S.P. and J.P. for the calculation of
given here, while complete crystallographic details are included in the lattice potential energy ofs8l;(AsFe)2), was followed® for the
Supporting Information. Calculations were performed using the PC remainder of this calculation. The repulsion enetdy was
implementation of the NRCVAX program packatjeFigure 1 gives calculated using the BoraMlayeP® potential:
details of the coordination found around thg'Sion in the salt $

goAjr':(?zihAtshFe&sﬁs Figure 2 provides details of the Asgnvironment Ug = b{ z[(l +g/n + qj/nj) exp(; + - rij)/p]} ®)

was disordered in two positions about an/As—F axis. The structure

1=]

Lattice Potential Energy and Associated Enthalpy wheren is the number of electrons in the outer shell of the ion
Calculations (e.g., 7.327 for a fluorine atom with a charge ©0.327),r;
andr; are the basic radii of the iorisandj, which were kept
Estimate of the Enthalpy of Formation of S;(AsFe),:AsFs constant in these calculatiors= 10712 erg molecule?, andp
and Its Relative Stability with Respect to S(AsFe).. “Sol- =0.333 A. The basic radius of As in Asfas calculated using

vate” Stabilization. There is no crystal structure determination the energy minimization criteriord{J/or) = 0 to ensure that
available for Q(AsFe), because %AsFs), crystallizes in the the lattice energy calculated corresponded to an energy mini-
solvated form (e.g., with 1.0 AsFthis work) or with 0.6 SG4). mum, following the procedures of Jenkins and P¥at,such
Accordingly, there is therefore no unit cell volume data from that

which to directly estimate the lattice energy of the parent salt.

However, because we are able to obtain a value for the effectivey_ _ . + 6U,, + 8Uy = {exp(24p)} ; +

ion volume of ST (see later) and because we know the

corresponding volume of the AsFion,'° we can use eq 1 (see {exp(ts + rp)/o)} Z + {exp(€s+ rAs,crys)/P)} z +

ref 20) to obtain the lattice potential energy of(&sFs), and saryst

hence compare it with the lattice potential energy of the solvated

salt S(AsFg)»*AsFs. For the latter we have calculated the {exp(fs+ recysd/o)} SZ t+ {exp(2¢/p)} Z +
enthalpy changeAH(2), involved in the loss of 1.0 AsHas s
liquid) using the cycle in Figure 3. For this calculation we need ~ {€XP((2¢)/p)} +{exp((r + rascrysd/0)} z +
FF,cryst FAs,cryst
(46) Sheldrick, G. MSHELX 97 A system of computer programs for X-ray {exp((rcrystt TasorystP)} z +
structure determinatigninstitute of Inorganic Chemistry, University ' ' F ey As cryst

of Gottingen: Gidtingen, Germany, 1997.
(47) Gabe, E. J.; Le Page, Y.; Charlalnd, J. P.; Lee, F. L.; White, B. S. {exp(2e cyslP)} Zp 19
Appl. Crystallogr.1989 22, 384. F,crystF,cryst
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Table 3. Selected Interatomic Distances (A) and Angles (deg)4i§).-AsFs (Estimated Standard Deviations in Parenthéses)

interionic S2*

Bond Distances

interionic Asks~

interionic Ask

S1-S2 1.999(4) S2S3 1.946(4) As2F21 1.675(8) Asz2F24 1.704(8) As3F31 1.667(8) As3F33 1.700(7)
2.023(3Y 2.011(3Y As2—F22 1.697(8) Asz2F25 1.657(7) As3F32 1.670(8)
S1-S4 1.924(4) S3S4 1.986(4) As2F23 1.669(8) As2F26 1.700(6)
2.000(3Y 2.011(3Y%

Bond Angles
interionic §2+
S2-S1-S4 91.7(2) S2S3-S4 91.5(2)

90.18 90.1%
S1-S2-S3 87.9(2) S1+S4-S3 88.9(2)
89.5P 90.14

interionic Ask~
F21—-As2—F22 92.2(4) F22As2—F26 87.7(4) F23+As2—F26 90.6(4) F24 As2—F25 90.9(5)
F21—-As2—F23 87.6(4) F23 As2—F24 89.6(5) F22As2—F23 92.7(4) F24 As2—F26 89.9(4)
F21—-As2—F24 87.7(5) F23 As2—F25 94.2(5) F22As2—F24 177.6(4) F25As2—F26 87.6(4)
F21—-As2—F25 177.7(4) F23 As2—F26 178.2(4) F22As2—F25 89.2(4)
interionic Ask
F31-As3—F32 95.8(4) F32As3—F33 95.9(5)
F31-As3—F33 95.5(4)

Bond Distances
contact$
S1-F11 2.622(5) S3F26 2.678(10) S2F13 2.633(6) S4F23 3.099(15) *S3F14 3.118(24) *As3F141 2.775(23)
S1-F21 3.022(6) S4Fl11 2.662(5) S2F31 3.072(22) S4F25 3.039(13) *S3F16 3.189(18) *As3F151 3.132(21)
S1-F22 3.230(12) *S4F121 3.243(16) S2F32 3.218(27) S4F26 2.688(4) S3F23 3.183(17) *As3F16 2.960(20)
S1-F25 3.052(6) S4F21 3.137(12) S2F33 2.633(6) *As3-F12 3.099(24) S3F24 3.159(11) *As3-F161 3.032(24)
S1-F33 2.638(8) S4F22 3.211(23) S3F13 2.605(4) *As3-F14 2.944(17)

Bond Angles
contacts8
F11-S1-F33 133.4(2) F31S2-S1 117(7) F33S1-S4 157.3(2) *F14-S3-S2 99.7(5)
F11-S1-S2 159.1(2) F31S2-S3 110.1(3) F13S2-F31 73.7(5) *F14-S3-S4 118.2(7)
F11-S1-S4 69(2) F32-S2-F33 93.9(2) F13S2-F32 70.7(5) *F16-S3-F23 141.9(3)
F21-S1-F22 164.2(2) F32S52-S1 67.6(2) F13S2-F33 135.8(2) *F16-S3—-F24 72.1(5)
F21-S1-F25 95.7(3) F33S2-S3 158(1) F13S2-S1 156.4(2) *F16-S3—-F26 63.1(4)
F21-S1-F33 69.8(7) *F13-S3-F14 68.3(8) F13S2-S3 66.8(1) *F16-S3-S2 130.6(4)
F21-S1-S4 108.3(4) *F13-S3—-F16 72.0(6) F31+S2-F32 119.7(2) *F16-S3—-S4 126.4(5)
F22—-S1-F25 95(2) F13-S3-F24 105.9(4) F314S2-F33 79.6(2) F23S3-F24 72.9(4)
F22—-S1-F33 104.1(7) F13S3-F26 132.9(3) F23S3-F26 102.5(6) F26S3-S2 156.6(2)
F22-S1-S2 74.6(8) F13S2-S2 68.3(2) F23S3-S2 76.8(4) F26-S3-S4 68.3(2)
F22-S1-S4 71.5(4) F13S3-S4 158.4(2) F23S3-54 69.1(8) S3F11-S2 44.8(1)
F25-S1-F33 65(4) *F14-S3-F16 36.9(4) F24S3-F26 47.6(4) S3F23-S4 37.1(7)
F25-S1-S2 127.6(3) *F14-S3—-F23 172.1(2) F24S3-S2 146.8(2) S3F26-S4 43.7(1)
F25-S1-S4 135.6(3) *F14-S3—-F24 108.3(5) F24S3-S4 91.6(4)
F33-S1-S2 67.4(2) *F14-S3—-F26 83.4(6)

