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The seleno- and tellurothallate(l) anionsJh?~ (Ch = Se and/or Te) and th€Se-enriched B5&?~ anion

have been obtained by extraction of the alloys MTICh #MNa, K; Ch = Se, Te), KTISgsTeys, and 7’Se-
enriched KTISe in ethylenediamine and liquid N&hd in the presence of a stoichiometric excess of 2,2,2-crypt
with respect to M. The butterfly-shaped TCh,?~ anions were characterized in solution¥ge,2°3TI1, and?2°5T|

NMR spectroscopy, Raman spectroscopy, and X-ray crystallography in (2,2,2-crygftHCh,2~. The energy-
minimized structures of the ITh2~ (Ch = Se and/or Te) anions were calculated by using density functional
theory calculations confirming the nonplanar geometries of all three anions, which are compared with those of
the presently unknown p&h?~ (Ch= Se, Te) anions. The magnitudes of the relativistically corrected reduced
coupling constants Ki—ch)re, are consistent with essentially pure p-bonded rings whereas the magnitudes of
(Kni—m)re suggest significant s electron density along the-Tl axes and is confirmed by theory. Density
functional theory calculations were also used to assign the solid-state vibrational spect@esf EHnd ThTe?".

The variation of th&®ST|—2%9T| spin—spin coupling constants with solvent and temperature, the differences between
the calculated and experimentally determined fold angles, and the low experimental and calculated vibrational
frequencies of the anion deformation modes indicate that the anion geometries are significantly influenced by
environmental factors.

Introduction electron bonds directed along the six edges of the tetrahedron
) i . and one valence lone electron pair on each dfomhe bonding

It has been recognized for some time that many Zintl type mgjecular orbitals have been shown to consist of a combination
anions are analogous to better known compounds formed byt essentially pure p-orbitals, whereas the lone-electron pair
the elements from the first and second rows of the periodic yglecular orbitals consist of valence s-orbitdlé8 The HO-
table? For example, the homopolyatomi¢’E (E = Ge Sn? MO’s were shown to be composed primarily of p-orbitals on
PH) cluster_s possesszikeletal bond‘|1n79 arrangements similar toyne electropositive atoms, and the LUMO's, which possess
those exhibited by 815>~ and QE;3H51 ' 5}2? ;he square-planar  gniihonding character, were shown to be localized primarily on
6r-electron quasi-aromatic $b ® and Bi~ ° anions with 22 the more electronegative atoms. Interestingly, thgT&?f-
valence electrons possess bonding arrangements similar to thosgnion19 which is isovalent with SiBi2~, PhSh?~, and R
of P4._2f012nd C‘H42_-427T219 20 valence electron Pb," T2 oyhibits a unique butterfly geometry in which the thallium atoms
SnBiy , and Pbsz 5anlorl? exhibit 'itztrahedrf'jll geometries g along the fold of the wings and is intermediate between the
that are isovalent with £+ As,, ' and Sk'® and are consistent  (gtrahedral geometry adapted by 20-valence-electron systems
with localized valence structures having covalent 2-ceriter and the square-planar geometry associated with tetranuclear
species having 22 valence electrons. The departure from the
" Dedicated to the memory of Professor Alfio Corsini (April 28,1934 tetrahedral geometry has been attributed to the large separation

December 4, 1997). of the Tl and Te atoms in the periodic taBfe:8 A purely ionic
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Table 1. Summary of Crystal Data and Refinement Results for

contain atoms that are closer to one another in the periodic (2.2,2-crypt-K),Tl.Ch*” (Ch = Se and Te)

tablel” The puckering observed for the;TE?~ anion in (2,2,2-
crypt-KM),Tl,Te2~-en'? is, however, inconsistent with a purely

ionic model because the arrangement of ions in ionic compoundsfw

tends to minimize Coulombic repulsions by maximizing inter-

atomic distances and would be expected to give a planaragég

structure for (TH)x(Te*),. The distortion from planarity has
been attributed, using spin-restricted scattered-wavealcula-
tions!” to the repulsive interaction between the antisymmetric
combination of the Tl 6s atomic orbitals and the occupied
molecular orbital composed primary of Te 5p atomic orbitals.
Ab initio and extended Hikel calculations on tetranuclear 20-
electron system& have indicated that an energetic interchange
of the frontier molecular orbitals associated with a greater

electronegativity difference between the bonding atoms can & (cm™)

account for the preference of the butterfly geometry adopted
by Tl,Te?~ over the tetrahedral oneAb initio and extended
Huckel calculations predict a planar structure for the isoelec-
tronic 20 valence-electron systemyl}] in which the electrone-

(2,2,2-crypt-K),Tl,.Se?  (2,2,2-crypt-K),Tl,Te*"

formula GeH72KoN4OSe Tl CasH72KoN4O1oTe Tl
1397.84 1495.12

space group P2;/m(No. 11) P1 (No. 2)
11.526(4) 10.976(2)
10.470(3) 11.112(2)

c(A) 21.623(7) 11.629(2)

o (deg) 90.00 64.05(3)

5 (deg) 91.90(3) 84.29(3)

v (deg) 90.00 81.47(3)

V (A3) 2608.0(14) 1260.3(4)
2 1

T(°C) 24 —123

2 (R) 0.560 86 0.710 73

pealca(g cn®)  1.780 1.970
42.24 77.40

R? 0.0936 0.0743

WRZP 0.2826 0.1930

ARy = (3||Fo| — |Fe/|)/IIFo| for I > 26(1). PWR, = [S[W(Fs2 —
FAAIW(FA? Y2 for | > 20(1).

gativity difference between the atoms is larger when compared taple 2. Atomic Coordinates % 10%) and Equivalent Isotropic

to that in the TJTex?~ anion. Accordingly, a more planar
structure is anticipated for the crystallographically uncharac-
terized TbSe?~ anion when compared to the Te analog.

Although the T}Ch,2~ (Ch= Se and/or Te) anions have been
characterized by solution multi-NMR spectroscgbgnd the
Tl,Tex?™ anion has been characterized by X-ray crystallography
in (2,2,2-crypt-K"),Tl;Te? -en}l® the X-ray crystal structure
of TI,.Se?~ has never been reported, nor have the vibrational
spectra of these anions been published. ThE€MRF~ anion
vibrational modes, including that associated with the inversion
mode of the anions along the fold angle (the dihedral angle
between the two BPCh planes in the anion structures), are
anticipated to be extremely low in energy. The anticipated
deformability of the TAIChy?~ anions about the fold angle may
be strongly influenced by environmental factors such as crystal
packing and solvent coordination and may give rise to energy-
minimized geometries in the gas phase having- Tl distances
and fold angles significantly different than those in the solid
state. Only single-point theoretical calculations have been
reported”18 for the experimental El'e;?~ anion geometry in
(2,2,2-crypt-K), Tl Tex2-enl® and no attempts have been made

to optimize the gas-phase geometry of the anion. A comparison
of the gas-phase geometry with the experimental one should
provide a means to assess the extent to which environmental

factors influence the geometries of the@h,2~ anions.

Displacement Coefficients @x 10%) for the TbCh,2~ Anions in
(2,2,2-crypt-K),TI.Ch,?~ (Ch = Se and Te)

X y z (V¥
TI,Se?  TI(1) 2324(1) 734(1)  7438(1)  62(1)
Se(1) 4122(3) 2500 7544(2)  53(1)
Se(2) 527(3) 2500 7492(2)  56(1)
Tl,Te>  Ti(1a) 3428(3)  9985(3)  4459(2)  40(1)
TI(1b) 3605(3) 9774(3)  4269(2) 40(1)
Te(la)  4817(4) 7880(6) 6639(4)  44(1)
Te(lb) 5070(3) 7843(6) 6471(4) 44(1)

aEquivalent isotropidJ is defined as one-third of the trace of the
othogonalizedJ; tensor.

Results and Discussion

Synthesis of the T}Ch,2~ (Ch = Se and/or Te) Anions.
The experimental approach involved the synthesis of the ternary
MTICh (M = Na, K; Ch= Se, Te), quaternary KTIggTep s,
and’’Se-enriched KTISe (hereafter referred to as’®3¢) alloys
by fusion of the elements followed by extraction of the
powdered alloys in en or liquid Ndin the presence of a molar
excess of 2,2,2-crypt with respect to™™ Crystals of (2,2,2-
crypt-K),Tl,Se?~ were obtained upon addition of THF to an
en solution of KTISe containing a molar excess of 2,2,2-crypt
with respect to K. All attempts to obtain crystals of (2,2,2-
crypt-KM),Tl,Tex?~ from an en solution of NaTITe containing
a molar excess of 2,2,2-crypt with respect to"Nasulted in

The present paper reports a more detailed variable-temper-ihe formation of microcrystalline material. Crystals of (2,2,2-

ature solution multi-NMR spectroscopic characterization of the
TI,Chy?2~ (Ch = Se and/or Te) anions in ethylenediamine (en)
and/or liguid ammonia solvents and the X-ray crystal structures
of the ThChy?~ (Ch = Se or Te) anions in the (2,2,2-crypt-
KH)2TI,Chy?2~ salts, where the structure of,Be?" is reported

for the first time and that of Fr'e,2~ is reported in the absence
of solvent in the crystal lattice. Density functional theory (DFT)
calculations at the local (LDFT) and nonlocal (NLDFT) levels

crypt-KH),Tl,Te?~ suitable for an X-ray structure determination
were obtained upon addition of THF to a dark green en/
ethylamine (1:1 v/v) solution resulting from the reaction of K
Te and T}Te in a 1:2 molar ratio in the presence of a 37 mol
% deficit of 2,2,2-crypt with respect to K The dark green
solution was shown by°3295TI NMR spectroscopy to contain
the ThTex?~ anion as the major species in solution along with
small amounts of TITg".

have been used to derive the energy-minimized geometries of X-ray Crystal Structures of (2,2,2-crypt-K 7),TI,Ch,2~ (Ch

the ThCh,2~ (Ch= Se and/or Te) anions and to study the nature
of the bonding in these anions. Vibrational frequencies derived

= Se, Te). A summary of the refinement results and other
crystallographic information is given in Table 1. The final

from DFT calculations have also been used to assign the atomic coordinates and equivalent isotropic thermal parameters

experimental vibrational spectra of the;CThy,2~ anions.

