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and CF,. The values of D,g(-1) for the C-H bonds highlight
the much lower reactivity of CHF; toward the hydroxyl radical.

In the cases considered here, the need to rotate one molecule
relative to another did not arise. However, it should be stressed
that this is very straightforward, and the ability to do this has
already been implemented in our programs. We have not, as yet,
considered distortion of the molecule(s) by means of, e.g., rotations
about individual bonds.

The ability to use semiempirical wave functions and also to
concentrate on particular regions of a molecular system means
that it is now possible to compute values of D,p(n) for large series

of large molecules. It is also possible to compare different regions
of the same molecule. Comparisons of HOMOs and/or LUMOs
could also be worthwhile. No single measure of similarity can
be expected to be a universal panacea, but we believe that the
momentum-space indices described here are likely to prove useful
in structure—activity relations, particularly those involving binding
energies to biologically active systems.

Registry No. CH;OCH;, 115-10-6; CH,SCH,, 75-18-3; CH,CH,CH,,
74-98-6; CH;F, 593-53-3; CH,F,, 75-10-5; CHF,, 75-46-7; CF,, 75-73-0;
CH,, 74-82-8.
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Abstract: The valence shell electron pair repulsion (VSEPR) model has enjoyed remarkable success explaining the shapes
of molecules consisting of main group atoms. Exceptional compounds are known, however, which display the “inert pair effect™
they contain a lone pair of electrons that appear spherically symmetrical and are thus stereochemically inactive. We consider
Bil¢*, BiCl¢™, Bil,, and Sbl, as prototypical molecules and solids containing six-coordinate, group 15 atoms with stereochemically
active or inactive lone pair electrons on the central atom. Extended Hiickel molecular orbital and crystal orbital calculations
show an underlying tendency for a second-order Jahn-Teller distortion from octahedral to trigonal coordination of the central
atom. The distortion mixes the central atom p, character of the unoccupied orbitals with the s character of the HOMO and
thus hybridizes the lone pair electrons toward the longer M—X bonds (M = Bi or Sb; X = I or Cl). For the MX; compounds,
the hybrid lone pair points toward the smaller X—-M-X angles, and the basic assumption of the VSEPR model is confounded
for extended solids. Whether or not the distortion is structurally realized for the Bil>- and BiCl¢*- molecules depends upon
the balance between HOMO-LUMO mixing and (1) the mixing between the HOMO and a lower energy 1a, orbital with
ligand lone pair and Bi p, character and (2) repulsions among ligand lone pairs. The HOMO-1a, mixing is strongest and
ligand lone pair-lone pair repulsions are greatest for large, electropositive ligands. HOMO-LUMO mixing predominates
for the compounds that display trigonal distortions (BiClg*~ and Sbls), but not for those that remain octahedral (Bils*~ and

Bil,).

Introduction

Compounds containing six-coordinate main group elements are
remarkable for the variety of coordination geometries observed.
Several striking examples are the isoelectronic molecules Bil "
(1) and BiCl¢>™ (2)%°8 as well as the extended solids Bil; (3)
and Sbl;.*®* Each pair of compounds (Bil¢>~ and BiClg*"; Bil,
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and Sbl;) is extraordinary because both structures of the pair
cannot be explained by simple models such as valence shell electron
pair repulsion (VSEPR).* In particular, lone pair electrons on
the central Bi atoms of Bil,>~ and Bil, are not evident in the
structures. They are stereochemically inactive and give rise to
what has been called the “inert pair” effect.* We will develop these
ideas more fully later, after discussing the structures shown in
1-3 and after introducing a number of compounds with similar
structures. Then we will present a simple, unified model based

(1) General reference for MX¢™ and MX, (M = group 13-18 central
atom, X = halogens): Wells, A. F. Structural Inorganic Chemistry, 5th ed.;
Clarendon Press: Oxford, 1984.

2) BiC163‘: (a) Morss, L. R.; Robinson, W. R. Acta Crystallogr. 1972,
28 B, 653-654. (b) Lazarini, F. Acta Crystallogr. 1987, 43C, 637-638. (c)
Battaglia, L. P.; Corradi, A. B.; Nardelli, M.,; Tani, M. E. V. J. Chem. Soc.,
Dalton Trans. 1978, 583-587. (d) Atoji, M.; Watanabe, T. J. Chem. Phys.
1952, 20, 1045-1046. (e) du Bois, A.; Abriel, W. Z. Naturforsch. 1988, 43B,
1003-1009. (f) du Bois, A.; Abriel, W. Z. Kristallogr. 1988, 182, 36-38. (g)
Benachenhou, F.; Mairesse, G.; Nowogrocki, G.; Thomas, D. J. Solid State
Chem. 1986, 65, 13-26. (h) Bilg*: Lazarini, F. Acta Crystaliogr. 1977, 33B,
1957-1959.

(3) Bily: (a) Trotter, J.; Zobel, T. Z. Kristallogr. 1966, 123, 67-72. (b)
Davidovich, R. L.; Buslaev, Y. A. Koord. Khim. 1988, /4, 1011-1036. (c)
Pearson, W. B. The Crystal Chemistry and Physics of Metals and Alloys,
Wiley: New York, 1972; p 445. (d) Greenwood, N. N.; Earnshaw, A.
Chemistry of Elements; Pergamon Press: Oxford, 1984; p 652.

(4) VSEPR: (a) Gillespie, R. J.; Nyholm, R. S. Quart. Rev. Chem. Soc.
1957, 11, 339. (b) Searcy, A. W. J. Chem. Phys. 1958, 28, 1237-1242. (¢)
Gillespie, R. J. J. Am. Chem. Soc. 1960, 82, 5978-5983. (d) Gillespie, R.
J. J. Chem. Educ. 1963, 40, 295-301; Ibid. 1970, 47, 18-23. (e) Gillespie,
R. J. Molecular Geometry; Van Nostrand and Reinhold: London, 1972. (f)
Huheey, J. E. Inorganic Chemistry, 3rd ed.; Harper and Row: New York,
1983; p 208. (g) Jolly, W. L. Modern Inorganic Chemistry, 2nd ed.;
McGraw-Hill: New York, 1991.
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Stereochemically Active or Inactive Lone Pair Electrons

on extended Hiickel molecular orbital calculations for under-
standing the structures of the molecular (Bil¢*~ and BiCl*-) and
solid-state (Bil; and Sbl;) compounds.