a Symmetry transformations used to generate equivalent atoms. The bond angles and distances for the disogdaredeysifted in Supporting
Information.” These values were corrected for the libration motions Wtk=1.82, weightedR = 2.30, and root-mean-square discrepancy
0.0005 forU values.c The contacts marked with an asterisk have a 50% occupancy.

tivity equalization procedure of Jolly and P€tfand found to
be the following. For the ion AsF, gas = +0.964,g- = —0.327
with gs = +0.5. For the solvate molecule Agkjas = +0.402,
g = —0.134. The basic radii were assigned as follows:
(=1.147 A),re in AsFs~ (=1.066 A), recrystin AsFs (=1.006
A). Equation 9 can be solved for the unknown term expgys),
leading to a valu@as cryst= 1.604 A. Evaluating this unknown
of fluorine, was taken to be 1.066 A. “As, cryst” and “F, cryst”  basic radii in this way compensates for inaccuracies that may
in eq 9 represent the As and F atoms in the Asflecule of exist in other parameters utiliz845” Ur was calculated to be
crystallization. Charges were calculated using the electronega-equal to 394.7 kJ/mol. The dipotelipole dispersion energyqq
was calculated using the LondSrequation:

in which the summation between atoms/ions X and Y is

; = )Z({ (1 + ny/ay + nylay) exp(lx + ry — rey/p)}  (10)

Summations were truncated at a valye= 8 A; any self-
interactions involving As were neglected angthe basic radius

(48) Jenkins, H. D. B. IHandbook of of Chemistry and Physi@&" ed.;
Lide, D. R., Ed.; Time Mirror Books: Boca Raton, Ann Arbor, Tokyo,

London, 1999. 3 aiajfifjrif
(49) Bertaut, E. FJ. Phys. Radiun1952 13, 499. Ugg = ( /2)2 —_— (11)
(50) Templeton, D. HJ. Phys. Chem1955 23, 1629. &3] €; + €

(51) Jenkins, H. D. B.; Waddington, T. Glature 1971, 232 5.
(52) Jenkins, H. D. B.; Pratt, K. Rroc R. Soc. Londot977, A356 115.

(53) Jenkins, H. D. B. Pratt, K. FComput. Phys. Commur98Q 21, whereaq; is the polarizability and; is the characteristic energy

257. of the atom or ior, rj is the distance betweérandj, and the
(54) ?2”'3&”5’ H.D. B.; Pratt, K. B. Chem. Soc., Faraday Trans1878§ summations were again truncated whigneached the value of

(55) Brooks, W. V. F.; Cameron, T. S.; Parsons, S.: Passmore, J.; Schriver 8 A. The polarizabilities of sulfur and arsenic were taken from

M. J. Inorg. Chem.1994 33, 6230.
(56) Born, M.; Mayer, J. EZ. Phys 1932 75, 1.
(57) Pratt, K. F. Doctoral Thesis, University of Warwick, 1978.

(58) Jolly, W. L.; Perry, W. Blnorg. Chem.1974 13, 2686.
(59) London, FTrans. Faraday Socl937 33, 8.
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AH(2)
—» S,(AsF),-AsF, (c) » 2S,AsFg(c) + AsF,(I) <
UporlS(ASF4),ASFy] + 4RT A HTASF,, 1]
+ 2Upor[S,ASF,] + 3RT
a : AH() LT .
S (9) + 2AsFg () + AsFy () ——» 25,7 (g) + 2AsFy (g) + AsF; (g)
AH[S ", g] + 20H°[AsF, g] 2AH°[S;", gl + 2AH°[AsF, ]
+AH°[AsF,, g] + AH°[AsF,, g]
1/2S; (c) + 3As (c) + 7.5F, () —
AH°[S(AsF),.AsF,, c] ‘ 20H[S,ASF¢, ¢] + AH[ASF,, 1]

Figure 3. Thermochemical cycle for JAsFs).:Ask; losing “Ask;
solvate” molecules and forming the monocation salt.

AH(3)

S,(AsF),.AsF, (c) » S (AsFe), (c) + AsF; (1)

Upor[S4(AsFg),-AsF;] Upor[S((AsFe),)
Figure 1. Coordination around the,8 ion in the crystal of FAsFs), +4RT + A, H[ASF;, I] + 3RT
AsFs. The fluorine atoms marked with an asterisk are disordered (i.e., L
correspond to 50% occupancy). » S, (g) + 2AsF, (g) + AsF, (g) «
Figure 4. Thermochemical cycle for JAsFs).:Ask; losing “Ask;
@ solvate” molecules and forming the parent salt.

AsF; (calculated above to be 1734 kJ/mol) andS§F (541 +
16 kJ/mof?) along wit! AsH°[AsFs,|] = —821 kJ/mol and
AfH°[AsF3,g] = —785.5 kd/mol (and henc&yaH°[AsFs,l] =
35.5 kJ/mol) when used in the upper, inner cycle ghié(2)
= 362 kJ/mol. The standard enthalpy of formation of our
solvated saltAtH°[S4(AsFs)2-AsFs,c] can be estimated (using
the left-hand cycle of Figure 3) to be4050 4+ 105 kJ/mol,
using the calculated lattice potential energy of the salt, together
with AH°[S42",g] = 2318 £ 8 kJ/mol1617 AiH°[AsFs,g] =
—1919 kJ/moP® and AfH°[AsF3,g] = —785.5 kJ/mof! Em-
ploying this standard enthalpy of formatiof;H°[S4(AsFe)2*
AsF;,c], in the outermost cycle of Figure 3 witkiH°[S,AsFs,c]
= — 1433 kJ/mo¥® andAsH°[AsFs,]] = —821 kJ/mol also leads
to a consistent value ohH(2) (see Figure 3% 363 kJ/mol.
Accordingly we conclude that the enthalpy required to remove
the “lattice solvate” (1.0 As§j from the salt and form two
molecules of $AsF; is 362 kJ/mol.