(20) Burns, R. C.; Devereux, L. A.; Granger, P.; Schrobilgen, Gatg.
Chem.1985 24, 2615.

for the ThChy?~ (Ch = Se or Te) anions are summarized in
Table 2, and those corresponding to the 2,2,2-crype#tions

are provided in the Supporting Information, Table S2. The most
significant interatomic and transannular distances and the most
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Table 3. Experimental and Calculated Geometries for thgCT}?~ Anions (Ch= Se and/or Te)

LDFT NLDFT
exptP PP/PP PP/DZVP PP/PP PP/DZVP LDFT ECP
TI,Se?™ (Cz)
TI---TI (A) 3.698(2) 3.540 3.629 3.561 3.647 3.5655
TI—Se (A 2.781(3) 2.736 2.943 2.755 2.966 2.821
Se--Se (A) 4.140(3) 3.993 4.555 4.024 4.587 4.219
TI—-Se-TI (deg) 83.34(1) 80.6 76.1 80.5 75.9 78.1
Se-TI—-Se (deg) 96.21(7) 93.7 101.4 93.8 101.3 96.8
fold angle (ded 9.6 33.8 21.3 33.8 22.6 31.2
T|2T9227 (sz)
TI---TI (A) 3.798(2) [3.600(3)] 3.655 3.727 3.681 3.768 3.657
TI-Te (A) 2.956(2) [2.954(11)] 2.913 3.111 2.936 3.139 3.040
Te-Te (A) 4.552(2) [4.414(3)] 4.302 4.813 4.337 4.851 4.690
TI-Te—TI (deg) 79.1(2) [75.1(3)] 77.7 73.6 77.7 73.8 74.0
Te—TI-Te (deg) 97.7(2) [96.6(2)] 95.2 101.4 95.2 101.2 101.0
fold angle (de@) 17.4[39.9] 37.1 29.9 37.0 29.9 30.0
T,SeT& (Cy)
LDFT PP/PP  NLDFT PP/PP  LDFT ECP/DZVP LDFT PP/PP  NLDFT PP/PP  LDFT ECP/DZVP
Tl-++TI (A) 3.583 3.612 3.600 HSe-TI (deg) 82.4 82.6 79.9
TI-Se (A) 2.720 2.735 2.802 FHTe—TI (deg) 75.3 75.1 72.1
TI-Te (A) 2.934 2.962 3.060 SeTl—Te (deg) 94.5 94.9 98.8
Te—Se (A) 4.155 4,198 4.455 fold angle (de&g) 38.7 35.1 31.0

aThe fold angle in the BCh?~ (Ch = Se and/or Te) anion structures is the dihedral angle between the @b planes® Values reported in
brackets refer to the 7Te;>~ anion structure in (2,2,2-crypt®,TI,Te>-en and are taken from ref 19. The fold angle reported for th&eA~

anion in ref 19, 49.9 is a typographical error and should be 39.9

significant bond angles, including the fold angles, are listed in
Table 3 along with the calculated values (see Computational

Results).

The structure of the 2,2,2-crypti¥Kcations in the title
compounds is similar to that previously determined i(%&2,2-
crypt-KHHOSNnTe®",2! (2,2,2-crypt-K)Phy*~,%? and (2,2,2-
crypt-KM),Tl,Te?-en}® with average K:-O and k--N dis-
tances in the Se [Te] compound ranging from 2287 [2.97
3.09] and 2.697(5)2.791(5) [2.933(5)2.955(6)] A. A complete
list of bond distances and angles in the 2,2,2-crypteations
is provided in the Supporting Information, Table S3.

The crystal structure of the Se compound consists of ordered

Tl,Se?~ anions and disordered 2,2,2-crypt-Kations, whereas

the structure of the Te analog consists of ordered 2,2,2-crypt-

K™ cations and TTe,2~ anions disordered about a center of

symmetry. The most interesting aspect of the structures is the b

butterfly-shaped geometry of the anions (approxin@tepoint

symmetry) in which the thallium atoms are located along the
fold of the wings (Figure 1). This geometry has been previously

observed in (2,2,2-crypt-R),Tl,Te*en!® The fold angle in
TI,Se?~ (9.6°) is significantly smaller than that in ITe2~

(17.4) and is consistent with the trend anticipated on the basis

of VSEPR ruleg? Interestingly, the fold angle in the present
Tl,Te?™ anion is considerably smaller than in the previously
characterized salt (328° and is discussed in a subsequent
section (see Computational Results).

The THSe distance in B8e?-, 2.781(3) A, is considerably
shorter than the average -THe distances observed in TI-
(C1oN15N,0Se) [3.112(4) A3* and in Th(SeCy(CN)y)2~
[3.143(4) A]2® The TI-Te distance in BTe? is 2.956(2) A
and is identical to the average bond distance [2.954(6) A]

(21) Campbell, J.; Devereux, L. A.; Gerken, M.; Mercier, H. P. A.; Pirani,
A. M.; Schrobilgen, G. Jinorg. Chem.1996 35, 2945.

(22) Campbell, J.; Dixon, D. A.; Mercier, H. P. A.; Schrobilgen, Gnarg.
Chem.1995 34, 5798.

(23) Gillespie, R. J.; Hargittai, The VSEPR Model of Molecular Geometry
Simon & Schuster, Inc.: Boston, MA, 1991; Chapters 3 and 5.

(24) Bensch, W.; Schuster, NL. Anorg. Allg. Chem1993 619, 1689.

(25) zahn, G.; Franke, A.; Dietzsch, \Wcta Crystallogr.1995 C51, 854.

83.35(9) %} Se(2)

d
Ti(1a)

Ti(1a)
Se(2) ; Se(1)

TI(1)

Figure 1. Views of the (a) TiTe*~ and (b) TbkSe?~ anions in (2,2,2-
crypt-K™),Tl,Ch?~ (Ch= Se or Te) with displacement ellipsoids drawn
at the 50% probability level.

observed in the previously characterized anion and is much
shorter than those observed in the alloy phases TITe [3.398(5)
3.648(3) APS and TkTes [3.142(9)-3.596(4) A]2627 The
transannular F-Tl distances in TiSe?™ [3.698(2) A] and in
TI,Te? [3.798(2) A] are longer than in thallium metal (3.408
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Table 4. Chemical Shifts and SpinSpin Coupling Constants for TIGh and TkCh?~ (Ch = Se, Te)

spin—spin coupling constants

chem shift, ppm J, Hz K, T2J ! x 17 Kre, T2 J 1 x 107
anion 203.205T|  77Sg  205T|—203T|  205T|—Cfpb TI-TI TI—Ch TI-TI TI—Ch solvent T,°C alloy
TISe?~ 2804 7211 53.67 15.19 NH —20 KTISe
2829 140 7250 53.96 15.27 NH —60 KTISe
2844 136 7239 53.87 15.25 NH —70 KTISe
TI7'SeB~ 2841 137 7227 (7159) 53.79 15.22 BH —70 KTI""Se
TI,Se?™ 7681 3995 2228 9.761 15.52 1.060 4.692 NH —40 KTISe
7642 384 3791 2210 9.263 16.38 1.006 4.654 3NH —60 KTISe
7595 372 3602 2261 (2254) 8.801 16.76 0.9560 4.744 3 NH —70 KTISe
TI,Se?" 7689 4506 2265 11.01 16.79 1.190 4.752 en 0 Kiibes
7598 3661 2258 (2265) 8.945 16.74 0.9672 4.737 3NH —70 KTISesTeys
TI,/'Se?~ 7596 371 3560 2253 (2229) 8.698 16.70 0.9405 4.727 3 NH —70 KTI'’Se
TI,SeTeé~ 7910 <2800 <6.8 <0.74 en 0 KTISgsTeys
7793 1945 2407 (Se) 4752 17.84(Se) 05138 5.050 (Se); NH —70 KTIS&sTens
3591 (Te) 16.02 (Te) 3.641 (Te)
TITes* 453 16371 73.05 16.60 en 0 NaTlTe
426 16137 (13381) 72.00 16.36 NH —70 KTITe
T,Te?™ 8175 6337 4004 15.48 17.87 1.674 4.060 en 0 NaTlTe
8050 7591 3989 1855 17.80 2.005 4.044 NH -70 KTITe
8153 6328 4200 15.46 18.74 1.672 4.258 en/ethylamin@0 K,Te/Tl;Te
8128 <200 8006 <0.5¢ 35.7Z2 <0.050 8.115 NH3 —40 KTITe

aCh denoteg’Se or'?Te. ® Values in parentheses dend@?°TI—""Se).¢ Values were obtained from ref 20.

A)28 but are considerably shorter than those observed in the broadened Av1, ~ 1000-3000 Hz), and théJ(295T|—203T])

(CeHs)4P* [4.047(1)-4.381(1) A] and (GHs)sN* [4.381(1) A]
salts of the TJSy(S3),%~ anion2® which contains a planar 7%,

and1J(20%.205T| —Ch) (Ch= ""Se,1?5Te) couplings were poorly
resolved. Moreover, n&Se NMR spectra were reported, and

ring. The corresponding distance observed in the previously the2%5T| NMR resonance of BiTe;2~ could not be observed at

characterized (2,2,2-crypt#;Tl,Te2 +en salt [3.600(3) AP
is significantly shorter than in the present structure and in

TI,Se?~ and is discussed below (see Computational Results).

The Ch--Ch contacts observed in both anions [Se, 4.140(3) A;
Te, 4.552(2) A] and in the previously characterizedT&h?~

temperatures above40 °C. In the present work, the natural
abundance and th&Se-enriched BS5e?- anion (the’’Se-
enriched anion will hereafter be referred to ag’™8e?2") and

the ThTe2~ anion were characterized by variable-temperature
205T], 203T], and 7’Se NMR spectroscopy. TH&3T| and 205T|

anion [4.414(3) A] are near the sums of the Se and Te van derNMR Spectra of the 'Eﬂ'ezz— anion in a saturated |iquid-[\hl—|

Waals radii [Se, 4.0 A; Te, 4.4 AP
The average HCh—TIl and Ch-TI—-Ch bond angles in the
Tl,Se?~ anion [83.34(1) and 96.21(7)respectively] are closer

solution of KTITe containing 2,2,2-crypt were also repeated at
—70°C, giving rise t0?J(295T1—203T1) and1J(2°5T1-125Te) values
that are at variance with the previous values (see Table 4).

to the 90 bond angles anticipated for a planar structure whereas |nterestingly, nd?Te resonances corresponding to thel &2~

those observed for ITex?~ in (2,2,2-crypt-KN),Tl,Te? [79.1(2)
and 97.7(2)) and in (2,2,2-crypt-K),Tl,Te,2+en [75.1(3) and
96.6(2)] deviate from 90 to a greater extent. The angle trends
observed in the FChy?~ anions, i.e., SeTI—-Se < Te—Tl—
Te and THSe-Tl > TI—-Te—TI, are in accord with the VSEPR
rules®® which predict that the GATI—Ch bond angles should
decrease and the FCh—TI bond angles should increase upon
substitution with the more electronegative Se atom. Similar
trends have been reported for the®e?~ (M = Sn, Pb; Ch=
S, Se, and/or Te) anion serigs’2

Structural Characterization of the Tl ,Chy?~ (Ch = Se and/
or Te) Anions by Solution NMR Spectroscopy. The ThSe?~
and TbSeTé~ anions have been previously characterized by
203T| and 2%5TI NMR spectroscopy at 24C in en solutions of
the KTISe and KTISgsTep s alloys containing 2,2,2-crypt and
the ThTex?~ anion at—40 °C in a saturated liquid-Nglextract
of KTITe containing 2,2,2-crypt’ The spectra were exchange

(26) Toure, A. A; Kra, G.; Eholie, R.; Olivier-Fourcade, J.; Jumas, J.-C.
J. Solid State Chen199Q 87, 229.