Six-Coordinate Main Group Halides

Halides with six-coordinate group 15 atoms adopt several
different geometries. The most common structures are exemplified
by Bil¢*>~ (1) and BiClg*~ (2). The central Bi atom of 1 is octa-
hedrally coordinated by six iodines at a distance of 3.073 A}
whereas 2 exists in two forms, one with regular octahedral co-
ordination of Bi** and another with a trigonal distortion from the
symmetrical octahedral geometry.?*f The trigonal distortion gives
BiCl*- approximate C,, symmetry, with three Bi~Cl bond lengths
of 2.644 A and three Bi—Cl distances of 2.792 A. Similarly, the
two sets of nominally different Cl-Bi-Cl angles marked in 2 show
three larger (91.0°) and three smaller (88.6°) values. If we assign
each halide ligand a 1- charge, both 1 and 2 acquire a 3—- charge
if Bi is assigned a 3+ formal oxidation state. Since Bi is a group
15 element with five valence electrons, Bi** should have a lone
pair of electrons in both 1 and 2.

The solid-state compounds Bil; (3) and Sbl; show a relationship
to one another similar to the relationship between Bilg* and
BiClg>. Bil, consists of a hexagonal close-packed lattice of iodines,
with 6° nets of Bi atoms between alternate pairs of iodine layers.?
Thus, the Bi atoms fill two-thirds of the octahedral holes between
adjacent iodine layers, or one-third of the octahedral holes in the
entire structure. 4 shows a projection of the Bil, structure, viewed

down the hexagonal ¢ axis, to highlight the octahedral coordination
of Bi by six iodines, 3.07 A away. The dashed lines in 4 outline
the rhombohedral unit cell used in the extended Hiickel band
calculations. The structure of Sbl, is similar to 3 except that the
Sb atoms are displaced by 0.320 A along the hexagonal c axis.
This results in a distortion from octahedral coordination, similar
to that observed in BiCl*" (2) and resulting in three short (2.87
A) and three long (3.32 A) Sb-1 distances in Sbl,.** Like the
molecular compounds described earlier, Bil, and Sbl, contain Bi**
and Sb**, each with a lone pair of electrons. Like the lone pairs
on Bi in the Bilg*~ molecule, the Bi lone pairs in the solid-state
compound Bil; are stereochemically inactive, inert pairs.

The compounds just described, i.e., Bilg*", BiCl*, Bil,, and
Sbl;, are not unique. Indeed, there are far too many related
structures for us to consider them all, but Tables I and II list
representative examples. Table I lists a number of structurally
well-characterized main group halides of the type MX(™, with
octahedral or distorted octahedral coordination of the central atom,
M.5-2052 The most prominent structural trends displayed by the

(5) SnClg*: Kimura, T.; Sakurai, T. J. Solid State Chem. 1980, 34,
369-376.

(6) PbFg*: S.-Dumont, O.; Bergerhoff, G.; Hartert, E. Z. Anorg. Allg.
Chem. 1956, 283, 314-329.

(7) PbClg*: (a) Andrews, R. H,; Clark, S. J.; Donaldson, J. D.; Dewan,
J. C.; Silver, J. J. Chem. Soc., Dalton Trans. 1983, 767-770. (b) Petrov, V.
V.; Bogdanova, A. V.; Vagina, M. A.; Zavodnik, V. E.; Gladyshevskii, E. L.;
Pecharskii, V. K.; Mokraya, I. R. Sov. Phys. Crystallogr. 1987, 32, 289-290.

(8) PbBr¢*: Beck, H. P,; Milius, W. Z. Anorg. Allg. Chem. 1988, 562,
102-104.

J. Am. Chem. Soc., Vol. 114, No. 12, 1992 4777

Table I. Geometric Parameters for MX,™ ¢

M X=F X=cCl X =Br X=1
Sn5% 2.763,2.894  3.080
95.9, 84.3 90.0
Pb5? 2.885 3.130 3.217
90.0 90.0 90.0
Splo 2.415,3.114  2.622, 3.061
90.4, 81.7 92.2, 90.7
2.652 2.794
90.9 90.9
Bi'-212 2.660 2.849 3.073
90.0 92.5 90.0
2.644,2.792  2.749, 3.006
91.0, 88.6 92.8, 89.6
Seld14 2.402 2.577
90.0 90.0
2.547, 2,595
92.6, 90.1
Te!s17 2.538 2.694 2,934
90.0 90.0 90.0
2.460, 2.610  2.580, 2.840
90.6, 88.3 91.0, 94.6
Br'é 1.854
90.0
Xe?® 1.89

“M = central main group atom, X = halogen; » = 0-4, From pub-
lished results of diffraction experiments. For each compound, numbers
in the first row refer to the M—X distances (A) and numbers in the
second row correspond to the X-M-X angle (deg). Superscripts on M
refer to the literature references.

compounds in Table I appear for group 15; they include a tendency
for octahedral coordination for highly electropositive central atoms

(9) Pbl¢*: (a) Vincent, B. R; Robertson, K. N.; Cameron, T. S.; Knop,
O. Can. J. Chem. 1987, 65, 1042-1046. (b) Moller, C. K. Mat.-Fys. Medd -K.
Dan. Vidensk. Selsk. 1960, 32, Nos. | and 2,

(10) SbClg*: (a) Vezzosi, I. M.,; Battaglia, L. P.; Corradi, A. B. Inorg.
Chim. Acta 1984, 89, 151-155. (b) Schroeder, D. R.; Jacobson, R. A. Inorg.
Chem. 1973, 12, 210~213. (c) Knodler, F.; Ensinger, U.; Schwarz, W.;
Scmidt, A. Z. Anorg. Allg. Chem. 1988, 557, 208-218. (d) Lawton, S. L.;
Jacobson, R. A. Inorg. Chem. 1966, 5, 743-749. (e) Prassides, K.; Day, P.;
Cheetam, A. K. J. Am. Chem. Soc. 1983, 105, 3366-3368. (f) Prassides, K.;
Day, P.; Cheetam, A. K. Inorg. Chem. 1985, 24, 545-552,

(11) SbBrg*: Okuda, T.; Hiura, M.; Koshimizu, E.; Ishihara, H.; Kushi,
Y.; Negita, H. Chem. Letts. 1982, 1321-1324,

(12) BiBrg: (a) McPherson, W. G.; Meyers, E. A, J. Phys. Chem. 1968,
72, 3117-3122. (b) Lazarini, F. Acta Crystallogr. 1978, 34B, 2288-2290,
(c) Lazarini, F. Acta Crystallogr. 1985, 41C, 1617-1619. (d) Lazarini, F.
Acta Crystallogr. 1980, 368, 2748-2750.