In the thermochemical cycle of Figure AH(3) represents
the removal of “lattice solvate” while retaining the (notional)
parent salt §AsFs),. From the cycle,

Figure 2. AsFs environment in the crystal of ;8AsFs),*AsFs. The AH(3) = UporlSy(ASFe);"ASFg] = Uporl S(AsFy),l —

fluorine atoms marked with an asterisk are disordered (i.e., correspond A H[ASF, 1] + RT (12)
to 50% occupancy).

Bartlett’s work! and took the valuess = 1.20 A3 for sulfur The enthalpy changaH(3) of the reaction

andaas = 0.65 A andor = 0.80 A® for both Asks~ and Ask, S (ASE.).-AsE. (©)— S.(AsSE.). (¢) + AsE. () (13
respectively. The corresponding characteristic energies were s(ASF)y ASF; (€) — Sy(AsFg), (€) () (19)
taken ascs = 21.06 eV for sulfur andas = 16.77 eV andkr would, in the absence of our generalized equation, have been

= 49.57 eV for both As~ and Ask (for cationic centers these  jfficult to estimate. Crystals of HAsFs), have not been
correspond to 0.9 of the second ionization potential of the free gptajned, and hence, no extended calculation (similar to the one
atom). The d|polequadrupolg dispersion tertdqg was ap- we have described fors@\sFs),*AsFs) can be made. On the
proximated to be 0.1y, leading to values foblgs of 250.3  gther hand, on the basis of the X-ray crystal data fASFs).*
kJ/mol and forUqq of 30.1 kJ/mol. The zero-point energy term  asp, - an extended calculation for ;@sFs), missing the

U is small for systems containing these relatively massive ions go|yation molecule (i.e., holes replacing AsBives a value of

and is approximated here to be 0.8 kJ /mol. The total lattice
potential of the salt £AsFs)s-AsFs is therefore calculated (g (60) The estimated value fddpoSzAsFy] is 541 & 16 kd/mol (using
5) to be 1734 kJ/mol, and the lattice enthalpy (eq 7) is hence appropriate values af andf for MX; and for MX salts listed in ref

1744 kJ/mol 19 and assuming thafS;"] = 0.045+ 0.025 nnd; see ref 20).
) . . (61) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. W.; Halow,
In the thermochemical cycle of Figure 8H(1) has the value, I; Bailey, S. M.; Churney, K. L.; Nutall, R. LJ. Phys. Chem. Ref.

—257 £ 8 kJ/mol. The lattice potential energies of(SsFs)»- Data 1982 11 (Suppl. 2).
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AH(4)
M,(AsFs), (c)

»2M,AsF; (c)

UporM,(AsFy),] + 3RT 2Upor[MASF] + 3RT

v AH(1)
M (g) + 2AsFg (g)

»2M," (g) + 2AsF (9)
AH'MZ, g]
+ 20 H[ASFy, ]

20H°M,", g]
+ 2AH°[AsFg, g]

—%:M; (c) + 2As (c) + 6F, ()~

Figure 5. Thermochemical cycle for MAsFs)./M.AsFs system. The
standard state represented in the cycle is forNb. In the case of M
= Se and Te, 4M (c) should replaéeMs (c).

1598 kJ/md¥ for the potential energy of FAsFs).. There is

Cameron et al.

for the other tetrachalcogen dications ar&99 kJ/mol (M=

Se}” and—137 kJ/mol (M= Te)23 A value for AH(4) of 218
kJ/mol (M = S) is found that agrees with the value found for
[AH(2) — AH(3)] above. For M= Se,AH(4) was found to be
289 kJ/mol and for M= Te, AH(4) = 365 kJ/mol, with standard
deviations of approximately 34 kJ/mol. Similar magnitudes
(AH(4) = 219+ 35 kJ/mol (M= S), 289+ 35 kJ/mol (M=

Se), and 365t 35 kJ /mol) are calculated using the outer cycle
of Figure 5 and utilizing the standard enthalpies of formatton.
Standard molar entropie®[M 4(AsFs)2] (=588 J/K mol (M=

S); =640 J/K mol (M= Se); =668 J/K mol (M= Te)) and
S[M2AsK] (=294 J/K mol (M= S); =320 J/K mol (M=
Se);=334 J/K mol (M= Te)) can be estimated using Latimer’s
rule$>-67 but are clearly of no use for estimatifgy(4) for the
dimerization processes. What can be said, however, is that the
absolute standard entropies are undoubtedly very similar, and

also no cell volume data, and so eq 1 [see ref 20] cannot betherefore AS(4) ~ 0 andAG(4) ~ AH(4). Such considerations
used directly. Fortunately, it is possible to estimate the effective as these indicate that becausei(4) and henceAG(4) are

ion volume of $%7.1963 Combining this with 2V(Asg)'°
enables us to estimate thdgo1Ss(AsFs)2] = 1557 kd/mol (and,
assuming a similar procedure for 8t and Tg2", also that
Upo1[Sey(AsFe),] = 1544 kd/mol andUpor[Tes(AsFs),] = 1518
kJ/moP3). Using the lattice energy of the solvateg(AsFe),-

positive, the M2 ions (like $2*) are indeedattice-stabilized
in the solid state.

Relative Stabilities of the Lattice-Stabilized Mi(AsFe)2
Salts. Our value, estimated in a previous pagdor AsH°[S,-
(AsFg)2,c] of —3104 4+ 117 kJ/mol, when compared with the

AsF; we have calculated above and using our estimate for experiment&f standard enthalpies of formationH°[Ses

AvagH°[AsF3,l] (see Figure 3), we findAH(3) = 144 kJ/mol
(see Figure 4).