(27) Schewe, I.; Bticher, P.; von Schnering, H. &. Kristallogr. 1989
118 287.

(28) Pearson, W. B. IiHandbook of Lattice Spacings and Structures of
Metals Pergamon Press: Oxford, U.K., 1967; Bd. 2, S. 90.

(29) Dhingra, S. S.; Kanatzidis, M. Gnorg. Chem.1993,32, 2298.

(30) Pauling, L.The Nature of the Chemical Bon@rd ed.; Cornell
University Press: Ithaca, NY, 1960; pp 224, 257, 260, 514.

(31) Bjorgvinsson, M.; Sawyer, J. F.; Schrobilgen, Gnarg. Chem1987,
26, 741.

(32) Bjorgvinsson, M.; Mercier, H. P. A.; Mitchell, K. M.; Schrobilgen,
G. J.; Strohe, Glnorg. Chem.1993 32, 6046.

anion could be observed in the present and previous studies.

The 29%T| and 295TI NMR resonances corresponding to the
known TICh?~ (Ch = Se or Te) anior®® were also observed
in the en and liquid-NHKlalloy extracts at all temperatures with
well-resolved T+Ch couplings. The chemical shifts and spin
spin coupling constants for the Tlgh and TLChy?~ anions
are listed in Table 4.

(a) Chemical Exchange Behavior.The2%5T| NMR spectrum
of a solution of T}Se?~ obtained from an en extract of KTISe
Teps was recorded at OC and gave rise to well resolved
205T|—203T| and 295T1-77Se couplings. Th&%T| NMR reso-
nance of the BSeTé~ anion was also observed but was
exchange broadened 1, ~ 3000 Hz) and precluded observa-
tion of all couplings. The?9STl and 2°°TI NMR spectra of
Tl,SeTé&~ sharpened upon cooling te70 °C in liquid NH3
(Avy2 ~ 300 Hz) and enabled a complete assignment of all
nuclear spin-spin coupling constants. Interestingly, th&0
and —60 °C 205TI, 203T|, and ""Se NMR spectra of E5e?~
obtained from a liquid NH extract of the KTISe alloy were
exchange broadened to such an extéami f ~ 2500-3000 Hz)
that accurate measurements ¥FTI—77Se and203T|-"7Se
couplings were not possible, and only #&T1—293T| coupling
was resolved. The fully resolved®Tl, 299TI, and 7"Se NMR
resonances of 76e?~ as well as those of 71’Sex2~ were only
observed in liquid NH at —70 °C.

The295TI NMR spectrum of the TiTex?~ anion was obtained
at 0°C in en and at-70 °C in liquid NHs. Although the?05T|
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Figure 2. NMR spectra of the natural abundanceS&?~ anion: (a)?°5Tl (115.444 MHz) and (b¥°°Tl (114.319 MHz) recorded in liquid NH
at —70 °C and simulated spectra (right-hand traces). The symbols used to label the peaks are defined in Table 5 and in the text.

resonances obtained at both temperatures were broag ¢~
1000 Hz), the?®5TI—203T| and 295T|—125Te couplings could be
resolved.

From these findings, the lability in the series obThy?~
anions increases in the ordep$6&2~ < TI,SeTé~ < Tl,Te?.

(b) Chemical Shifts. The293T| and295T| chemical shifts of
the ThChy2~ (Ch= Se and/or Te) anions (Table 4) appeared in
the TI region and contrast with those observed for the EfCh
anions which appeared in the TI(lll) region. Simil&#TI
chemical shifts have also been reported for the trigonal
bipyramidal TISnTe*~ (4196 ppm) and TIPbT&™ (3438 ppm)
anions in which the thallium atoms are formally in thel
oxidation staté3 On the basis of the higher electronegativity
of Se when compared to that of ¥ethe shielding of the
thallium NMR resonances in the ;0h?~ anion series is
anticipated to increase in the orderTé?~ > Tl,SeT&~ >
Tl,Se?". This trend has been noted for the anion series
T|Ch33_,20 San};z_,ZO SnCh“‘,ZO prCh;Z—’Sl,SZ HgChzz—’zo and
CdCh?~ 20 upon substitution with the more electronegative Se
atom. Interestingly, the shielding trend observed for the
TI,Chy2~ anion series (Table 4) is the reverse of the anticipated
order. A similar anomaly has also been noted for thes8ig*~
anior?® in which the order,d(""S@ermina) < O(""S@yridging),
anticipated on the basis of charge topology arguniéniss

1Cd! chemical shifts of CACGRA~ (400 ppm)2° but larger
chemical shift ranges are observed 31" in TIChg®~ (2400
ppm)2° 115V in SNChZ~ (900 ppm) and SnCAH~ (1350
ppm)2° 20PH' in P,Chg?~ (1600 ppm)32 and 1°*Hg" in
HgChy?2~ (1400 ppm)0

(c) Analysis of Spin—Spin Coupling Patterns. The ex-
perimental and simulate®5T| and 2°°TI NMR spectra of the
TI,Ch2~ anions (Ch= Se and/or Te) are depicted in Figures
2—5. Spectral simulations confirmed that the assigned satellite
doublet spacings corresponded 4#205TI—77Se), 1J(2°5TI—
125Te), ancRJ(295T1—202T]) at their natural abundance and 94.4%
7'Se-enriched levels and were consistent with a solution structure
for the TLChy?~ anions in which the thallium atoms and the
chalcogen atoms are chemically equivalent.

The 295T| and 29Tl NMR spectra of the TICh?~ and
Tl,’’Se?~ anions were simulated by using the natural abun-
dances of the spik> nuclides?%TI (70.5%), 2°°TI (29.5%),
7'Se (7.58%; isotopically enriched, 94.4%), dft e (6.99%)3"
the values of the observed coupling constants, and the total line
intensities and multiplicities of the most abundant isotopomers
contributing significant first-order subspectra to the experimental
205T| and 293T| NMR spectra (Table 5). The resulting simula-
tions (Figures 25) are in excellent agreement with the
experimental spectra and account for all the observed satellite

reversed, but the anticipated order is exhibited for the related peaks.

SnSe*~ and SaTes*™ anions?! It is also interesting to note
that the TI NMR resonances of the XTh,2~ anions appear
within a smaller chemical shift range (600 ppm) as do the

(33) Borrmann, H.; Campbell, J.; Dixon, D. A.; Mercier, H. P. A.; Pirani,
A. M.; Schrobilgen, G. Jinorg. Chem, submitted for publication.

(34) Allen, L. C.J. Am. Chem. So&989 111, 9003 and references therein.

(35) Campbell, J.; DiCiommo, D. P.; Mercier, H. P. A.; Pirani, A. M,;
Schrobilgen, G. Jinorg. Chem.1995 34, 6265.

(36) Gimarc, B. M.; Ott, J. JJ. Am. Chem. So0d.986 108 4298.

The —70°C 205TI NMR spectrum (Figure 2a) of the natural-
abundance EBe?~ anion consists of a SINGLET (S) flanked
by DOUBLET (D) satellites arising frorl(2°5T1—203T]) = 3602
Hz and doublet (d) satellites arising frdd(2°5TI—""Se)= 2261
Hz. In addition, four weaker satellites also symmetrically
disposed about the central peak were observed and are assigned

(37) Mason, J. I'Multinuclear NMR Mason, J., Ed.; Plenum Press: New
York, 1987; Appendix, pp 626627.
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Figure 3. NMR spectra of thé’Se-enriched B5e?~ anion recorded in liquid Nilat —70 °C and simulated spectra (right-hand traces): 2{@)l
(115.444 MHz) and (b§°°TI (114.319 MHz). The symbols used to label the peaks are defined in Table 5 and in the text.
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Figure 4. NMR spectra of the T5eTé~ anion recorded in liquid Nklat —70 °C: (a)2°5Tl (115.444 MHz) and (b¥%TI (114.319 MHz). The
symbols used to label the peaks are defined in Table 5 and in the text.

to a DOUBLET-of-doublets (D/d) subspectrum arising from the 203TI NMR spectrum (Figure 2b) in which th&®5T| satellites
205T|203T|77S&PSe~ isotopomer (Table 5). The DOUBLET are more intense than the central peak owing to the greater
arises fromrJ(295T1—293Tl) coupling and is further split into a  natural abundance of t#€°TI nuclide (70.5%) when compared
doublet by 1J(?%5TI-7"Se). The corresponding coupling, with that of 20%T| (29.5%)3” The ratio 1J(?°5TI-7"Se)/
1J(293T1-77Se) = 2254 Hz, was determined by recording the 1J(2%°TI—77"Se)= 1.030 is in excellent agreement with the ratio
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Figure 5. NMR spectra of the BTe,>~ anion recorded in en at @C: (a)2°5Tl (115.444 MHz) and (b¥°3Tl (114.319 MHz). The symbols used
to label the peaks are defined in Table 5 and in the text.

Table 5. Isotopomers and Subspectra Used To Simulate¥ié
and?°3TI NMR Spectra of the TICh?~ (Ch = Se and/or Te)
Anions

of the gyromagnetic ratios of th&5Tl and 2°°T| nuclides,
y(295T)/y(2°%Tl) = 1.010. The®%STI NMR spectrum of Tf/’Se?"
consists of the superposition of four isotopomeric subspectra
(Figure 3a). The most inteng€°T| subspectrum is that of the

relative intensit§

205T],77Sg2~ isotopomer and is a triplet (t) arising from il 208 mu“g'mw
1J(295TI-77Se). The spectrum of the second most abundant  isotopomet Se Te Se Te subspectrum
isotopomer,205T1205T|77Se?~, is a DOUBLET attributed to Natural Abundance FChy?>-
2J(?05T1—203T1), whose transitions are further split into a triplet  205203r1,0Ch2~  0.8487 0.8598 0.1486 0.1505 S
by 1J(2%5TI-77Se). The next most abundant isotopomer, 2°°TI?®TI°Ch,*~  0.3551 0.3598 0.3551 0.3598 D
205T|203T|77SPSE-, gives rise to a DOUBLET subspectrum 225(202::]7|'Iz7777Ch°Ch2: 0.1396  0.1292 0.02444 0.02268 d
corresponding t8J(295T1—203Tl), which, in turn, is split into a "TETITICIPCH?™ 0.05842 0.05842 Did
doublet arising from!J(2°5TI-""Se). The least detectable . Isotopically Enriched BSe?
isotopomer i295T1,°S&7Se and gives rise to a doublet arising .12 'S&?”  0.8858 0.1551 t
from 1J(%TI—77Se). The?%3T| NMR spectrum (Figure 3b) et io2e, 03797 0.3707 b1