(13) SeClg>: Abriel, W. Acta Crystallogr. 1986, 42C, 1113-1115.

(14) SeBrg’™: Abriel, W. Z. Naturforsch. 1987, 42B, 415-420.

(15) TeClg¥: (a) du Bois, A.; Abriel, W. Z. Naturforsch. 1990, 45B,
573-578. (b) Abriel, W.; Friedrich, C. Z. Naturforsch. 1985, 408,
1691-1697. (c) Abriel, W. Z. Naturforsch. 1986, 4B, 592-598. (d) du Bois,
A.; Abriel, W. Acta Crystallogr. 1989, 45C, 1986-1988. (e) Abriel, W. Acta
Crystallogr. 1986, 42B, 449-453, (f) Ghozlen, M. H. B.; Bats, J, W. Acta
Crystallogr. 1982, 38B, 1308-1309. (g) Hinrichs, W.; Mandak, D.; Klar, G.
Cryst. Struct. Comm. 1982, 1, 309-314. (h) Michelet, A.; Toffoli, P.;
Rodier, N. Acta Crystallogr. 1986, 42C, 413-415. (i) Milne, J.; Philippot,
E.; Maurin, M. Rev. Chim. Miner. 1984, 2], 749. (§) Ault, H. K.; Husebye,
S. Acta Chem. Scand. 1978, 324, 157-162. (k) Rosso, U.; Calogero, S.; Valle,
G. Cryst. Struct. Commun. 1980, 9, 829-834. (1) Rosso, U.; Valle, G.;
Calogero, S. J. Chem. Soc. Dalton Trans. 1980, 2303-2305.

(16) TeBrg*: (a) Abrahams, S. C.; Ihringer, J.; Marsh, P. Z. Kristallogr.
1989, /86, 1-2. (b) Abriel, W. Z. Kristallogr. 1983, 162, 2-4. (c) Abriel,
W. Zehnder, E.-J. Z. Naturforsch. 1987, 42B, 1273-1281. (d) Abriel, W.
Z. Naturforsch. 1983, 38B, 1543-1547. (e) Abrahams, S. C,; Ihringer, J.;
Marsh, P. Acta Crystallogr. 1989, 45B, 26-34. (f) Abriel, W.; Ehrhardt, H.
Angew. Chem., Int. Ed. Engl. 1984, 23, 963-965. (g) Abriel, W.; du Bois,
A. Acta Crystallogr. 1989, 45C, 2002-2003. (h) Abriel, W; Ihringer, J. J.
Solid State Chem. 1984, 52, 274-280. (i) Dahan, F.; L.-Soubeyran, O. Acta
Crystallogr. 1976, 32B, 2859-2862. (j) Brown, I. D. Can. J. Chem. 1964,
42,2758-2767. (k) Dahan, F.; L.-Soubeyran, O. Acta Crystallogr. 1976, 32B,
2863-2866. (1) Kumar, V.; Aravamudan, G.; Seshasayee, M. Polyhedron
1990, 9, 2879-2885. (m) Krebs, B.; Bonmann, S.; Erpenstein, K. Z. Na-
turforsch. 1991, 46B, 919-930.

(17) Telg®: (a) Abriel, W.; du Bois, A. Z. Naturforsch. 1989, 44B,
1187-1194. (b) Kiriyama, H.; Mizuhashi, Y.; Ootani, J. Bull. Chem. Soc.
Jpn. 1986, 59, 581-585. (c) Abriel, W. Mat. Res. Bull. 1982, 17, 1341, (d)
L’Haridon, P.; Jedrzejczak, H.; Szwabski, S. Acta Crystallogr. 1979, 35B,
1843-1846.

(18) BrFg: Mahjoub, A. R.; Hoser, A.; Fuchs, J.; Seppelt, K. Angew.
Chem., Int. Ed. Engl. 1989, 28, 1526-1527.
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Table II. Structural Parameters for MX,?

M X=F X=Cl X = Br X=1
Ge2"2 1.79,2.57 2.18° 2.60, 3.37
920,850 100.3 90.4, 85.8
N2 ] 378 1.75, 3.68
102.5 106.8, 102.6
p®-2 1,57 2.04 2.20° 2.43%
97.8 100.3 101.0 102.0
2.46, 3.67
102.0, 89.4
As3033 1.71% 2.16¢ 2,32 2.55%
96.2 98.7 99.7 100.2
2.59, 3.47
99.7, 96.0
Sh3T 192,261 233 2.49° 2.72¢
88.9, 106.1 97.2 98.2 99.1
2.5 287,332
95.5 99.0, 95.8
2.49
95.1
Bj38.% 2.66,3.32 3.1
96.3,88.2 90.0
2.48° 2.82
100.0 90.0
2.63%
100.0
hd 1.54, 1.64°
103.8
Se* 4 1.68, 1.77°  2.16, 2.86 2.37,2.98
100.6 95.8, 83.1 95.4, 86.4
Te* % 192,226 231,293 2.77, 3.11, 3.23
86.5 948, 85.1 94.6, 86.0, 84.9
Cl¥ 1.57, 1.67
86.0
1.58,1.67¢
86.0
Br 1.71, 1.81
85.4, 80.6
1.77, 1.67%
85.9
g 1.75, 1.87
81.9
1.86, 1.85%
82.6

9M = central main group atom, X = halogen; n = 2-6. For each
compound, numbers in the first row refer to the M—X distances (A)
and numbers in the second row correspond to the X—-M-X angle (deg).
Superscripts on M refer to the literature references. °Electron dif-
fraction data. ‘Microwave data.

and large, electropositive ligands. Thus, Bil*~ (1) contains oc-
tahedrally coordinated Bi, but the other compounds containing
smaller ligands or less electronegative central atoms, i.e., BiBr,*",
BiCl¢*, SbBrg*, and SbCl¢*", each show two structures, one with
octahedral and another with approximate C,, symmetry about
the central atom.