Lattice Stabilization of the Dimerized Crystalline Salt M-
(AsFe)2 with Respect to 2MAsFs (M = S, Se, Te)We now
consider the reaction

M,(AsFy), (c)— 2M,Ask; (c)  AH(4), AS(4), AG(4)

(14)

In another publicatiol? we have shown that 2Sions are more
stable than the dimerized iors® in the gas phase by some
207 kJ/molt> and yet $(AsFe). (and hence the 3" is more
stable in the crystalline lattice than 2&Fs!° by some 208 kJ/
mol. Similarly, we have found that 2Sions are 257 kJ/mol
more stable in the gas phase than g ®n (discussed earlier).
Since it is %" and not $* that appears to be stabilized in the

(AsFg)2,c] = —3093 kJ/mol and\{H°[Tes(AsFs)2,c] = —3354
kJ/mol, does not exhibit anticipated monotonic variation with
increasing atomic number of the cation as we descend the
chalcogen group from sulfur to tellurium (see, for example, the
trends observed in the hexahalometaf&t&% In our work with
O’Hare?® concerning the actual calorimetric measurement of
AtH°[Sey(AsFe)2,C], there were a number of difficulties expe-
rienced when handling this particular salt. These are mentioned
in the paper and were not mirrored in the work involving the
compound TgAsFs)2,28 whose value ofA\{H°[Tes(AsFe),,C] is
therefore more reliable than that measured for the selenium
analogue. The massic energy of combustion of/&&s), in
fluorine has been redeterminétiand the standard enthalpy of
formation was derived;-3057.84 3.8 kJ/mol, consistent with
our previous valué! We estimate® a value of—3182+ 106
kJ/mol for AsH°[Sey(AsFe)2,C].

solid state, we can use the cycle of Figure 5 to consider whether

the S2* will be lattice-stabilized (as in eq 14 whekxH(4) >

Results and Discussion

0). A further question of interest concerns the trends exhibited X-ray Crystal Structure of S4(AsFe)2*AsFs. The crystal
for lattice stabilization as we descend down the chalcogenide structure of ¥AsFs),*Ask; consists of discrete square planar

group.
We need, therefore, to evaluaii(4) in the cycle for M=

S, Se, and Te. FirstAH(4) can be estimated from the upper,

inner cycle of Figure 5 using the lattice energies of the two

salts involved and the previously estimat&H(1). The lattice

potential energWporlM 2Asks] of M AsFs is also, in the absence

(64) AH°[S4?",g] = 2318 kJ/mol,AfH°[Ses?",g] = 2207 kJ/mol,A¢H°-
[Teqs2™,g] = 2009 kd/mol AsH°[S,",g] = 1031 kJ/mol AH°[Sext,g]
= 1004 kJ/mok® and AiH°[Te,",g] = 936 kJ/mol! AiH°[AsFs~,g]
= —1919 kJ/mol>23 By use of these values oAH°[Ses?",g],
AiH°[AsFs,g], and the lattice potential of &\sFs)2 (C) given in ref
62 and in Figure 5AsH°[Sey(AsFs)2,c] of —3182 4+ 106 kJ/mol is
obtained.

of crystal structure data, estimated using eq 1 and close-packing(65) O’Donnell, T. A.Chem. Soc. Re 1987, 16, 1.

effective ion volume dat&83 AH(1) for (M = S) takes the
valueé” —257 4 8 kJ/ mol. The corresponding values ftaH(1)

(62) The lattice enthalpy of the salt without holes is then expected to be

greater than 159& 10 kJ/mol. This is approximately equal to the
value of 1557+ 20 kJ/mol of the lattice potential enthalpy derived

(66) Latimer, W. M.Oxidation PotentialsPrentice Hall: London, 1952.

(67) S’[S] = 36 J/IK mol; S’[Se] = 49 J/K mol; S’[Te] = 56 J/K mol;
S’[As] = 48 J/K mol; S’[F] = 29 J/K mol.

(68) Jenkins, H. D. B.; Pratt, K. Adv. Inorg. Chem. Radiochem 979
22, 1.

(69) Jenkins, H. D. B.; Pratt, K. Rrog. Solid State Chemi979 12, 125.

(70) Tomaszkiewicz, |.; O'Hare, P. A. G. Private Communication.

from the volumes. We note that the sum of the errors is less than the (71) The difference between our suggested (see text) result and the¥ormer

difference. Further investigation will be needed to resolve this issue.
Upo1Sa(AsFe)2] = 1557 + 20 kd/mol {/[S42"] = 0.084 nn3 from
extrapolation of known ion volumésof Se?t and Te?" analogues
against the respective atomic covalent radlijor{Sex(AsFs)2] = 1544

=+ 13 kd/mol ¥[Se2"] = 0.094 nnf) andUpot[Tes(AsFs)2] = 1518

+ 17 kd/mol ¥[Tes2"] = 0.115 nnd); Upor[S,AsF] = 541 + 16
kd/mol, as discussed earli&Upor{SeAsFs] = 528 4+ 20 kJ/mol
(assumingV[l2*] > V[Se'] > V[S:']; V[Se'] = 0.059 nnd) and
Upotl(Te2AsFg] = 508+ 15 kd/mol M[TeClt] > V[Tezt] > V[I2*];
V[Tez"] = 0.086 nmi.

(63)

result is possibly due to the presence~ad.1 Asks molecule in the
lattice. Anal. Calcd for SAsFs), (and Se(AsFs)2:0.06AsE): Se,
45.53 (45.02); As, 21.60 (22.00); F, 32.87 (32.98). Fotiife, 44.91;
As, 21.70; F, 33.10. The lower experimental value foH°[Ses-
(AsFg)2,c] recently obtained indicates the presence of even morg AsF
in the sample. Incorporation of S the lattice was ruled out because
the gaseous products of reaction 15 yielded onlys2el Ask (IR);

no SQF; was detected.

Se(AsFy), (c) + 11F, (g) = 4Sefs (9) + 2AsF; (9)  (15)



Sy(AsFg)2*AsFs

Table 4. Bond Distances and Angles in Asind Other Molecules
Containing Ask of Solvation

molecule ave SSdistance (&) ave angle (deg)
AsFs ()7 1.706(2) 96.2(2)
S4(AsFs)2-AsFs (€) 1.679(8) 95.7(4)
Tes(AsFs)2-2Ask; (c)® 1.69(2) 92(1)
[(S71)2l][SbFs]3-2AsF; (c)?8 1.70(3) 93.1(1)

S22t cations, octahedral AgF anions, and Asg molecules
weakly linked by catior-fluorine interactions shown in Figures

Inorganic Chemistry, Vol. 39, No. 10, 200@049

contacts. Overall, AsfFacts as both a donor to thg25 [sum
of bond valency units= 0.71 vu] and as an acceptor from the
AsFs~ [sum of bond valency units 0.17 vu] and therefore is
a better donor than acceptdrin solid Ask,8° the donor and
acceptor abilities of Asfare equal [sum of bond valency units
estimated to be 0.18 vu (acceptor) and 0.19 vu (donor)].
Factors Governing the Formation and Stability of S-
(AsFg)2*AsFs. Previous results in this laboratory have shown
that the preparation of s8AsFg),-0.6SQ, by the oxidation of
sulfur with Asks in liquid SO, is only possible in the presence