. ). pectrum (Figure 3b)  osoay|,isdse-  0.1051 0.01840 d
consists of a similar pattern; however, the relative isotopomer 2os1j2031177sds2-  0.04398 0.04398 D/d
I2|g15_erI |Ir\1|t'arF1{3|tles (Table 5) differ S|gn|f!cantly from those of the Natural Abundance F5eTé-

spectrum because of the different natural abundances zos@oar 059762~ 0.8542 0.1496 s
of the two spin-active thallium nuclides. Th€Se NMR 205T|203T|0S T2~  0.3574 0.3576 D
resonance of natural-abundance afffe-enriched TBe?” 205(2037|,77STe2~  0.07026 0.01227 o
anion is a triplet attributed to unresolvéd”’Se—203Tl) and 205(20371,05€25Te?” 0.06430 0.01124 dre
1J(""Se-295T1) couplings.
The205T| NMR spectrum of the TSeTé~ anion (Figure 4a) aThe symbols’Ch, °Se, and’Te denote spinless chalcogen atoms.

consists of a broad singlet flanked by three sets of symmetric ° Natural abundances of the spiff, nuclides used to calculate
satellites attributed tatJ(205TI—77Se), LJ(2%5TI—125Te), and isotopomer intensities were taken from ref 34Se (natural abundance,

. 7.58%; enriched, 94.4%)5Te, 6.99%2°%Tl, 29.5%;2°5Tl, 70.5%. The
27(205T| 20 20 > ; ' *Te, 20371, ;205T],
J(POSTI—29%T). The?%STI NMR spectrum of T¥Te;>” consists  paqral abundance 8#Te (0.87%) is too low to contribute detectable

of a broad singlet and symmetrié)(*°sTI-1%5Te) and isotopomer subspectra and is combined with the spinless telldr&im.
2J(205T1—203TI) satellites (Figure 5a). The counterparts of the denotes a SINGLET, D denotes a DOUBLET arising from
four weaker satellites [i.e., DOUBLET-of-doublets (D/d) in  J(*°TI—?%Tl), and d and t denote doublets and triplets arising from
Figure 2a] observed in th&STI NMR spectrum of natural ~ JC%F®TI—*Ch) and J(*%C%TI—*Ch,), respectively, where *Ch
abundance B5e2~ were not observed in tH&TI NMR spectra represent$’Se or'?Te. The symbols D/d and D/t denote DOUBLET-

_ o . . of-doublets and DOUBLET-of-triplets, respectively, that result from a
of TI;SeTé" and ThTe;*" owing to exchange broadening of DOUBLET which, in turn, is split either into a doublet or a triplet.

the multiplet lines Qvl/z ~ 500 Hz). The2°3“.l'l NMR spectra d |sotopomer having multiplet line intensities below this value are too
of the ThSeTé~ (Figure 4b) and TTe?~ (Figure 5b) anions  weak to be observed and are not included in the summation of the
consisted of singlets symmetrically flanked BYTI satellites. simulated subspectra.
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Figure 6. Raman spectra of (a) Be? and (b) ThTe? in (2,2,2-
crypt-KM),Tl,Ch?~ (Ch = Se or Te) recorded in a glass capillary on
powdered samples at room temperature by using a 1064-nm excitation
of a Nd YAG laser.
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The corresponding)(2°3TI—"7Se) and-J(2°3TI—125Te) couplings
could not be observed.

The THTI couplings observed in the Zxh,2~ (Ch= Se and/
or Te) anions show a high degree of variability with environ-

mental changes such as temperature, solvent, and nature of the

countercation (Table 4), whereas the-Oh couplings in all
three anions are relatively insensitive to the environmental
changes. For example, the Tl couplings observed for
TI,Se?™ in liquid-NH3 solvent decreased from 3995 to 3602
Hz (ca. 10%) when the temperature was decreased from -40 to
—70°C, but TSe couplings for the anion varied by only 50
Hz (ca 2%). The variability in the T™TI coupling constant

for the ThTex2~ anion was significantly more pronouncezh(
17%); however, the HTe couplings varied only bga. 5%
under similar experimental conditions. This suggests that the
TI,Ch,2~ anions are easily deformed about the fold angles (see
Computational Results).

Raman Spectra of the TbCh,2~ (Ch = Se, Te) Anions.
The solid-state Raman spectra of the anions in (2,2,2-crypt-
K1)2Tl,Se?™ and (2,2,2-crypt-K), Tl Tex>~ are shown in Figure
6. The observed frequencies were assigned with the aid of
LDFT and NLDFT calculations, and their assignments are
summarized in Table 6 along with their theoretical values and
the theoretical values of theJHeT&™ anion (see Computational

Borrmann et al.

V4(A2)
Figure 7. Vibrational modes of the FChy>~ (Ch= Se or Te) anions.

vs(B,)

ve(By)

the Tl atoms lie in they(x2)-plane and the Ch atoms lie in the
o(y2-plane and belong to the irreducible representation-8A
A, + B; + B, A total of 6 vibrational bands is expected, of
which all modes are Raman active and three, By, B,) are
infrared active. Descriptions of the vibrational modes of the
TI,Chy?~ anions were derived from LDFT and NLDFT calcula-
tions and are depicted in Figure 7. The highest frequency mode,
v1(A1), corresponds to the symmetric breathing motion of the
ring. The asymmetric combination of the:FITl and Ch--Ch
moations,vy(A1), is at much lower frequency. The lowest totally
symmetric modeys(A1), is the inversion mode. They(Ay)
mode corresponds to the simultaneous shortening (lengthening)
of two nonadjacent HCh bonds and the lengthening (shorten-
ing) of the remaining two HCh bonds. Thevs(B;) mode
corresponds to the displacement of both Tl atoms in the positive
direction along the-axis and the displacement of both Ch atoms
in the negativex-direction parallel to thex-axis. For theve-
(B2) mode, the two Ch atoms are displaced in the positive
direction along theg-axis and the Tl atoms are displaced in the
negativey-direction parallel to the-axis.

It was not possible to observe all the Raman bands for
Tl,Se?™ and ThTe2". In general, the BTex2~ anion modes
are shifted to lower frequency relative to those ofSE2~ by
virtue of the reduced mass effect. For both anions, the
assignments of the;(A;) vibrations are unambiguous and the
v2(A1), v3(A1) andvs(Bs1), v6(B2) bands are expected to be near
degenerate on the basis of theoretical calculations. In the case
of TI,.Se?™, the vs(B1) andve(B) bands overlap, are weak in
comparison withy1(A;), and are unambiguously assigned to the
band at 139 cm! on the basis of calculated values. ThéB;)

andvg(B,) modes of TJTe,2~ are also predicted to be similar

in frequency to the more intensg(A;) band at 120 cm* and
likely overlap with this band. A band at 73 cthin the Raman

spectrum of TiTe?~ is tentatively assigned to the(A,) and
%
to a lattice mode because it is significantly higher in frequency
than its counterparts in the ;He2- anion and its calculated
values. The experimentals(A;) modes of both anions are
similar and are in reasonable agreement with their calculated
values.

3(A1) modes of the anion but could be alternatively assigned

Computational Results. In order to better understand the

structures, properties, and spectra of theCH?~ (Ch = Se
and/or Te) anions, DFT calculations were performed. The

Results). Assignments for the 2,2,2-crypt-Eation were made

by comparison with values reported for the solid-state Raman

spectra of (2,2,2-crypt-K)I- and require no further discussiéh.
The vibrational modes of the Zxh,2~ anions were assigned

underCy, point symmetry of the butterfly structure in which

(38) The Raman spectrum of microcrystalline (2,2,2-crypi#K displayed

several very weak, broad bands in the-3%0 cnt?! region?! The
most intense 2,2,2-crypt-K band at 135 cmi, which probably
overlaps with the TICh2~ bands (Table 6), was too weak to be
obsAer;/led in the Raman spectrum of (€Mf2,2,2-crypt-K),Sn-
Se*”.
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Table 6. Experimental and Calculated Vibrational Frequencies and Assignments for fble?TI (Ch = Se, Te) Anions

frequencies (crm')

LDFT® NLDFT®
exptP PP/PP PP/DZVP PP/PP PP/DZVP LDFECP assigts i, pt sym
Tl,Se?”
155 (24) 159 (4) 163 (3) 151 (4)2 N 156 (3) 153 (7) vi(Ar)
72 (0) 56 (0) 72 (0) 56 (0) 62 (0) va(A1)
58 (100) 62 (0) 38 (5) 61 (1) 43 (5) 35 (4) va(AL)
84 (8) 94 (0) 107 (0) 84 (0) 98 (0) 91 (0) va(A,)
139 sh 146 (29) 150 (26) 139 (31) 144 (25) 143 (48) vs(B1)
145 (24) 161 (55) 140 (24) 153 (56) 143 (27) ve(Ba)
Tl Te?
120 (100) 123 (3) 130 (4) 118 (3)2 & 123 (3) 119 (2) (A1)
73 (20) 58 (0) 47 (0.5) 57 (0) 45 (0) 49 (0) va(A1)
51 (0) 34 (2) 49 (0) 33(2) 26 (2) va(A1)
84 (85) 78 (0) 90 (0) 70 (0) 81 (0) 76 (0) va(A2)
116 (20) 130 (40) 110 (22) 122 (43) 116 (35) vs(B1)
120 (100) 114 (10) 118 (13) 110 (10) 113 (13) 109 (10) ve(B2)
leseTé*
frequencies (crm) frequencies (crm)
LDFT* PP/PP NLDFYPP/PP LDFFECP assgntsi@sptsym LDFTPP/PP NLDFYPP/PP LDFYECP assgnts ifsptsym
156 (14) 151 (4) 153 (7) vi(A') 94 (0) 84 (0) 91 (0) va(A')
72 (0) 72 (0) 62 (0) va(A") 146 (29) 139 (31) 143 (48) vs(B")
62 (0) 61 (1) 35 (4) va(A') 145 (24) 140 (24) 143 (27) ve(B")

aThe Raman spectra were recorded in glass capillaries on powdered samples at room temperature by using a 1064-nm excitation of a Nd YAG
laser. Relative intensities are given in parenthes&be calculated relative line intensities, in km mblare given in parentheses.