Table II lists structural parameters for neutral main group
halides with the empirical formula MX,, from groups 14-17. Some
of the compounds listed are extended solids related to Bil;, but
a number of them are molecular structures.2'2  We have already

(19) IFg: (a) Christie, K. O,; Guertin, J. P.; Sawodny, W. Inorg. Chem.
1968, 7, 626-628. (b) Christie, K. O.; Wilson, W. W. Inorg. Chem. 1989,
28, 3275-3277.

(20) XeFg: (a) Gillespie, R. J. In Noble Gas Compounds; Hyman, H. H.,
Ed.; Univ. Chicago Press: Chicago, 1963; p 333. (b) Bartell, L. S.; Gavin,
R. M., Jr.; Thomson, H. B.; Chernick, C. L. J. Chem. Phys. 1965, 43,
2547-2548. (c) Gavin, R. M., Jr.; Bartell, L. S. J. Chem. Phys. 1968, 48,
2460~-2465; 2466-2483. (d) Greenwood, N. N.; Earnshaw, A. E. Chemistry
of the Elements; Pergamon Press: Oxford, 1984; p 1048. (e) Herndon, W.
C. J. Mol. Struct. (THEOCHEM) 1988, 169, 389-401. (f) Bartell, L. S. J.
Chem. Phys. 1967, 46, 4530~4531. (g) Huheey, J. E. Inorganic Chemistry;
Harper and Row: New York, 1983; p 216.

(21) GeF,: Trotter, J.; Akhtar, M.; Bartlett, N. J. Chem. Soc. A 1966,
30~-33.

(22) GeCly: Schultz, G.; Tremmel, J.; Hargittai, I.; Berecz, 1.; Bohatka,
S.; Kagramanov, N. D.; Maltsev, A. K.; Nefedov, O. M. J. Mol. Struct. 1979,
55, 207-214.

Wheeler and Kumar

2.2
2.1
2.0
1.9
1.8
a=d Sin (8/,)
1.7
1.6
1.5

1.4

1.3

1.2+

1.1

10 I I ! 1 ! L !
156 16 17 18 19 20 2.1

F Cl  Br ]

van der Waals Radius of X (X =F, CI, Br, 1)
Figure 1. One-half the ligand-ligand distance (as computed in the figure)
vs the van der Waals radius of the ligand X (X = F, Cl, Br, or I) using
the data from MX*~ and MX; (M = N, P, As, Sb, or Bi) shows a linear
correlation. A and 4 refer to trigonally distorted structures of MX; and
MX*, respectively. Similarly, O and @ refer to the octahedral structures
of MX3 and MX63-.

seen that 3 is an extended solid containing octahedrally coordinated
Bi. In contrast, the extended solid BiBr; shows two different

(23) GeBr;: Rouse, R. C; Peacor, D.; Maxim, B. R. Z. Kristallogr. 1977,
145, 161-171.

(24) NF;: (a) General Structural data on MX;: Galy, J.; Enjalbert, R.
J. Solid State Chem. 1982, 44, 1-23. (b) Passmore, J.; Richardson, E. K.;
Whidden, T. K.; White, P. S. Can. J. Chem. 1980, 58, 851-857. (c) Sawyer,
J. F.; Gillespie, R. J. Prog. Inorg. Chem. 1986, 34, 65-113. (d) Schomaker,
V., Ly, C.-S. J. Am. Chem. Soc. 1950, 72, 1182-1185.

(25) NCl3: (a) Hartl, H.; Schoner, J.; Jander, J.; Schultz, H. Z. Anorg.
Allg. Chem. 1975, 413, 61-71. (b) Burgi, H. B.; Stedman, D.; Bartell, L. S.
J. Mol. Struct. 1971, 10, 31-38.

(26) PF;: Morino, Y.; Kuchitsu, K.; Moritani, T. Inorg. Chem. 1969, 8,
867-871.

(27) PCl;. (a) Hedberg, K.; Iwasaki, M. J. Chem. Phys. 1962, 36,
589-593. (c) Cazzoli, G. J. Mol. Spectrosc. 1974, 53, 37-44.

(28) PBr;: Kuchitsu, K.; Shibata, T.; Yokozeki, A.; Matsumura, C. Inorg.
Chem. 1971, 0, 2584-2587.

(29) PI;: (a) Allen, P. W,; Sutton, L. E. Acta Crystallogr. 1950, 3, 46-72.
(b) Lance, E. T.; Haschke, J. M.; Peacor, D. R. Inorg. Chem. 1976, 5,
780~781.

(30) AsFy: (a) Konaka, S.; Kimura, M. Bull. Chem. Soc. Jpn. 1970, 43,
1693-1703. (b) Clippard, F. B, Jr.; Bartell, L. S. Inorg. Chem. 1970, 9,
805-811.

(31) AsCly: Konaka, S. Bull. Chem. Soc. Jpn. 1970, 43, 3107-3115.

(32) AsBry: (a) Samdal, S.; Barnhart, D. M.; Hedberg, K. J. Mol. Struct.
1976, 35, 67-80. (b) Robiette, A. G. J. Mol. Struct. 1976, 35, 81-84. (c)
Singh, A. K.; Swaminathan, S. Z. Kristallogr. 1967, 124, 375-377. (d)
Trotter, J. Z. Kristallogr. 1968, 122, 230~236.

(33) Asly; (a) Morino, Y.; Ukaji, T.; Ito, T. Bull. Chem. Soc. Jpn. 1966,
39, 71-78. (b) Enjalbert, R.; Galy, J. Acta Crystallogr. 1980, 36B, 914-916.

(34) SbF;: (a) Edwards, A. J. J. Chem. Soc. A 1970, 2751-2753. (b)
Matsumura, C.; Takeo, H. Symposium on Molecular Structure; Oct 15, 1969.

(35) SbCl;: Konaka, S.; Kimura, M. Bull. Chem. Soc. Jpn. 1973, 46,
404-407.

(36) SbBr;: (a) Konaka, S.; Kimura, M. Bull. Chem. Soc. Jpn. 1973, 46,
413-416. (b) Cushen, D. W.; Hulme, R. J. Chem. Soc. 1964, 4162-4166.
(g) Cushen, D. W.; Hulme, R. J. Chem. Soc. 1962, 2218-2222.