1 and 2, with bond distances and angles reported in Table 3.of a trace amount of chlorine, bromine, iodine, or AgGIFs.24

The average sulfursulfur bond distance and angle in(8sFg),
AsF; [1.964(4) A, 90(2)] are not significantly different from
those observed in 48AsFs)»-0.6SG [2.014(4) A, 90(13],%
(S71)4Sa(AsFe)s [1.98(1) A, 90.0(5)],%° (S/Br)aSa(AsFe)s [1.95-

(2) A, 89.9(87],%5 and S(ShF4)(ShFs)(SbR)s [1.988(5) A,
90.0(2¥].?” The sulfur-sulfur bond distances iny@\sFe),:AsFs
were corrected for the librational motions, resulting in the most
reliable value so far determined {S,, = 2.011(3) A], in
agreement with a calculat&Dyy structure [B3PW91/6-311G-
(2df), S-S = 2.027 A] and consistent with the presence of a
delocalized 3p—3pr bond and bond order of 1.25 (cf—S
distance in § 2.051 A2 corrected for librational motions, 2.060
A). The pattern of sulfurfluorine contacts is similar to those
found in other M?™ (M = S, Se, Te) salt&.The strongest
contacts are those in theft plane [F33, F11, F26 and F13;

In the absence of a trace quantity of halogen, onrlASFe). is
produced. Therefore, the halogen-facilitated oxidation method
provides a convenient route to salts of thé'Sation, the trace
of halogen enhancing the oxidizing power of As®e now
show that $(AsFs),-AsF; can similarly be prepared in Asler

in anhydrous HF by the oxidation of elemental sulfur with AsF
in the presence of traces of bromine.

Crystals of S(AsFg),:AsFs were initially obtained from
anhydrous HF as products of reaction 4. However, dispropor-
tionation of $2* to products including & was observed upon
removal of the solvent, or if the salt were left in HF for more
than 1 day, as indicated by color changes of the solid product
(i.e., from white to blue). This is consistent with the work done
by O’'Donnell concerned with the importance of the acidity level
on the stabilization of cationic species in acidic medi&or

Figure 1] bridging the chalcogen atoms, which is in agreement example, 4 is stable in solution of highest acidity but

with the Laplacian model of total charge densityA positive
charge of approximately-/, is estimated from the number and
strength of the cationanion contact for each of the sulfur
atoms’® The average AsF distances andFAs—F angles are
1.684(8) A and 90.0(4)for the ordered anion and are not
significantly different from the corresponding values in KAsF
[1.719(3) A and 90.0(2).7¢

The Ask molecule has the expected AKX geometry with
an average bond distance and angle [1.679(8) A, 95]7(4)
similar to that of Ask (g) [1.706(2) A, 96.2(2)]77 and that of
AsF; of solvation in related molecules (Table 4). The overall
coordination around the arsenic atom of the Asfolecule
(Figure 2) is completed by six contacts from the disordered
fluorine atoms of an As§ anion. Taking into account the 50%

occupancy of the six fluorine sites, there are four contacts
grouped around the lone pair electrons (in terms of the VSEPR

model)/879 leading to an AXY,Y,'E environment similar to
that in Te(AsFs)s-2Ask.8 The F12 and F14 (or F141) can be

considered to cap the faces (Y) and F151 and F16 (or F161) to

bridge the edges (Y of the trigonal pyramid. In addition, the
fluorine atoms of Ask donate to the $ by forming four

(72) Steudel, RAngew. Chem., Int. Ed. Endl975 10, 655.

(73) Bader, R. F. W.; Gillespie, R. J.; MacDougall, PFdom Atoms to
Polymers: Isoelectronic Analogiesiebman, J. F., Greenberg, A,
Eds.; VCH: Weinheim, 1989.

(74)
of the contacts and is assessed by the sum of the bond val&)des (
valency units (vu). The bond valence in vu is calculated by the Brown
relation?® S= (R/Ry)~N, whereR is the observed distance (A =
1.550 andN = 3.8 for S(IV)--F (note that the valency of S ingS
is not IV and thatRy = 1.605 andN = 4.69 for As(lll)—(V)---F. In
S,2+, the sums of the SF contact valencies on the sulfur atoms (S1
0.49, S2 0.40, S3 0.53, and S4 0.59 vu) imply a charge of-éA.
per atom.

(75) Brown, I. D.Structure in CrystalsO’Keefe, M., Navrotsdy, A., Eds:
Academic Press: London, 1981; Vol. 2.

(76) Gafner, G.; Droger, G. Acta Crystallogr.1974 B30, 250.

(77) Clippard, F. B., Jr.; Bartell, L. Snorg. Chem.197Q 9, 805.

(78) Sawyer, J. F.; Gillespie, R. Prog. Inorg. Chem1986 34, 65.

(79) Gillespie, R. J.; Harargitlai, IThe VSEPR Model of Molecular
Geometry Allyn and Bacon: Boston, 1991.

In a cation, the positive charge on an atom is related to the strength __

disproportionates in turn ta, Is™, I, and IF as the availability

of the base of the solvent system is incred®&d.Highly
oxidized cationic species can therefore only exist in very acidic
media. In this work, an excess of Askca. 7 mol % Ask
present in HF) relative to the amount indicated by eq 4 was
used. The acidity level [Hammett acidity functiblg = —19.49

for 5 mol % Ask in HF]8 of the solvent system appeared to
be negative enough for the initial production af{/SsFe)2:Ask;

but not sufficiently negative to avoid slow disproportionation
to Sg(AsFe)2, perhaps by reactions of the type shown in

S,(AsFy), + HF,” — S,FASF, + AsF,” + HF  (16)

3S,FASF, — SRASF, + Sy4(AsF), 17

4S,,(AsFy), + 35(AsFy), — 7S(AsFy), (18)
Attempts to make &+, the fluorocation analogue of;IS 84

and SBrt,25in anhydrous HF lead in all cas€go dispropor-
tionation to products that included $%sFs; therefore, the
disproportionation shown in eq 17 is possi#eThe slow
decrease in acidity level of the solvent system could be due to
(i) the increase in fluoride anions that are leached from the FEP
vessel, rendering the solvent more basic and accounting for the
originally white product becoming pale-blue after 4 dakf |
—15.1 for pure HFHp &~ —11 for HF stored in Kel-F/ as

(80) Galey, J.; Enjalbert, Rl. Solid State Chen1.982 44, 1.