Table 7. Calculated Vibrational Frequencies, Geometric Parameters, Charges, Mayer Valencies, and Bond Orders,@inth¢@h = Se,
Te) Anions

In,Se?” In,Te?™
VWN/DZVP VWN/PP/PP VWN/DZVP VWN/PP/PP assigniBy)
Frequencies (cnt)
185 (3) 167 (2) 148 (3) 135(2) vi(Aq)
88 (0) 84 (0) 61 (0) 64 (0) vo(Ar)
38(0) 38 (0) 34 (0) 43 (0) v3(Aq)
136 (0) 106 (0) 110 (0) 88 (0) va(Ar)
181 (49) 159 (29) 143 (23) 127 (13) vs(B1)
178 (28) 157 (19) 144 (26) 127 (13) ve(B2)
Geometric Parameters
In---In)&A) 3.597 3.703 3.782 3.796
In—X (A) 2.687 2.772 2.916 2.953
XX (A) 3.904 4.021 4.268 4.320
In—X~—In (deg) 84.0 83.8 80.9 80.0
X—In—X (deg) 93.2 93.0 94.1 94.0
fold angle (ded 24.4 25.9 32.2 34.5
Charges
In —0.42 —0.43 -0.41 —0.45
X —0.58 —-0.57 —0.59 —0.55
Valencies
In 2.30 2.29 2.18 2.30
X 1.97 2.20 1.96 2.26
Bond Orders
In---In 0.38 0.20 0.25 0.17
TI-X 0.96 1.05 0.97 1.07
XeeeX 0.04 0.11 0.02 0.12

@ The fold angle in the anion structures is the dihedral angle between the @b pianes.

calculations were used to assign the vibrational spectra of are also included in this study (Table 7). The calculations for
In,Te2~ show reasonable agreement between the geometric
parameters calculated by using all-electron and pseudopotential

TI,Se?™ and ThTe?™, to gain insight into the extent to which

the anion environment influences the fold angle at theTrl

axis, and to better understand the nature of bonding and the(PP) treatments with the PP calculation showing a slightly
relative magnitudes of the FICh and THTI NMR spin—spin

couplings.

(a) Geometries of and Bonding in the 1RChy?~

and

TI,Ch,?~ (Ch = Se and/or Te) Anions. In order to understand

study, calculations for the presently unknownSg?~ and

expanded structure. Agreement is not as good for theehf
anion with the interatomic distances being approximately 0.10
A longer than the all-electron values. The structures calculated
by using an all-electron basis set for Se or Te and a pseudo-
the behavior of the various basis set treatments used in thispotential on Tl (P, all) are not in good agreement with other
calculations or with experiment, giving predicted-Ch and
In,Tex?~ anions, for which all-electron basis sets are available, Che-+-Ch distances which are too long (Table 3). Consequently,
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Table 8. Charges (e) in the TCh,*~ (Ch = Se, Te) Anions angle is predicted to be larger in;Tk?" (37.0°) than in
LDET NLDET TI,Se?” (33.8). Mayer valencies and bond ord&or the
Tl,Tex2™ structures are similar to those predicted fosSEh2~
(Table 9), and use of the experimental geometry does not change
Tl-Se?” the conclusion about the presence of wealk-TI (bond order,
-0z -008 —026 —008 —0.11(012) 0.13-0.15) and Te-Te (bond order, 0.140.16) interactions.

atom PP/PP PP/DZVP PP/PP PP/DZVP LBECP

se 0.71 0.92 - (?IL:;’ 0.92 089112 With the exception of the fold angle, the present experimental
T —032 -011 -029 -011 0.00 ( 0.06) structure of T4Te?" is a better approximation of the gas-phase
Te -068 -089 -071 -089 —1.00(1.06) geometry than that previously determl_ned in the crystal structure
of (2,2,2-crypt-K), Tl Te? -ent® (see Vibrational Frequencies).
Tl;SeTé" Comparison of the Fi-Tl and Te--Te distances reported for
LDFT NLDFT LDFT2 (2,2,2-crypt-Kh),Tl,Te2~-en with the calculated values shows
atom PP/PP PP/PP ECP/DZVP that the experimental values are shorter than the calculated
Tl -0.30 -0.27 —0.06 (0.08) values by~0.15 A and contrasts with the present structural
Se —0.69 —0.72 —0.85 (-1.10) determinations of BB8e?~ and ThbTe?~ which give experi-
Te —0.71 —0.74 —1.02 (-1.05) mental Tt--Tl and Ch--Ch distances that are longer than the
a Natural bond order populations are given in parentheses. calculated values by the same amount.

Calculations were also performed on theSdTé~ anion
the PP/PP results have been used, unless otherwise indicatedTables 3, 8, and 9) at the all PP and ECP levels. The geometric
in the ensuing discussion of J3h2". parameters are as expected from theS&F~ and ThTe?"

The geometry derived for 7$&2~ is in good agreement with  anions. The fold angle is somewhat larger than that for the
the experimental one at the LDFT and NLDFT levels when TI>Se?" anion and is more like that of ITe,>~. The ECP
pseudopotentials are used for both Tl and Se (PP/PP). Fhe Tl structure is flatter and has longer bond lengths. The electronic
Se distance is 0.030.04 A too short (Table 3), whereas the structure parameters and vibrational frequencies are as expected
TI---Tl and Se--Se distances are too short by larger amounts on the basis of the above results.

(~0.15 A). Similar calculations for Rb and Pl?~ also The presence of weak interactions between the Tl atoms is
underestimated the PBPb distance® As a consequence, the validated by even larger inIn interactions calculated for
calculated T+Se-TI bond angle is too small and the calculated [n2Se? and InTe?~ using all-electron DZVP basis sets (Table
Se-Tl—Se angle is too large by3° when compared to the ~ 7) and indicates that the use of pseudopotentials is not biasing
experimental values. The calculated fold angle of Géarly the predicted magnitudes of the-FIl interactions. The
shows that the optimum geometry is nonplanar. However, this Ch+:Ch interactions calculated for 468hy?~ are, however,
fold angle also indicates that the structure is clearly not Significantly weaker than those calculated for theCHp*-
tetrahedral. The LDFT/PP/PP and NDLFT/PP/PP values are &nions.

in reasonable agreement with each other, with the NDLFT The dependence of the calculated results on the form of the
values being slightly larger than the LDFT values and showing treatment o_f the core electrons was checked by using effective
slightly better agreement with the experimental values (Table core potentials. The ECP results for the geometry e8&F~

3). Calculations with an all-electron basis set for Se produced do not differ significantly from the LDFT/PP/PP results, except
a structure with a Fh-Tl distance closer to the experimental that now the predicted FHSe and Se-Se distances are slightly
distance, but the FiSe and Se-Se distances are too long. longer than the experimental ones. However, the fold angle is

The ThSe?~ anion charge is largely localized on the more ot changed significantly. The calculated frequencies at the
electronegative Se atoms-Q.7 e) with the remainder on the ECP level are similar to the PP results except that the inversion
Tl atoms (-0.3 €) (Table 8). The calculated Mayer valen®es ~ frequency is lower at the ECP level by almost a factor of 2
give values of 2 for Tl and Se, consistent with two Se atoms (see Vibrational Frequencies). The results foT&}*" at the
bonded to each Tl atom (Table 9). The mixed basis set resultsECP level are similar. As in the case o,$k?", the T-Te
give larger separations for both anions. The Mayer bond #der and Te--Te distances are longer at the ECP level when
between the Tl and Se atoms is just under 1 (0.95). There arecompared to the experimental values. The ECP calculation
weak interactions between the two Tl atoms (bond order,0.14 favors an even more planar structure and a largerTie Te

0.15) and between the two Se atoms (bond order,-601B4). bond angle, which is consistent with the crystal structure of
In order to show that these interactions were not exaggeratedTl2T€?~ reported in this work, than do the PP calculations.
because of the predicted short-TI distance, bond orders were The ECP results were also analyzed by using the natural bond

calculated from the experimental geometry and resulted in valuesorbital (NBO) method of Weinhold and co-workéfsThe NBO
of 0.12 for Tk--Tl and 0.15 for Se-Se, confirming that the ~ atomic populations (Table 10) show more ionicity as compared
presence of these interactions is not due to the use of the shortefo the Mulliken charges. This is more pronounced feSB?~
calculated T--TI distance. than for TbTe?~. The NBO populations indicate that the Tl
The calculated results for ITe,2~ follow the same trends ~ atoms carry slightly positive charges. The ECP results show
as those of TiSe?", and the differences between the calculated larger charge differences than do the PP results with the largest
and experimental values for the preserdTEy?~ structure are  differences found for B5e?”". The NBO analyses were used
similar to those obtained for 332~ (Table 3). The calculated 0 further assess the bonding in the anions (Table 11). The
TI-Te distance at the VWN/PP/PP level is slightly shorter than analysis shows four two-center¥8e bonds with populations
the experimental value. The FTe—Tl angle is predicted to ~ 0f 1.96 e. The remaining bond population is in titeorbital.
be ~2° smaller than the experimental value, and the-Te-

(40) (a) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,

Te bond angle is predicted to be abous® larger. The fold 899. (b) Foster, J. P.; Weinhold, F.dl.Am. Chem. S0d98Q 102
7211. (c) Reed, A. E.; Weinhold, B. Chem. Physl983 78, 4066.
(39) Mayer, I.Chem. Phys. Letl983 97, 270; Theoret. Chim. Actd985 (d) Reed, A. E.; Weinstock, R. B.; Weinhold, ..Chem. Physl985

67, 315;Int. J. Quantum Cheni986 29, 73. 83, 735. (e) Reed, A. E.; Weinhold, B. Chem. Physl1985 83, 1736.
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Table 9. Mayer Valencies and Mayer Bond Orders in theCH,2~ (Ch = Se, Te) Anion%

LDFT NLDFT
PP/PP PP/DZVP PP/DZVP PP/PP PP/DZVP
T|28Q27
Valencies
Tl 2.04 (2.00) (1.75) 1.72 2.00 1.71
Se 2.03 (2.01) (1.69) 1.67 1.99 1.66
Bond Orders
Tl---TI 0.15(0.12) (0.12) 0.14 0.14 0.13
TI-Se 0.95 (0.93) (0.82) 0.79 0.93 0.88
Se--Se 0.14 (0.15) (0.055) 0.09 0.13 0.08
leTeZZ‘
Valencies
Tl 2.12 (2.07) [2.11] 1.79 (1.83) [1.86] 2.07 1.76
Te 2.13(2.09) [2.11] 1.72 (1.76) [1.77] 2.08 1.70
Bond Orders
TleeTI 0.15 (0.16) [0.15] 0.14 (0.13) [0.13] 0.13 0.14
TI-Te 0.99 (0.96) [0.98] 0.82 (0.85) [0.87] 0.97 0.82
Te--Te 0.16 (0.18) [0.16] 0.07 (0.06) [0.04] 0.14 0.07
Tl,SeTé~
LDFT PP/PP NLDFT PP/PP LDFT PP/PP NLDFT PP/PP
Valencies Bond Orders
TI 2.08 2.03 TH-Tl 0.15 0.13
Se 2.06 2.02 HSe 0.96 0.94
Te 2.09 2.04 T+Te 0.97 0.95
Te--Te 0.15 0.14

aValues reported in parentheses refer to the structure reported in this work, whereas those in brackets refer to the structure reported in ref 19.

Table 10. Natural Atomic Orbital Populations in the ;0hy?~

when there are weak interactions, but both show the possibility
(Ch = Se, Te) Anions at the Effective Core Potential Level

of a weak Ti--Tl interaction.