(37) Sbl,: (a) Almenningen, A.; Bjorvatten, T. Acta Chem. Scand. 1963,
17, 2573-2574. (b) Pohl, S.; Saak, W. Z. Kristallogr. 1984, [69, 177-184,
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structures, one with octahedrally coordinated Bi and one with C;,
site symmetry at the Bi atom.*® Sbl;, Asl;, and PI, also display
C,, site symmetry, with three short and three long M-I distances,
whereas the bromides, chlorides, and fluorides of these elements
are molecular compounds with the central atom bonded to three
halide ligands. A second, more distant coordination shell of five
ligands completes the coordination geometry for the bromides,
chlorides, and fluorides of Sb, As, and P. So octahedral coor-
dination is more prevalent for compounds of the type MX; with
electropositive, group 15 central atoms and large, electropositive
ligands. As the central atom becomes more electronegative or
the ligands become smaller and more electronegative, the coor-
dination geometry usually distorts to C;, geometry, until the
limiting distortion of ligand dissociation is attained.

Clearly the variety of structures for the compounds listed in
Tables I and II will not be easily rationalized. Several possible
explanations, ranging in sophistication from VSEPR to relativistic
molecular orbital calculations, have been put forth for various
observed structures.!0a!%.53.54  Although we have seen that
VSEPR, with its requirement that lone pair electrons demand
angular space around a central atom, cannot explain the variety
of observed structures, neither is it necessary to invoke relativity

(38) BiCl;: Skinner, H. A.; Sutton, L. E. Trans. Faraday Soc. 1940, 36,
681-685.

(39) BiBry: Benda, H. Z. Kristallogr. 1980, 151, 271-285.

(40) SF,: (a) Kimura, K.; Bauer, S. H. J. Chem. Phys. 1963, 39,
3172-3178. (b) Tolles, W. M.; Gwinn, W. D. J. Chem. Phys. 1962, 36,
1119-1121.
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Figure 2. Interaction diagram showing how the orbitals of 1,5 (left side)
and Bi** (right side) interact to give the orbitals of Bil*" (middle).

to understand structural trends. In fact Figure 1, a plot of one-half
the ligand-ligand distance vs the ligand’s van der Waals radius
for MX; and MX¢* structures (M = a group 15 atom, X = a
halide), implies that the assumption of ligand-ligand repulsion
central to VSEPR successfully predicts ligand-ligand distances
for most such compounds. If the ligands were hard spheres, we
would expect Figure 1 to display a straight line with a slope of
1, passing through the origin. The plot instead shows a series of
straight lines, one for each M, but nonetheless implies that for
nonoctahedral structures the ligand-ligand distance is fixed by
repulsions between the ligands. Since it is the octahedral structures
which deviate from the correlation, one may infer that other
factors, perhaps electronic effects, are responsible for the octa-
hedral geometries. Qur strategy is to search for those electronic
effects by comparing MOs for the MX ™ molecules, Bil>~ and
BiCl¢*, using the semiempirical extended Hiickel method.*
Walsh diagrams are presented to show orbital energy changes from
octahedral to C;, geometries. We expect orbital interactions
similar to those seen in the molecular case to be important in
determining structures of the solid-state compounds of the type
MX,. Bonding in the solid-state MX;-type compounds, Bil, and
Sbl,, is analyzed using density of states and band structure plots.
Thus, we present a unified picture of the orbital reasons for the
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Figure 3. Sums of one-electron energies for BiCls*, Bilg*™, and SbCl*-
as 9, and 9, (indicated at top of the figure) are changed from 90° to 70°
indicate that only Bilg* is more stable in an octahedral structure.

lone pair activity or inactivity in MX; solids and MX¢* molecules
based on qualitative symmetry and overlap arguments. Compu-
tational and structural details are given in the Appendix.

Bonding in Octahedral and Distorted Bils>

To investigate the nature of the distortion from octahedral to
C,, symmetry in molecules of the type MX,>, we selected SbCl¢*",
BiCls*, and Bilg*~ as representatives because they are experi-
mentally known examples of octahedral (Bil¢*") and distorted
octahedral coordination for which the ligands (BiClg*") and then
the central atom (SbCl>") of Bil¢>~ have been replaced. We
present an interaction diagram for the octahedral Bils*~ in Figure
2. Although qualitative MO descriptions of bonding in MX,*"
are available,*2! we highlight the MOs important for our later
discussion. On the left side of Figure 2, the MOs of the I
fragment are shown, and on the right, the orbitals of Bi3* are
displayed. The interaction between the orbitals of these two
fragments leads to the orbitals of the Bils>~ molecule, shown in
the center of Figure 2. Bi s interacts with two iodine lone pair
orbitals to form one bonding, one approximately nonbonding, and
one antibonding orbital. The highest energy member of this set
is the HOMO of Bil¢>. It is antibonding between Bi s and hybrids
of iodine s and p orbitals, The interaction between Bi p orbitals
and iodine lone pairs gives three bonding, three approximately
nonbonding, and three antibonding t;, orbitals. The lowest
unoccupied MOs of Bil¢*~ are the three antibonding partners of
the bonding t;,. A single orbital of both the nonbonding and
antibonding t,, sets formed from Bi p, is sketched in Figure 2.
The antibonding orbital consists of Bi p, with a small amount of
iodine s and p character. Also sketched in Figure 2 are three iodine
lone pair orbitals. Two have strong iodine—iodine antibonding
character and no Bi contribution; the third, lowest energy lone
pair is weakly iodine-iodine and iodine-bismuth bonding.

Next we calculated the total energy (Figure 3) as the bond
angles 4, and 8, (indicated at the top of Figure 3) are simulta-
neously varied. For Bil*", the experimentally observed structure
with 8; = 6, = 90° is the most stable, lowest energy structure.
On the other hand, the C;, structures with 8, ~ 75° and 8, ~
105° are preferred by 0.3 eV for BiCls*~ and 0.2 eV for SbCl>",

Wheeler and Kumar
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Figure 4. Walsh diagram of orbital energy changes to display the

1a,-HOMO mixing and the spreading of the iodine lone pair orbital
energies as 6, and 9, are simultaneously varied for Bils*.

Although the experimentally observed structures for the distorted
BiCl¢* and SbCl*~ molecules are much closer to 90° and octa-
hedral geometries are also known for both molecules, the ex-
perimental structures agree with our finding that distortion from
octahedral coordination is easier for BiClg>~ and SbClg* than for
Bil3-.