(81) O’Donnell, T. A.Super-Acids and Acidic Melts as Inorganic Chemical
Reaction MediaVCH: New York, 1993.

(82) Besida, J.; O’'Donnell, T. Ainorg. Chem.1989 28, 1669.

(83) Gillespie, R. J.; Liang, J. Am. Chem. S0d.988 110, 6053.

(84) Passmore, J.; Sutherland, G. W.; Taylor, P.; Whidden, T. K.; White,
P. S.Inorg. Chem.1981, 20, 3839.

(85) Dionne, I. M.Sc. Thesis, Universiy of New Brunswick, 1993.

(86) However, we did not detect $&sFs in the FT Raman spectrum or
X-ray powder photograph ofs8AsFs).-AsFs and its decomposition
products. We cannot rule out another sulfur fluorocation [e.g-S
(refer to text)] in the disproportionation products.

(87) O’Donnell, T. A.J. Fluorine Chem1984 25, 75.



2050 Inorganic Chemistry, Vol. 39, No. 10, 2000

shown in

F +HF—HF,” (19)

and (ii) the removal of the solvent, which removes the excess

AsFs, thus lowering the acidity level (higher concentration of
HF,") and causing further disproportionation to products
including S$(AsFg).. The weight of the product, corresponding
to an 80% vyield based on the formation of SsFe)2-Asks or

to a 101% yield based ony@sFs),, implies a significant loss
of Ask; on pumping and extensive disproportionation 9 S
(AsFe)2, which was identified by its blue color and from the
X-ray powder photograph. However, we prepared crystalline
Sy(AsFg)2*AsFs in liquid Asks essentially quantitatively (98%
yield). Thus, liquid Ask (and SQ)® are as effective in
stabilizing §2* as HF/Ask and HF/SbE mixtures and con-
siderably easier to manipulate.

Sy(AsFs)2*AsF; was shown to lose AsHess easily than SO
from $4(AsFs)2°0.6SQ under similar condition& The strengths
of the contacts that AsFand SQ make to their surroundings
in Sy(AsFs)2-Asks and §(AsFs)2:0.6SQ were assessed, by the
relative magnitude for the bond valendésss 0.88 and 0.16
vu, respectively (i.e., AsHs a stronger base than 90OThis
implies that Ask is more strongly held in the lattice than 0
which is consistent with the observations. The AsFalso less
easily lost relative to S@n other salts (e.g., BeASFe)4-2Ask;
in comparison with TgAsFs)4-2SQ,).8 The lattice enthalpy of
Sy(AsFg)2*Ask; (1744 kd/mol) is significantly higher than that
in which Ask; is removed (i.e., in which there are “holes”
replacing the Asgwith the rest of the lattice intact and a value
of 1557+ 20 kJ/mol for S(AsFs), derived from our generalized
equation). This implies that the solvation enthalpy in the lattice
for Asks is 187 kd/mol [lattice enthalpy ofs8AsFs)2: AsF; minus
lattice enthalpy of §AsFs),], which is significantly greater than
its sublimation enthalpy AsuH of AsFs (s) is 46 kd/mol,
estimated fromAgH = 10.41 kd/mdit and AyagH = 35.5 kJ/
mol).

Estimates of the Standard Gibbs Free Energy for the
Reaction 4M (s)+ 3AsFs (g) = M 4(AsFg)2 (¢) + AsF;3 (1) (M
=S, Se, Te)By use of our estimates of the standard enthalpies
of formation of §(AsFg)2*AsF; (¢) (—4050 kJ/mol) and of M
(AsFe)2 (€) (—3104 kJ/mol for M= S, —3182 kJ/mol for M=
Seb* —3354 kJ/mol for M= Te?®) and their standard molar
entropie&>57 (723, 588, 640, and 668 J/K mol, respectively),
the standard Gibbs free energidg@® = A\H° — TA,S’; T =
298 K) for the formation of §AsFe)*Asks (c) (eq 20), &
(AsFe)2 (c), Se(AsFe)2 (c), and Te(AsFe)2 (C) (eq 21) were
estimated to be—225, —109, —187, and —359 kJ/mol,
respectively.

4S (s)+ 3Ask; (9) — S,(AsFy),*AsF; (c) (20)

4M (s) + 3AsK; (g) — M (AsFy), (s) + AsF; (1)
[M =S, Se, Te] (21)

This indicates that the reactions are exothermi¢i¢ < 0) and
thermodynamically allowedA;G° < 0) and occur readily at
room temperature. However, this route tgAsFs)2-AsFs (C)

is kinetically unfavorable and will not proceed in the absence
of a trace quantity of brominegven when AsFis in excess.

In contrast, the reaction of tellurium and Asleading to Te-

(AsFs), occurs readily at room temperature, and in the presence

of excess Ask; the initially formed Te(AsFe)2, is further
oxidized to Tg(AsFe)s,2 which in the presence of bromine

Cameron et al.

AH(2)
———> 2S,AsF4(c) + AsF, (1)

S,(AsFg),.AsF, (c
4( 6)2 3( ) 363

Upor[S4(AsFg),.AsF,] + 4RT 2Upor[SASFg] + A, H°[ASF,, I] + 3RT

1734 +10=1744 (2x541)+(35.5)+7=1124

. BH()
S/ (9) + 2AsFs (9) + AsF, (g) 57 2S," (9) + 2AsFg (g) + AsF (g)

Figure 6. Thermochemical cycle forFAsFs).:Ask; forming the $-
AsFs salt (values in kJ/mol).

undergoes further oxidation to Tebr TeRAsF:.88 Sey(AsFs)2
reacts with excess Aslon prolonged heating at 6, but Se-
(AsFs)2 is not further oxidized in the presence of bromine or
excess Ask Consistently, the formation of MHM = S, Se,
Te) according to eq 22 is estima#do be thermodynamically
more favorable for tellurium, wher&H(5) is 69 kJ/mol (M=

S), —25 kJ/mol (M= Se), and—180 kJ/mol (M= Te).

M (s) + 2AsF; (g) — MF, (standard state} 2AsF; (1)
AH(5) (22)

Therefore, the formation of MAsFs); is kinetically controlled
with a high activation energy for the reaction leading t8 S
(AsFg),. These observations may be attributed in part to
thermodynamic factors, i.e., the decrease in the ionization energy
(IP(S), 999.6 kJ/mol; IP(Se), 942 kJ/mol; IP(Te), 869.3 kJ/Pol)
and the higher MF (M = S, Se, Te) bond energies in TeF
compared with those in Sgland Sk (bond energies of TeF
(g9), SeF (g), and SF (g) are 378, 357, and 360 kJ/mol,
respectivel§P).