Se Te SelTe The eight highest energy valence MO's for,S&?~ are
TI(s) 1.89 1.94 1.92 shown in Figure 8 and are similar to those ofTE,?~. The
Tl (py) 0.47 0.33 0.34 HOMO (orbital a) is a lone pair (“in-plane” type) on the Se
H Egg 8:%2 8:‘2"‘31 8:‘212 mixed with a lone pair on Tl. The NHOMO (orbital b) is the
ch(s) 189 191 1.90/1.90 antibonding comblnat|o_n of the “ogt-of-pla_ne" lone pairs on the
ch (p) 1.68 164 1.73/1.62 Se atoms. The next highest orbital (orbital c) shows a weak
Ch (p) 1.73 1.72 1.75/1.81 Se--Se interaction with most of the orbital describing lone pairs
Ch (n) 1.78 1.78 1.71/1.71 on Se and TI. The next highest orbital (orbital d) shows a lone

pair type interaction coupled with a bonding orbital between
The two-center T+Se bond has 84% of the two electrons on Tl and Se so that the interactions between the tweSg-TI
Se and 16% on Tl. The bonding is predominantly p in character planes are antibonding. Orbital e is essentially the out-of-plane
with 95% p character on Tl and 89% p character on Se. For lone pair on the Se atoms and shows an interaction between
Tl Te?", the bonding pattern is the same with 82% of the bond the two chalcogens. Orbital f is another mixinfjaop orbital
localized on Te and 18% on Tl. The p character on Te is 90%, lone pair with the T+Se bonding orbital. Orbital g shows a
and that on Tl is 95%. The remaining valence electrons are Tl---Tl interaction arising mostly from the overlap of the valence
found in lone pairs. There is essentially a doubly occupied lone s orbitals on the Tl atoms. The most stable orbital is orbital h
pair of high s-orbital character on each thallium and chalcogen and is the bonding orbital between the Tl and the Se atoms.
atom. This accounts for all except four of the valence electrons. The lowest energy valence orbitals (not depicted) are the
These remaining electrons are predominantly in the Se lone pairantibonding (k) and bonding (8 combinations of the valence
which has 1.82 electrons and is predominantly an “out-of-plane” s orbitals on the chalcogen.

p orbital, although there is some population in the p orbital  Three theoretical papers on the electronic structure of the
oriented toward the other Se atom. The atomic orbital popula- T|,Te,2~ anion have been publish€d!® and used geometries
tions given in Table 10 show that each p orbital on the chalcogen constructed from the X-ray structure obTE»2 in (2,2,2-crypt-
atoms is deficient by about 0.25 e from being completely doubly K*),TI,Te2-en!® Corbett and Burri§ used simple orbital
occupied. The other 0.4 e is split between the two Tl atoms, arguments to rationalize the nonplanarity of the structure. Cave
and there is 0.20 e on each atom, mostly in the “out-of-plane” et all8 used extended Hikel theory and HartreeFock calcula-

p orbital with the rest in the p orbital oriented along the-Ti tions with ECP’s and a polarized tripievalence basis set to
axis. The NBO analysis did not assign any of the orbitals to a calculate the electronic structure of theTlé,?~ anion and of
weak Tt--Tl or Ch---Ch interaction but to a lone pair. However, the tetrahedral-like P8h?~ and SaBi,2~ anions to determine
this is not inconsistent with the Mayer analysis which looks at when a structure is tetrahedral and when it is planar on the basis
the total overlap of the orbitals between atoms. The NBO of electronegativity differences and electron count. They found
analysis “assigns” the lone pairs on the Tl atoms to s and p the butterfly structure of Bl'e;2~ to be 48 kcal moil more
orbitals which can overlap, given the short-TT| distance, thus stable than the planar structure. Axe and MaryHidsed the
giving rise to a weak Mayer bond order between the Tl atoms. spin-restricted scattered-wavecnethod to study the B8,

We note that both analysis methods have some arbitrarinessSrpBi»2~, and ThTe2~ anions. They suggest that the simplest
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Table 11. Natural Bond Order Analysis for the J2h?~ Anions (Ch= Se and Te)

orbital orb pop % s % p s (coeff) xffcoeff) p, (coeff) . (coeff)
T|28Q27 ab
o(TI—Se) 1.96 [Tl (16%)] 4.9 94.8 0.18-013) —0.62 0.70 (0.06) 0.25
[Se (84%)] 115 88.5 0.32 0.71 —0.56 -0.27
TlIp 2.00 93.3 7.7 0.97 -0.24 0.0 —0.08
TlIp 0.20 99.6 —0.36 0.93
Selp 1.98 77.4 22.6 0.88 0.47
Selp 1.82 21 97.8 0.15 —0.36 0.92
T|2T6227 ac
o(TI-=Te) 1.95 [Tl (17.9%)] 4.93 95.4 —0.16 (013) —0.61 —0.70 (-0.05) —0.30
[Te (82.1%)] 9.5 90.5 0.31 0.71 0.59 0.24
TlIp 2.00 94.3 5.7 0.97 —-0.20 —0.08
TlIp 0.22 100 —0.44 0.90
Telp 1.98 79.6 20.4 0.89 0.45
Telp 1.81 15 98.5 0.15 -0.32 0.94

aThe symbol Ip denotes lone paWhere TTI was chosen as the axis, Se-Se was chosen as tlyeaxis, andz is out of plane® Where
TI-TIl was chosen as thgaxis, Te-Te was chosen as theaxis, andz is out of plane.

All of the modes are predicted to be very low in frequency with
the highest frequency modes in the range-1560 cnt?! and
have been used to assign the experimental spectra (see Raman
Spectra of the BChy2~ (Ch = Se, Te) Anions).

The inversion modes in all three anions are predicted to be
very low; at the pseudopotential level they aré0 cnt! for
Tl,Se?, ~50 cntt for Tl Tey?™, and~90 cnT for TI,SeTé".

The low-frequency values suggest that the potential energy
surfaces for inversion of these butterfly-shaped anions are nearly
flat and that these anions can be easily distorted along this mode
by environmental effects such as crystal packing forces induced
by anion--cation interactions or by solvent molecules of crystal-
lization and can easily account for the differences between the
fold angles observed for the two experimental structures of
TI,Te?~ and those of the calculated gas-phase structures.
Although the calculated fold angle of 3i& in better agreement
with the value of 39 observed in (2,2,2-crypt-R,Tl,-

Te2 -enl® an even larger discrepancy exists between that of
the experimental 55?2~ structure (10) and the calculated
value (34). This coordinate is represented by the lowest energy
deformation modeifde infra) and is the most easily deformed
and least reliable experimental geometrical parameter for
comparison with that of the isolated anion.

. . . Spin—Spin Couplings. The relative magnitudes of the
Figure 8. Wave function plots of the upper eight valence molecular (©) -
orbitals for the TiSe?~ anion at the NLDFT level and contoured at ZJ(_203r|_205_T|): 1J(203:207| ~TTSe), anle(ZOSTl_lZ_STe) spin-
0.085. The atom-labeling scheme is given in (a), and the different shadesspin coupling constants may be understood in terms of the
denote two different phases of the orbitals. Key: (a) HOMQ, (fb) calculated s characters of the corresponding bonding interactions.
NHOMO (by); (c) third (a), (d) fourth (h), (e) fifth (ay), (f) sixth (=), In general, spirrspin couplings between nuclei of heavy atoms
Egg_s((ej‘)’e;;g Eﬁ) Zped rg‘s)pg'r?gg?e(?Orh't%gesslie?gf;pgii d'\él?ﬁ toh;b':;'ii . connected by single rather than multiple bonds are dominated
_(e) and_(f) are ;he Se lone pair orbitals, and_ (g) represents theIT| ’ gy thle Fe(;rgl CF?m?Ct mde(éhanls”th.lr'l ‘e”T‘S Oftth? forrr;]allsm
interaction arising from overlap of the s orbitals on TI. developed by Pople and Santfthe Fermi contact mechanism

is given by eq 1, where all symbols have their usual meanings

description of the anion is two Fe anions bonded to two Tl )
cations and that the difference in the -F&e and Ti--Tl gpsh\2 2 2
distances is due to the fact that the Te atoms have larger absolute ~ JA8 1%(5) VAVelY oA Ol W nssO) Tp - (1)
charges and thus repel each other more than the two Tl atoms.
The six highest energy orbitals obtained for the energy- and/or values.ya andyg represent the gyromagnetic ratios of
minimized geometries of Te?~ and TbTe,?” in the present  the coupled nucleilynsa(0)12 and ynsa(0)|2lare the s-electron
study are similar to those obtained by Axe and Marynick for densities for the valenaes orbitals at nuclei A and B, anthg
Tl Te,?~ except for orbital ¢ (their 7a which we show has an s the mutual polarizability of thes orbitals on A and B. In
overall bonding interaction between the two Te (Se) atoms order to make comparisons between couplings in a series of
whereas they ascribe the interaction to donation of the Te atomsstructurally related species having different spin-coupled nuclei,
to the empty Tl orbitals. it is necessary to remove the nuclear dependencésen If

(b) Vibrational Frequencies. The calculated vibrational  the Fermi contact mechanism is assumed to be the dominant
frequencies are given in Table 6, and the modes feB&#~

and TbTe* are depicted in Figure 6 and are similar for (47) jameson, C. J. IMultinuclear NMR Mason, J., Ed.; Plenum Press:
TI,SeTé~, which must be assigned und&g point symmetry. New York, 1987; Chapter 4, p. 89.
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contributor toJag, then the reduced coupling constakg,*
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the Tk--Tl interaction predominantly arises from overlap of the

as defined by eq 2, provides a better representation of electronicvalence s-orbitals on the Tl atoms.