The changes in total energy upon distortion of Bil®*" are dis-
played as individual orbital energy changes in the Walsh diagram
of Figure 4. Selected MOs of the octahedral structure are given
on the left of Figure 4, and the corresponding MOs of the distorted
geometry are shown on the right. The octahedral structure has
all I-Bi-I angles equal, and the distorted C;, geometry has three
small (8;) and three large (6,) I-Bi-I angles. At the octahedral
geometry both the HOMO and LUMO are Bi-I antibonding.

Upon distortion from octahedral geometry, several important
changes take place among the orbitals of octahedral Bilg*~. The
HOMO and the LUMO both decrease in energy. The HOMO
is stabilized by mixing with the LUMO, in a second-order
Jahn-Teller distortion.”® The HOMO-LUMO mixing is illus-
trated in 5§ and serves to decrease the coefficients on the bottom
three iodines, hybridize the Bi s toward the top three iodines, and
decrease the antibonding interaction between Bi and the top three
iodines by redirecting the iodine orbitals. The 1a, orbital also

U+XX :}?%

5

mixes with the 2a; HOMO in an antibonding way, to help re-
hybridize the orbitals on the top three iodines in the HOMO of

(56) Jahn-Teller effect: (a) Bersuker, I. B. The Jahn-Teller Effect and
Vibronic Interactions in Modern Chemistry; Plenum Press: New York, 1984,
(b) Pearson, R. G. J. Mol. Struct. (THEOCHEM) 1983, 103, 25-34,
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Figure 4 and to enhance the directional character of the Bi
contribution to the HOMO. The LUMO at the octahedral ge-
ometry is mainly composed of Bi p,. Upon distortion, the HOMO
mixes into the LUMO to reduce the contribution from the top
three iodines and leave the coefficients of the bottom three iodines
in the LUMO more or less unchanged (6). The energy decrease

7 /4 ,
Lado 5
6

of the LUMO can be explained by considering the overlaps of
Bi and I orbitals during the distortion. The overlap changes
indicate that the antibonding overlap between all iodine AOs and
Bi p, is reduced during the distortion. The small drop in the
LUMO energy reflects this decrease in Bi-I antibonding overlap.
Both the a, and the e orbitals sketched in Figure 4 go up in energy
upon distortion from the octahedral geometry. The e orbitals go
up in energy by mixing with the lower lying orbitals of the same
symmetry. In this process, the contribution from the top three
iodines in the e orbitals is nearly canceled. In addition, the lower
three iodines in the figure move closer to each other, and their
antibonding interaction increases as the value of 6, decreases. The
a, orbital in Figure 4 is pushed up because another low-lying
orbital of the same symmetry mixed with it upon distortion from
octahedral geometry (7). The top three iodine orbital coefficients

+kx:}%/§@

on the lower energy a, orbital are similar to those in a, of Figure
4, but they are opposite in sign. Their mixing cancels the coef-
ficients on the top iodines of a, and reinforces the coefficients on
the bottom three iodines.

We have performed calculations and generated a Walsh dia-
gram for BiClg*> to contrast with Figure 4. We do not present
the details, but simply note the following for BiClg>~ compared
to Bilg: (1) the HOMO-LUMO gap is larger, (2) 1a, is further
in energy from the HOMO, and (3) the Cl lone pair orbitals spread
out much less in energy upon distortion. The smaller HOMO-
LUMO gap for Bilg*" would ordinarily require stronger
HOMO-LUMO mixing and a stronger distortion in the case of
Bil>~. Bil* retains an octahedral geometry whereas BiClg*"
distorts because 1a, is also much closer to the HOMO in Bil*".
1a, therefore mixes with the HOMO more strongly to keep it at
higher energy in Bil>~. In addition, the broader block of iodine
lone pairs near —12.5 eV on the right side of Figure 4 is a sign
of stronger antibonding interactions between iodines than between
chlorines, due to the more diffuse orbitals on iodine. This stronger
iodine—iodine antibonding interaction is a second factor in the
preference of Bilg*~ for an octahedral geometry.

What do the calculations predict for the individual M—X bond
lengths? Since the extended Hiickel method is well-known to
experience difficulties predicting bond lengths, we did not change
the M-X distances in our calculations. Table III instead compares
the M-X overlap populations, a measure of bond order. In the
octahedral geometry, all six M—X overlap populations are equal,
but in the distorted geometry, there are two sets of overlap pop-
ulations: one value, for the bonds defining the larger angle (4,),
is small, and the second value, for the bonds defining 4,, is larger.
Since the experimental structures for BiClg*~ and SbCl¢*~ show
that the shorter bonds bound the smaller angle, 8,, and the longer
bonds define the larger angle, 8,, experimentally observed bond
lengths support our calculated overlap populations. Thus, the
calculations imply that the lone pair electrons on the central atom
are hybridized toward the longer bonds and larger angles in
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Table III. Calculated Overlap Populations for the Octahedral (Oy)
and the C,, Distorted Structures of Bilg*, BiCl¢*", and SbCl*

overlap population

C3u
MX63- bond O, 0]“ 02“
Bils* Bi-1 0.136 0.206 0.092
BiClg*- Bi-Cl 0.049 0.141 —-0.002
SbClg*- Sb—Cl 0.105 0.210 0.049
2, = 70° and 6, = 110°.
1.1
-3.7
E
(eV)-10.1
-14.9
-18.7

DOS

Figure §. Total density of states (solid line) and density of states (DOS)
projection for the bismuth atoms (shaded area) in octahedral Bil;. E;
indicates the Fermi energy.

molecules of the type MX*", M = Bi or Sb; X = I or Cl.
The distortion presented in the above discussion hybridizes a
lone pair on the central atom toward the face of an octahedron,
but we can think of other possible high-symmetry distortions that
would direct the central lone pair toward an edge or a vertex of
the octahedron. Our calculations show that distortion to hybridize
the lone pair toward a face of an octahedron gives a lower energy
compared to the other two possible high-symmetry distortions.