Lattice Stabilization of S22t in S4(AsFg)2*AsFz (c). We have
established by theoretical calculations (B3PV¢8that the $**
ion in the gas phase is unstable to dissociation to ty/o(§).
However, it is observed in the solid state in various salts
including S(AsFs)2°Ask; () for which we have determined the
X-ray crystal structure. This allows us to obtain a good-quality
estimation of the lattice potential by an extended calculation.
The lattice energy of the hypotheticab/ABFs (c) has been
estimated using our empirical approach with reasonable confi-
dence. We therefore establish a valueAdi(2) = 363 kd/mol
as illustrated in Figure 6. Thus, althougk?Sis unstable in the
gas phase to twoS, this is compensated for by the greater
crystal lattice potential of the 1:2 salt relative to twice that of
the 1:1 salt. The standard Gibbs free enery(a(2) (=AH(2)

— TAS2)), is also positive; thus, 8" is lattice-stabilizedin
Su(AsFe)2-AsFs (C).

Lattice Stabilization of M 42" (M = S, Se, and Te) in M-
(AsFe)2 (). It was not possible to obtain a pure sample gf S
(AsFg)2 (c) free of solvent, and although we thought we had
obtained a sample of pure AsFs). (c) on the basis of
elemental analyses and vibrational spectroscopy, we suggest that
it contained a small amount of arsenic trifluoride of crystal-
lization. We obtained T£AsFs), (c)?8 but not crystals. There-
fore, extended calculations using atomic coordinates as input

(88) Murchie, M. P. Ph.D. Thesis, University of New Brunswick, Freder-
icton 1986.

(89) The data used to obtaikH(5) (eq 22) areAiH°[SF4,g] = —763 kJ/
mol, AfH°[SeFR,l] = —857 kJ/mol,AsH°[TeF,,s] = —1012 kJ/mok°
AfH°[AsF3,] = —821 kJ/moft! and A{H°[AsFs,g] = —1237 kJ/moP?!

(90) Mills, K. C. Thermodynamics Data for Inorganic Sulphides, Selenides
and Tellurides Butterworth: London, 1974.

(91) O’'Hare, P. A. G.; Hubbard, W. Nl. Phys. Chem1965 69, 4358.

(92) Johnson, D. ASome Thermodynamic Aspects of Inorganic Chemistry
2nd ed.; Cambridge University Press: New York, 1982.



Sy(AsFe)2:AsFs
AH(4) = AG(4)
M,(ASF,), (©) IMASF, (©)
S =218+34
Se= 289 + 34
Te = 365 + 31

UporM,(AsF),] + 3RT 2Upor[MASF] + 3RT

S =1557 S =(2x541)=1082
Se = 1544 Se =(2 x 528) = 1056
Te=1518 Te =(2 x 508) = 1016
2 - (q) _AH() . :
M (g) + 2AsFg (9) ——— 2M," (g) + 2AsF¢ (g)
S =257
Se = -199
Te = -137

Figure 7. Thermochemical cycle for MAsFs). (M = S, Se, and Te)
forming the MAsFs salts (values in kJ/mol).

are not possible for MAsFs), (c). However, lattice potential
energies of M(AsFs) (¢c) and MAsFs (c) were estimated from
the sum of the ionic volumes (see above). Our calculations
showt®17:23that all My2™ (g) are unstable to dissociation to two
M2t (g). However,AH(4) is positive in all cases as shown in
Figure 7. The Gibbs free energixG(4), of reaction 4 is also
positive, and all M?" are lattice-stabilizedin M4(AsFs), (c)

and by implication in all the observed £t-containing salts in
the solid state.

Resolution of the Inconsistent Value of the Experimentally
Determined Heat of Formation of Seg(AsFg), (c).22 We
previously showed that from the experimentally determined
standard heat of formation of J{@&sF), (c) that it was stable
relative to two moles of T#&sFs (c). However, the related
standard heat of formation of §AsFs), (c) implied that it was
only 3 kJ/mol more stable than two moles of,8sFs (c). In
this paper we derive a standard heat of formation fa(/&&d),
of —3182+ 106 kJ/mol that is consistent with both(8sFs),

(c) and Te(AsFs), (c) and implies that the former experimental

Inorganic Chemistry, Vol. 39, No. 10, 200@051

AH(5
S,Cl, (I) + 2AIC, (c) + 1/4S, (c)

)’84(A|C|4)2 (c)

AH°[S,Cl,, ] + 2AH°[AICI,, c]

-Upor[S4(AICL,),] - 3RT

v

12S, (C) + 4Cl, (g) + 2Al ()

-

20H°[S,, g] - 2AH°[AICI,, g]

v -,

28," (g) + 2AICI, (9)

Figure 8. Thermochemical cycle for a possible preparative route to
Sy(AICl4)2.

of 70 nn# (70 000 &) (cf., V[Sb(OTeR)s ] = 0.71 nn¥ (710
A3) 95 V[CB1H12—] ~ 0.5 nn# (500 A3)%—an obvious indica-
tion that stabilization of a dichalcogen monocation in a
crystalline lattice appears to be extremely unlikely to be
realizable for any chalcogenide ;¥ ion when paired with
conventional type anions! Our prediction therefore is that such
salts cannot be formed in preference to the dimerized salts.

Failure to Prepare S$4(AICI 4)2. AICI 4~ (tetrachloroaluminate
anion) is capable of lattice-stabilizing a wide variety of cations,
including the homopolychalcogen dications@'e®” Tes?",%” and
Se?t,9"9%in the solid state, but no evidence has yet been found
of S4(AICI,), despite attempts to prepare this compound. The
thermochemical cycle of Figure 8 can be employed to study
this chemistry. &Cl,, AICIl3, and elemental sulfur suggest
themselves as potential starting materials for the preparation of
S4(AICl4)2.

S,Cl, (I) 4+ 2AICI, (c) + (1,)S;s (c) — S,(AICI ), (c)
AH(6) (23)

M ., .
»S,% (9) + 2AICI, (9)

value was likely in error because of the presence of some arsenic! N€ calculated enthalpy change of the preparation route (eq 23),

trifluoride of solvation. The derived value dfH(4) of 289+
34 kJ/mol is consistent with the values for sulfur and tellurium
and the observed presence 0f%én Sey(AsFs), and the saltd?
This is another illustration of the usefulness of determining the

AH(6), is 97+ 117 kJ/mol. This result possibly explains the
failure to secure a preparation method for this material. Further,
more detailed analysis shows that it arises (i) from the smaller
magnitude of the halide ion affinity of Alglcompared with

thermodynamics of a series of salts by as many methods adthat for Asks, for the salt which can be made, and (i) as a result

possible.