47°

=— 2
hyavs A8 @

AB

environments in molecules. Pyykkand Wiesenfelt? have
shown that relativistic effects on the s electron density in the
Fermi contact term contribute significantly ¥g for heavy
main-group elements. Previous work on spépin couplings

in classically-bonded trigonal-planar Sn€hand TICh?~,20
tetrahedral SnCHA—,2° trigonal bipyramidal SyChg?~ and
PlpChe?~,31:32ditin SryChe*~ and SaChy*~,2 and linear HgCk#~

and CdCk~ 20 anions has illustrated a method for factoring
out the relativistic effects on the s electron density term,
|wnd0)|2. The correction for a given element is determined by
applying the ratidR = |ynd0)|re?|¥nd0)|nonref; Where ratios of
the relativistic and nonrelativisitic s electron densities are the
ratios of the corresponding hyperfine integrals taken from the
work of Pyykko and Wiesenfeltf and give the following
values: TI, 3.059; Te, 1.439; Se, 1.155. The relativistically

corrected Kri—ch)rc @and Kr—1)rc values (eq 3) are given in
KTI—Ch
(Kri—chre = 3)
TI Ch)RC RTIRCh

Table 4. The one-bon{i—ch)rc couplings are shown to be
significantly larger in magnitude than the formal two-bond
(Kti—m)rc couplings. The T™Ch bonds are shown to be
predominantly p in character by the orbital population analyses
given in Table 9 with much of the s-character isolated on the
chalcogen and TI lone pairs. A relative gauge of the low
s-characters in the FICh bonds of TACh2~ anions is given

by the relativistically corrected reduced coupling constants of
the trigonal planar TIS™ (15.22x 10721 T2 J 1) and TITe?~
(16.36 x 10721-16.60 x 1072 T2 J1) anions where the
hybridization on Tl is formally sf giving a formal s-character

of 33.3% for the T+Ch bonds. These couplings are 3.1 and
4.1 times larger than their respective couplings inS&2~
(4.727x 10721-4.752x 10721 T2 J 1) and ThTe?>™ (4.044 x
10721-4.060x 10721 T2 J°1). The relative magnitudes of the
(Kti—cn)re couplings of TICR®~ and ThChy?~ are consistent
with the % s-characters in the-FCh bonds derived from NBO
orbital population analysis. The s characters for these bonds
are 10.4% for TASe?~ and 8.7% for TiTex?~, and when
compared with the formal s-characters of their trigonal planar
TIChs®~ analogs, they are smaller by factors of 3.2 and 3.8,
respectively. The ratio of the relativistically corrected reduced
coupling constants of the ZTh,2~ anions, Kti—sdrd/ (KTi-Te)re

= 1.17, is in good agreement with their relative % s-characters,
%s (T1-Se)/%s (T+Se)= 1.20, and is also consistent with a
Fermi contact dominated mechanism for spépin coupling

in these anions.

The small Tt--TI Mayer bond orders (0.140.15) are
consistent with the smalleKg—1)rc values when compared
to the correspondind(r—ch)rc Values (Table 4). Although the
NBO analyses do not explicitly assign any of the orbitals to
the Tk--Tl interactions in the BICh?~ anions, it is reasonable
to expect this interaction to contain a significant s-character on
the basis of the high s-orbital character of the Tl lone pairs
(Table 11), which are of proper symmetry for overlap. This
overlap is represented by orbital g (Figure 8) and shows that

(42) Pople, J. A.; Santry, D. Mol. Phys.1964 8, 1.
(43) Pyykka P.; Wiesenfeld, LMol. Phys.1981, 43, 557.

The TI—Ch couplings are relatively insensitive to temperature,
solvent, and the nature of the countercation; however, the Tl
Tl couplings in all three anions show a high degree of variation
when one or all of these parameters are altered (Table 4). The
variation of the T+TI coupling is likely associated with the
ease with which the fold angle can be deformed by environ-
mental effects such as solvent coordination and is indicated by
the low frequencies of the ITh2~ anion inversion modes
(Table 6). Variations in the fold angle are expected to have
little effect on the magnitudes d9(TI—Ch) and the T+Ch
distances, since the Ch atoms are normal to thelTfold axis.
Moreover, the ease of deformability of the fold angle is
supported by the observation of two distinct fold angles and
Tl---TI distances for the El'e;2~ anion in (2,2,2-crypt-K),-

T, Te? +-ent?and in (2,2,2-crypt-K),Tl,Te>~ (this work) and
by the calculated optimized geometries of theT&?~ and
Tl,Se?~ anions which give fold angles that differ significantly
from those observed in the experimental structures.

Conclusion

The solution structures of the natural abundance&CP~
(Ch= Se and/or Te) and théSe isotopically enriched 752~
anions have been studied by variable-temperature multi-NMR
spectroscopy and confirmed by a detailed analysis of the first-
order 203T|, 205T|, and 7"Se subspectra arising from natural
abundance and’Se-enriched isotopomer distributions. The
X-ray crystal structure of the 352~ anion has been determined
for the first time and that of Tl'e,*~ has been determined in
the absence of solvent in the crystal lattice. Density functional
theory calculations confirmed that the butterfly geometries
observed for the BFChy?~ anions in the solid state are true
minima in the gas phase but are highly deformable about the
fold angle and are supported by the observed variation in the
TI=TI coupling constants with solvent and temperature and by
the observed and calculated low frequencies of the anion
inversion modes. The presentTé&:?~ anion structure was also
shown by DFT calculations to be a better approximation of the
gas-phase geometry than that reported in (2,2,2-crypsiK,-
Te?-en!® The magnitudes of theKf—cn)rec and Kti—11)re
coupling constants were shown to correlate with the calculated
% s-characters determined for the corresponding bonds. Theory
indicates that the HCh bonds are 2-centeR-electron bonds
of high p-character and that there is a significant concentration
of s-electron density between the TI atoms corresponding to
bond orders of 0.14-0.15.

Experimental Section

Apparatus and Materials. All compounds employed are air
sensitive. Consequently, all manipulations were performed under
rigorously anhydrous conditions and in the absence of oxygen in a two-
station nitrogen-atmosphere drybox (Vacuum Atmospheres Model DLX,
with moisture and oxygen levels 0.1 ppm; for general solid and
crystal handling), on a general-purpose grease-free glass vacuum line
equipped with glass/FEP stopcocks (J. Young Scientific Glassware),
or in a glovebag (for solution handling) which had been purged with
dry nitrogen for at least 12 h prior to use.

Potassium (BDH Chemicals,99%) and sodium (BDH Chemicals,
>99.8%) were cleaned as previously descrifednd freshly cut
samples were handled only in the drybox. Thallium rod (Alfa
Inorganics, 99%), tellurium powder (Alfa Inorganics, 99.5%), selenium
shot (Alfa Inorganics, 99.9%), 94.4%Se-enriched selenium (Technab-
sexport, Moscow, Russia), and 2,2,2-crypt 1,10-diaza(4,7,13,16,21,-
24-hexaoxabicyclo[8.8.8]hexacosane; Merck, 99%) were dried in the
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evacuated port of the drybox for a minimum of 45 min followed by

exposure to the atmosphere of the drybox for at least 2 days prior to formation of deep-red hexagonal plates.

Borrmann et al.

diffusion of THF into the red solution over a periofl®d led to the
The mother liquor was

use. The oxide layer on the thallium rod was shaved off with a scalpel decanted back into the first arm of the Pyrex vessel and removed under

inside the drybox prior to use.

All solvents were thoroughly dried, transferred by vacuum distilla-
tion, and stored in round-bottom flasks equipped with glass/Teflon
stopcocks. Tetrahydrofuran (Aldrich, 99.9%) was stored over freshly
cut sodium wire (BDH Chemicals, 99.8%). Ethylenediamine (Fisher
Scientific Co., 99%) and ethylamine (Aldrich, 99%) were dried over
CaH, powder (BDH Chemicals) for several weeks and then vacuum
distilled onto, and stored over, fresh Cdlr at least 1 additional week
prior to use. Anhydrous ammonia (Matheson) was further dried over
freshly cut sodium metal at78 °C for at least 1 week prior to use.

Preparation of the Alloys. The TkTe, MTICh (M = Na, K; Ch=
Se, Te), and KTISgTeys alloys were prepared as previously described
by fusion of the elements in the required molar ratios inside thick-
walled Pyrex tubes. The 94.4%Se-enriched KTISe alloy (hereafter
referred to as KTI'Se) was prepared in two steps involving the fusion
of KTl in a Pyrex tube followed by fusion with enrichedSe in a
guartz vessel. The following amounts were used,T&l Tl, 3.9496
g, 19.33 mmol; Te, 1.2231 g, 9.59 mmol. KTISe: K, 1.1424 g, 29.22
mmol; Tl, 5.9765 g, 29.24 mmol; Se, 2.2973 g, 29.04 mmol. KJiSe
Teps K, 1.2927 g, 33.06 mmol; Tl, 6.2140 g, 30.41 mmol; Se, 1.1841
g, 15.00 mmol; Te, 1.9712 g, 15.45 mmol. KTITe: K, 0.9467 g, 24.21
mmol; Tl, 4.9496 g, 24.22 mmol; Te, 3.1034 g, 24.32 mmol. NaTlTe:
Na, 0.2202 g, 9.58 mmol; Tl, 1.9069 g, 9.331 mmol; Te, 1.2423 g,
9.74 mmol. KTI"Se: KTI, 0.0803 g, 0.33 mmol; Se, 0.0261 g, 0.33
mmol. The resulting alloys were ground into fine powders. Potassium
monotelluride, KTe, was prepared as previously descriffed.

Preparation of the TI,Ch,?~ (Ch = Se and/or Te) Solutions for
NMR Spectroscopy. The anions were prepared by extracting the
MTICh and KTIS@sTeysalloys in en or liquid NH in the presence of
a 10-40 mol % excess of 2,2,2-crypt with respect td.MThe resulting
solutions were isolated for NMR spectroscopy as previously descfibed.

the dry nitrogen atmosphere of a glovebag. The crystalline sample
was dried under dynamic vacuum at room temperature and transferred
to the drybox. Suitable crystals were mounted inside 0.5 mm
Lindemann glass capillaries and heat sealed.

Collection and Reduction of X-ray Data. The crystals used for
data collection had the following dimensions: 0.8%.41x 0.48 mn¥
[(2,2,2-crypt-K),Tl,Se? ] and 0.45x 0.12x 0.28 mn¥ [(2,2,2-crypt-
K+)2T|2T822_].

(@) (2,2,2-crypt-K"),TI,;Se?". A suitable crystal was centered on
a four-circle Syntex P3 diffractometer, using silver radiation mono-
chromatized with a graphite crystal (= 0.56086 A). Unit cell
dimensions were determined at 2@ from a least-squares refinement
of the setting angleg( ¢, and 2)) obtained from 29 accurately centered
reflections (with 14.8= 20 < 24.39) chosen from a variety of points
in reciprocal space. Their peak profiles revealed a single crystal.
Integrated diffraction intensities were collected using @rscan
technique with scan rates varying from 1.5 to 24n@in~ and a scan
range of+0.5° so that weaker reflections were examined more slowly
to minimize counting errors. Data were collected witk(h < 12, 0
< k=11, and—23 = | = 23 and with 4< 26 < 35°. During data
collection, the intensities of three standard reflections were monitored
every 97 reflections to check for crystal stability and alignment. No
crystal decay was observed. A total of 3724 reflections were measured
of which 3523 were independent and were used for structure solution.
Corrections were made for Lorentz and polarization effects. Absorption
corrections were not applied.