The Bil; Extended Solid

Since the local coordination geometries of Bi in Bil; and of Sb
in Sbl, are similar to the coordination of Bi in the Bils*~ and
BiCls* molecules respectively, we expect many similarities between
the electronic structures of the molecular and the solid-state
cornpounds. Figure 5 shows the density of states (DOS) and the
projected DOS for the bismuth atoms (shaded area in Figure 5)
in Bil;. The small shaded area in the three lower energy groups
of peaks in the projected DOS indicates that the corresponding
levels are composed mainly of iodine orbitals. This is because
bismuth’s share in the total stoichiometry of Bil; is only one-fourth
and, of this, only the s atomic orbitals have an energy near the
iodine s and p levels. The large peak in the middle of Figure 5
contains very little Bi character and can be attributed primarily
to the iodine lone pairs. The Bi orbitals are concentrated mainly
in the energy levels near 1.1 eV and to some extent in the energy
range near -8 eV,

The Bi DOS is further decomposed into s and p, components
in parts a and b of Figure 6. Figure 6a gives the Bi s orbital
projection and shows that Bi s is concentrated in the energy ranges
immediately above —19.7 eV and near —8 eV. Figure 6b, the
projected Bi p, DOS, shows that the peaks above —3.7 eV contain
a large amount of Bi p,. Bi p, also makes a small contribution
to the predominantly iodine-based levels above —19.7 and -14.9
eVv.

The key features highlighted by contrasting parts a and b of
Figure 6 are (1) the absence of Bis character in the energy ranges
where Bi p, appears (above —3.7 e¢V) and (2) the lack of Bi p, in
the energy range of Bis. The mutually exclusive Bi s and Bi p,
orbital character in parts a and b of Figure 6 results not from the



4782 J. Am. Chem. Soc., Vol. 114, No. 12, 1992

Ef

(eV)-10.1

-14.9

-19.7

DOS

(a)

Wheeler and Kumar

Ef

E
(ev}y-10.1

-14.9

-19.7

DOs

(b)

Figure 6. Density of states (DOS) projection (a) for the s orbitals of Bi (darkened area) and (b) for the p, orbitals of Bi (darkened area) indicate that
Bi s and p, do not mix in Bil;. The solid line is the total density of states in both a and b. E; indicates the Fermi energy.
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Figure 7. Energy bands of Bil;. Bands are plotted using the rhombo-
hedral Brillouin zone (inset) along F to I' to Z to L. E; indicates the
Fermi energy.

space group symmetry of the full Bil, structure but from the
symmetry of a single “sandwich” consisting of one Bi and two
iodine layers. Because the interaction between sandwiches across
the van der Waals gap between iodines is very weak, only the
symmetry of the individual sandwich is reflected in the orbital
mixings. Since the Bi atoms of Bil; rest on an inversion center
for the isolated sandwich and since s and p, atomic orbitals have
different symmetries under inversion, the mixing of Bi s and p,
is vanishingly small. The most important implications of orbital
symmetry will become apparent when we compare the orbitals
near the Fermi energy of the distorted Sbl;-type structure with
those of Bil,. But first, we will consider the crystal orbitals of
Bil; in more detail.

We can investigate the various orbital energy levels and the
orbital mixings in detail by considering the individual energy bands
for Bil;. Figure 7 displays the band structure for rhombohedral
Bil;. General features to note include the uniformly flat ap-
pearance of most bands, giving rise to the narrow peaks in the
density of states curves. The lack of dispersion along the line I'-Z
in the Brillouin zone is expected and confirms that orbital overlap
across the van der Waals gap between iodines located in adjacent
I-Bi-1 sandwiches (stacked along the c axis) is very small indeed.
Similarly, the iodine lone pair bands just above —14.9 eV are flat
throughout the Brillouin zone because of their small mutual
overlap and give rise to the large, central peak in the DOS.

The preferred coordination geometry of the Bi atoms is our main
focus and can be understood by considering the bonding or an-
tibonding character of specific Bi-I bands. The six lowest energy
bands in Figure 7 correspond to the set of peaks near —19.7 eV

in the DOS curve, and the two bands just below —14.9 eV (labeled
T, and T, at the point T") lead to the pair of peaks at the same
energy in the DOS. Both I'; (sketched in 8a) and I'; (8b) contain

Bi s interacting with I p orbitals in a bonding way. T, is more
bonding than I';, because in I', the s on I mixes in an antibonding
fashion with the Bi s. This mixing reduces the Bi-I bonding
interactions and pushes I', higher in energy than I';. Just above
the iodine lone pair orbitals are the two highest occupied crystal
orbitals of Bil;, labeled I'; and T', and sketched in 8¢ and 84. T,

and T, are the Bi-I antibonding counterparts of I'; and I'; and
are thus formed from Bi s and I p orbitals interacting in an
antibonding way. T, is more antibonding than T'; because the
iodine orbitals are directed along the Bi-I bonds and the s on the
iodines interacts in an antibonding way with the Bis. Two other
important orbitals, I's and T, are shown in 8e and 8f and are based
mainly on Bi p,. They are unoccupied, and they are antibonding
between Bi p, and iodine p. The Bi s character of I'; and T,
as well as the large Bi p, contribution to I's and T, is consistent
with the projected densities of states for Bi s (Figure 6a) and Bi
p: (Figure 6b). The separation of Bi s and p, orbitals will prove
important later, when we consider the distorted structure of Sbl;.

To contrast Bi-I bonding and the character of the lone pair
on the central atom in the Bil; and Sbl; structure types, we
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performed band structure calculations for Bil; using Bi atoms
located at the fractional coordinates for Sb in the Sbl; structure,
and leaving the I atoms at their locations in Bil;. As a result,
the Bi atoms are moved along the 3-fold axis toward one layer
of iodines and away from the second layer. The distortion from
the Bil; structure to a model for the Sbl, structure type thus gives
two sets of three Bi-I distances, one short (2.90 A) and one long
(3.27 A), and maintains the same space group. Figure 8a shows
the total density of states and the Bi s projected density of states
for Bil; in the Sbl; structure type. (Although we have plotted
the total bismuth DOS projection, it differs little from the bismuth
DOS for Bil,, Figure 5, and we do not show it here.) The most
important feature of Figure 8a is the small but significant con-
tribution of Bi s to the highest energy peaks in the DOS.

The contribution of Bi p, orbitals to the total DOS is displayed
in Figure 8b. Bi p, makes a small contribution to the lowest energy
group of peaks as well as to the large peak comprising the iodine
lone pairs. Most importantly, a small amount of Bi p, is mixed
into the highest energy occupied bands, bands with a large Bi s
component, located just below the Fermi energy. Figure 8b also
shows that most of the Bi p, character spreads into a double peak
near 0.0 eV upon distortion.