Guide to the Synthesis of a M*-Containing Salt. To be
able to stabilize M" in the solid state, we would require
minimizing the difference between the lattice energies (of
M2TA~ and Mg2t(A™),, A~ = anion). The formation of the
homopolyatomic monocations will then be favored. This can

of the relatively large size of the tetrachloroaluminate anion,
AICl4~ (V[AICI 4] = 0.156 nni)1® when compared to that of
the hexafluoroarsenate anion, AsFV[AsFs] = 0.110 nnd).1°

We employ the ancillary datasH°[S,Cly, I] = —59.4 kJ/mok3
AH[AICI 5,¢] = —704 kd/mol, AiH°[S;t,g] = 1031 kd/mol
(above) AfH°[AICI 4~,g] = —1196 kJ/mol, and- AH(1) = 257

be best accomplished with large anions because the latticekd/mol (see Figure 8) and the lattice potential energy estimates

energies are inversely proportional to the ionic radii. Increasing

of Upo1[Sa(AICI4)7] from eq 1 1456+ 115 kd/mol) for these

the size of the anion reduces the magnitude of the lattice c@lculations.

potential energies, and the magnitude for thg(A8Fs), salt

would be expected to diminish to a greater extent than that for

the MpAsFg salt. It is for this reason, for example, thaNg?*

is lattice-stabilized in $No(AsFs)2 but SNo(ShyFi1)2, containing
the larger anion, dissociates to SNS{Sh) and SN(SkF1).5°
Similarly, 1,27 is lattice-stabilized in JAsFe), but not as the
ShyF;;1~ salt#93.94Computation of anion volumes using our eq
1 shows that in order to makeH(4) < 0, the $* cation would
have to be combined with an anion having a volume of 5 nm
(5000 A3). In the case of Se the volume increases to 13 Am
(23 000 )3?). For Te™, the anion would have to have a volume

(93) Gillespie, R. J.; Kapoor, R.; Faggiani, R.; Lock, C. J. L.; Murchie,
M. P.; Passmore, J. Chem. Soc., Chem. Commua®83 8.

(94) Faggiani, R.; Gillespie, R. J.; Kapoor, R.; Lock, C. J. L.; Verkis, J. E.
Inorg. Chem.1988 27, 4350.

Conclusion

Although S2*, Se?*, and Tg?" are observed as stable salts
and in solution, in the gas phase the dications are kinetically
stable but thermodynamically unstable to dissociation to the
monocations. Thus, the dications da&tice-stabilizedand the
cycloaddition aréattice-enforced Grein has shown that the
cycloaddition is a symmetry-forbidden cycloaddition with a

(95) Cameron, T. S.; Decken, A.; Krossing, |.; Passmore, J. Manuscript in
preparation.

(96) Reed, C. AAcc. Chem. Red988 21, 133.

(97) Prince, D. J.; Corbett, J. D.; Garbish,IBorg. Chem197Q 9, 2731.

(98) McMullen, R. K.; Prince, D. J.; Corbett, J. D. Chem. Soc., Chem.
Commun.1969 1438.

(99) McMullen, R. K.; Prince, D. J.; Corbett, J. lorg. Chem1971, 10,
1749.
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Many multicharged polyatomic anions and cations are
thermodynamically unstable in the gas phase with respect to
smaller, less charged fragme#3In some cases the calculations
Figure 9. S,* (g) o-bonded dimer. show that the multicharged ions do not lie in a minimum of a

N 2 . potential energy surface (i.e., do not exist as such in the gas
transition state of ca. 209 kJ/mol fos?S at the RHF/6-31G phase). This led one author to entitle his paper “Are the

level of calculatior?® The dimerization of two MAsFs (c) to “Textbook Anions’ G, 104[CO;]2", and [SQ]?" Fictitious?"105
Ma(AsFe)2 (c) (M =S, Se, Te) results in an increase in the \ye propose that these related gas-phase unstable multicharged

charge of the cation (from-1 to +2) and in the number of 5}y at0mic ions are also lattice-stabilized in the solid state.
ions in the formula unit (from 2 to 3), leading to an increase in

the lattice energy by a factor of 3, as approximated by the  Acknowledgment. NSERC (Canada) is thanked for operat-

AN

oSS

Kapustinskii equatiod?* For small cations such as ¥ the ing grants (T.S.C., J.P.), Prof. Neil Bartlett for a copy of the
crystal lattice energy will always favor the 2:1 salt. Ironically, program to calculate lattice enthalpies, Dr. P. A.-G. O'Hare and
O;" salts, which contain the smallestXcations of all, have | Tomaszkiewicz for discussions and the redetermination of

never been observed as?O. Here, the highr-bond energy  the massic energy of combustion of,8%&sFs), in fluorine, the

(351 kJ/mol) relative to the low-bond energy (142 kd/mol)  commonwealth foundation for a fellowship (S.P.), and E.P.S.R.C.
and the unfavorable electrostatic energy required for dimeriza- (y K ) for an award (H.K.R.).

tion are all reflected in a dimerization energy for 2Qo 02"

of 1035 kJ/mol [B3PW91/6-3HtG(3d2f)]2 Supporting Information Available: Tables S-S5 listing complete
The formation of smallz-bonded species in preference to crystallographic details, bond distances and angles, atomic coordinates,

larger o-bonded frameworks is a feature of the chemistry of and anisotropic temperature factors fafAsFs).Asks, Table S6 listing

second period elements, and the higher stability of &) observed and calculated powder photography data{@sbe).-AsFs,

relative to $2* (g) is reminiscent of the greater stability opO  compared with observed powder data fa(AFs),, and Figure S1

compared to @ This is further illustrated by the resulfsof showing the FT-Raman spectrum obtained fafASF),-AsFs made

ab initio calculations [B3PW91/6-3HIG(3d2f)] of a rectangular " @nhydrous HF, compared with that foi(8sFs)>'xS0; (x < 1). This

(Dan S2* (g)) 7 —* dimer only slightly higher in energy (76 material is available free of charge via the Internet at http:/pubs.acs.org.

kJ/mol) relative to that of the square planat'yg), both lower 1C990850J

in energy than ther-bonded dimer (Figure 9) (155 kJ/mol).

The tendency of positively charged sulfur to form stabte-p (102) Murchie, M. P.; Johnson, J. P.; Passmore, J.; Sutherland, G. W.; Tajik,

prt bonds is reflected in the structures of many related cations M.; Whidden, T. K.; White, P. S.; Grein, Fnorg. Chem1992 31,
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