(b) (2,2,2-crypt-K*),Tl,Te,?>~. Crystal data on a single crystal were
collected on a Stoe imaging plate diffractometer system equipped with
a one-circle goniometer and a graphite monochromator. Molybdenum
radiation ¢ = 0.710 73 A) was used. Unit cell dimensions were
obtained from 1339 accurately centered reflections (with 20 <

The following quantities of reagents were used to prepare the alloy 29°). Integrated diffraction intensities were obtained at two crystal-

extracts with values for the 94.4%Se-enriched £5e?~ anion given
in brackets: TiSe? in NH3 (KTISe, 0.1190 [0.1064] g, 0.369 [0.330]
mmol; 2,2,2-crypt, 0.1894 [0.1474] g, 0.503 [0.391] mmol);S&b>~
and TkSeTé& in en (KTISgsTes 0.1323 g, 0.382 mmol; 2,2,2-crypt,
0.1670 g, 0.444 mmol); T8e?~ and TbSeTé™ in NH3 (KTISepsTeps,
0.1571 g, 0.453 mmol; 2,2,2-crypt, 0.1794 g, 0.476 mmolT&fr-
in en (NaTITe, 0.1027 g, 0.289 mmol; 2,2,2-crypt, 0.1143 g, 0.304
mmol); ThTe?™ in NH; (KTITe, 0.1094 g, 0.295 mmol; 2,2,2-crypt,
0.1193 g, 0.317 mmol).

Crystal Growing. (a) (2,2,2-crypt-K™),TI,Se?". The natural
abundance KTISe alloy (0.1012 g, 0.314 mmol) was transferred into

to-detector distances by using oscillation scans wiftb < h < 15,
—15< k =< 15, and—16 < | < 16 and with 3< 20 < 29°: (a) 400
exposures (5 min per exposure) at 50 mm with8@ < 280° and
with the crystal oscillated 0°5in ¢; (b) 200 exposures (1.5 min per
exposure) at 125 mm with 8 ¢ < 240° and with the crystal oscillated
through 1.2 in ¢. The two data sets were merged, and the final data
set contained 92% of the calculated number of unique reflections. A
total of 16 178 reflections were measured, and 6155 remained after
averaging of equivalent reflections. Corrections were made for Lorentz
and polarization effects, and absorption correction were not applied.
Solution and Refinement of the Structures. All calculations were

one arm of a two-arm Pyrex vessel and extracted in en in the presenceperformed on a Silicon Graphics, Inc., model 4600PC workstation using
of a 23 mol % excess of 2,2,2-crypt (0.1453 g, 0.386 mmol) with respect the SHELXTL-Plus packadéfor structure determination, refinement,

to K*. After 1 week, the resulting red solution was decanted into the

and molecular graphics.

second arm of the vessel. A slight excess of THF (v/v) was condensed The XPREP prografiwas used to confirm the unit cell dimensions

under static vacuum at 8C into the first arm of the Pyrex reactor.

and the crystal lattices. The solution was obtained using conventional

The reactor was allowed to stand for 2-3 weeks over which time the direct methods which located the general and/or special positions of
THF slowly vapor-phase diffused into the en solution, resulting in the the main group and alkali metal atoms, revealing that tHEe}3~ anion
formation of dark red cubic crystals and red plates. The mother liquor was disordered about a center of symmetry. The full-matrix least-
was decanted back into the first arm of the Pyrex vessel and slowly squares refinement of the positions and isotropic thermal parameters
pumped off under static vacuum into a previously vacuum-dried Pyrex of the assigned atoms located the general and/or special positions of
vessel which was initially held at78 °C and then cooled to-196 the C, N, and O atoms of the 2,2,2-crypt-Kations. In the case of
°C. The crystalline sample was dried under dynamic vacuum at room Tl,Se?", the location of the K atoms of the 2,2,2-crypt-kon m.
temperature and transferred to a drybox equipped with a stereomicro-implied a positional disorder for the cations. Hydrogen atom positions
scope. Suitable crystals were cut and then heat sealed inside 0.5 mnwere calculatedd(C—H) = 0.96 A; U(H) fixed to —1.2U(C)]. During
Lindemann glass capillaries. the final stages of the refinement, 11 [(2,2,2-cryptR1,Se?"] and

(b) (2,2,2-crypt-K*),TI,Te,?~. All attempts to prepare suitable 44 [(2,2,2-crypt-K),Tl,Te,2] reflections withF2 < —20(F.2) were
single crystals of TlTe,>” from en extracts of the NaTITe alloy in the  suppressed for potential systematic errors and weighting factors
presence of a 20 mol % excess of 2,2,2-crypt (with respect tj Na recommended by the refinement program were introduced. The
gave rise to microcrystalline material. The dark red solution resulting maximum electron densities in the final difference Fourier maps were
from the reaction of KTe (0.0886 g, 0.430 mmol) and e (0.1124 located around the anions.
g, 0.209 mmol) in a en/ethylamine (1:1 v/v) mixture in the presence of ~ Multinuclear Magnetic Resonance Spectroscopy. The 20°Tl,
a 37 mol % deficit of 2,2,2-crypt (0.2032 g, 0.540 mmol) with respect 295T|, and”’Se NMR spectra were recorded on a Bruker AC-200 (4.698
to K™ was shown by%3205T| NMR spectroscopy to contain FlMe?".
This solution was transferred into one arm of a two-arm Pyrex vessel (44) Sheldrick, G. M.SHELXTL-Plus Release 5.03. Siemens Analytical
under the dry nitrogen atmosphere of a glovebag. Vapor-phase X-ray Instruments, Inc.: Madison, WI, 1994,




TI,Chy2~ Anions

T) pulse spectrometer by inserting a 10-mm Bruker AC-300 broad band
probe (13.968121.497 MHz) into the AC-200 cryomagnet. Spectra
were routinely obtained without locking (field drift 0.1 Hz ir%). The
observed spectrometer frequencies were 38.168e), 114.320
(%°°T1), and 115.447%5Tl) MHz. Free-induction decays were typically
accumulated in 16 or 32 K of memory. Spectral width settings of 25
100 kHz were employed, yielding data point resolutions of 3.63.0
Hz/data point and acquisition times of 0.328.164 s, respectively.
Relaxation delays were not applied. Typically, 10 6aQ@0 000
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comparison. The local potential fit of Vosko, Wilk, and Nudawas

used (VWN/PP/PP and VWN/PP/DZVP). The gradient-corrected
(nonlocal) density functional calculations were done with the nonlocal
exchange potential of BecKetogether with the nonlocal correlation
function of Perdew (BP/PP/PP and BP/PP/DZ%P)n order to check

the dependence of the calculated results on the form of the treatment
of the core electrons, additional calculations were carried out by using
the effective core potentials (ECP) and the basis sets of Stetah®

The ECP for Tl has the 4d and 4f electrons in the core and the 5s, 5p,

transients were accumulated depending on the concentrations andand 5d electrons in the valence space. For Se and Te, onhsthed

sensitivities of the nuclides under study. Pulse-width settings corre-
sponding to a bulk magnetization tip angk, of ~90° were 12.0
(""Se), 20.0 °2Tl), and 10.0 {°5TI) us. Line broadening parameters
used in the exponential multiplication of the free induction decays were
10—-20 Hz for narrow lines and 100 Hz for broad lines. Variable-

np (n = 4 for Se and 5 for Te) electrons are in the valence space. The
d polarization functions were taken from Huzinaga’s compilatiorhe
calculations were performed at the local level with the program
Gaussian 94%

The geometries were optimized by using analytic gradient methods.

temperature spectra were recorded using the variable-temperaturesecond derivatives were calculated by numerical differentiation of the

controllers of the spectrometers, and temperatures (accuraté.®
°C and stable to withir=0.10°C) were checked by placing a copper

analytic first derivatives except for the all-electron calculations on the
In,Chy?~ anions where analytic methods were u%ed-or the finite

constantan thermocouple in the sample region of the probe. Samplesgifference calculations, a two-point method with a finite difference of

were allowed to equilibrate for at least 5 min while spinning before
spectral accumulations were begun.

The’Se,2%3Tl, and?%5T| chemical shifts were referenced externally
to neat samples of (ChtSe and 0.1 M aqueous TIN@t 24°C. The
chemical shift convention used was a positive (negative) sign signifies
a chemical shift to high (low) frequency of the reference compound.

The203T| and?%5TI NMR subspectra of the TCh,?~ were simulated
and summed by using the program DSYMCSubspectra were
weighted by using the normalized total line intensities listed in Table
5 and summed by using the line spectrum addition subroutine in
DSYMPC.

Raman Spectroscopy.Raman spectra were recorded on a Bruker
Equinox 55 FT-IR spectrometer equipped with an FRA 106/S FT-
Raman accessory which employed a €bEamsplitter and a liquid-
nitrogen-cooled Ge diode detector. The backscattered (B0
radiation was sampled. Rayleigh filters consisting of a series of
transmission and reflection filters were used. The scanner velocity was
50 kHz and the wavelength range for acquisition was 5500500
cm! when shifted relative to the laser line at 9394 ¢émgiving a
spectral range of 3895 t61105 cnt™. The actual usable Stokes range
was 50-3500 cnt! with a spectral resolution of 4 cth  The Fourier
transformations were carried out by using a Blackman Harris 3-term
apodization and a zero-filling factor of 2. The 1064-nm line of a Nd
YAG laser (350 mW maximum output) was used for excitation of the
samples with a laser spot o&. 0.2 mm. The spectra were recorded at
room temperature by using laser powers of 40 mW for (2,2,2-crypt-
KM).Tl;Se?” and 70 mW for (2,2,2-crypt-K),Tl,Te*~ and were
corrected for instrument response. The powdered samples were loade
into Pyrex melting point capillaries inside a drybox; the capillaries had
been dried at 250C under vacuum for at least 1 day.

Calculations. The initial calculations were performed with the
density functional theory (DFT) program DGatfssn Silicon Graphics,
Inc., computers at the local (LDFT) and nonlocal (NLDFT, gradient-
corrected) levels. Calculations were performed with a basis set in which
the Tl core electrons were treated with a pseudopotential {Parid
the remaining electrons were treated with a polarized valence double

¢ basis set. For the Se and Te atoms, calculations were performed
with the same type of pseudopotential and valence basis set as those

used for Tl as well as with all-electron, polarized valence douple
(DZVP) basis set$ All-electron DZVP basis set calculations were
also performed on the isoelectronic®®?~ and InTe? anions for

(45) Hgele, G.; Hdfken, H.-W.; Mistry, F.; Spiske, R.; Weber, U;
Goudetsidis, SDSYMPC release 0.940728E; InstitutrfAnorganische
Chemie und Strukturchemie, Heinrich-Heine-Univéetsiaisseldorf,
Germany, 1994.

(46) (a) Andzelm, J.; Wimmer, E.; Salahub, D. R.The Challenge of d
and f Electrons: Theory and ComputatioBalahub, D. R., Zerner,
M. C., Eds.; ACS Symposium Series, No. 394; American Chemical
Society: Washington, DC, 1989; p 228. (b) Andzelm, JDiensity
Functional Theory in Chemistnf.abanowski, J., Andzelm, J., Eds.;
Springer-Verlag: New York, 1991; p 155. (c) Andzelm, J.; Wimmer,
E. J. Chem. Phys1992 96, 1280.

(47) Chen, H.; Kraskowski, M.; Fitzgerald, G. Chem. Phys1993 98,
8710. (b) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 1993.

0.01 au was used. Bond orders and valencies were calculated by
following the method of Maye??
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