Again, the various peaks in the DOS can be traced to bands
in the band structure plot, Figure 9. For example, the lowest
energy peaks in the DOS arise from the six lowest bands in Figure
9, and the peaks just below —14.9 eV are obtained from the two
bands appearing near that energy in Figure 9. These two bands
are labeled T'y” and I'y’ and are sketched in 9a and 9b. T}’ and

Ty’ are both Bi-I bonding between Bi s and I p orbitals, but the
mixture of I s in Ty’ serves to hybridize the orbital away from Bi
and reduces the bonding interaction. The pair of bands imme-
diately below the Fermi energy are Bi-I antibonding and are
sketched in 9¢ and 9d. 9c¢ (T'y") and 9d (I',’) show that these
orbitals are formed mainly from Bi s with some Bi p, mixed in.
In I'y, the Bi contribution mixes with iodine p in an antibonding
way; in T'y/, Bi orbitals overlap with both iodine s and iodine p
in an antibonding way. The orbital composition of these two bands
is entirely consistent with the mixing between Bi s and Bi p,
indicated in the projected DOS of Figure 8. Likewise, parts a
and b of Figure 8 indicate that a significant amount of Bi p, is
mixed with some Bi s in the highest energy peaks of the DOS plots.
These peaks can be traced to I's’ and I'¢/, sketched in 9e and 9f.
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T's’ and T’ are antibonding between iodine p and both Bi p, and
Bi s.

Now that we understand the orbitals of Bil; and of the model
for the Sbl; structure type, we can contrast the orbitals of the
two structures to discover the reasons for the distortion in Sbl;.
First, we note that the calculated average energy for Bil; in the
Sbl, structure type is nearly 1.3 eV lower than the energy of Bil;.
Since this would suggest that Bil, prefers the distorted structure,
we repeated the two calculations for Sb instead of Bi and found
the distorted structure is favored by more than 6 eV. Hence, the
relative energies for Bil; in the two structures are not correct, but
our calculations show that Bi prefers octahedral coordination in
these structures much more than Sb does. We believe, therefore,
that the difficulty with total energies reflects the extended Hickel
method’s well-known deficiency in predicting bond lengths and
that the orbitals indeed show the primary interactions responsible
for the distortion.

Comparing the projected density of states curves for Bi s and
Bi p, in the Bil; structure (parts a and b of Figure 6) with the
same projections for Bil; in the Sbl; model structure (parts a and
b of Figure 8) gives the major cause of the distortion observed
for Sbl;: the mixing of Bi s and Bi p, levels. The mixing is clearly
seen by contrasting the shape of the orbitals 8¢ and 8d for Bil;
(only s and no p, on Bi) with 9¢ and 9d for the Sbl; model
structure (p, mixed with s on Bi). Similarly, 8¢ and 8f (only p,
and no s on Bi) and 9e and 9f (s mixed with p, on Bi) support
this picture. In fact, the mixing between the pairs of bands I';
and T, with T's and T'; upon distortion occurs not just at T' but
throughout the entire Brillouin zone. Since the levels which
combine are nondegenerate, this is similar to a second-order
Jahn-Teller distortion and is exactly analogous to the distortion
discussed for the MX*~ molecules.

Conclusions

We have presented simple frontier orbital arguments to provide
a unified picture of the “inert pair effect” in the molecules Bil¢*"
and BiClg*- and the extended solids Bil; and Sbl;. Extended
Hiickel molecular orbital calculations show that these compounds
tend to exhibit a second-order Jahn—Teller distortion from octa-
hedral to trigonal coordination. The result of the distortion is
similar for the molecular and solid-state structures: stereochem-
ically inactive lone pair electrons in the highest occupied orbitals
of the octahedral structures (Bilg>~ and Bil;) occupy a spherically
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Figure 8. Density of states (DOS) projection (a) for the s orbitals of Bi (shaded area) and (b) for the p, orbitals of Bi (darkened) show that Bi s and

p. mix in the distorted Bil; (Sbl;) structure type.
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Figure 9. Energy bands of Bil; in the Sbl; structure type. Bands are
plotted using the rhombohedral Brillouin zone (inset) along F to I' to Z
to L. E;indicates the Fermi energy.

Table IV. Parameters Used in the Extended Hiickel Calculations

atom orbital H; (eV) I ref

Bi 6s -15.19 2.56 55¢f
6p -7.79 2.07

Sb Ss -18.80 2.32 55g
5p -11.70 1.99

I Ss -18.00 2.68 55h
5p -12.70 2.32
Cl 3s -30.00 2.03
3p -15.00 2.03

9Slater exponents.

symmetric Bi s orbital which becomes, upon distortion to the
BiCl*> or Sbl; structure types, a stereochemically active hybrid
of s and p,. In both cases the hybridization is toward the longer
bonds. We infer this from the smaller Bi-I overlap populations
along bonds in the direction of the hybrid for the MX¢> molecules,
and we demonstrate it directly in Bil; by moving the Bi atoms

and noting that the hybrid points toward the longer Bi-I bonds.
For the molecules studied, the lone pair is hybridized toward the
nominally larger angles; for the MX; solids, the lone pair is
hybridized toward the smaller angles. Thus, the fundamental
assumption of VSEPR, i.e., that lone pair electrons demand an-
gular space around the central atom, is confounded in the solid
state, and bond length rather than bond angle variations indicate
the orientations of lone pair electrons in these compounds.
Whether or not the distortion is structurally realized and the
lone pair electrons on the central atom are rendered stereochem-
ically active in the MX,*~ molecules depends upon the energy gap
between the HOMO and an a, orbital that has primarily ligand
lone pair and central atom p, character. For electropositive central
atoms and electropositive ligands, the small HOMO-1a, gap
tempers the distortion and favors the “inert pair effect”. Lig-
and-ligand repulsions, the determinant of molecular structure
according to VSEPR, also act to inhibit the distortion.
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Appendix

All computations were carried out using the extended Hiickel
method with weighted H,’s.>**¢ Atomic parameters for our
calculations have been uscdl previously and are given in Table IV.
Bond lengths for the calculations are averages of experimentally
determined distances. For the molecular structures, bond lengths
are 3.07 A for Bi-I in Bilg*,2 2.73 A for Bi-Cl in BiClg*,2 and
2.70 A for Sb—Cl in SbClg>.1% For the solid-state compounds,
geometries were determined from fractional coordinates reported
in the experimental X-ray diffraction studies. The k-point sets
for density of states calculations were special k-point sets chosen
using the procedure of Chadi and Cohen.*!



