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Abstract: A wide range of compounds has been investigated theoretically by extensive ab initio computations in order to study
the vertical and horizontal periodic trends in element-ligand bond stabilities and the occurrence of low valencies in the chemistry
of heavy elements. We have studied the following: (1) group 13 hydrides and fluorides, MX and MX; (M = B, Al, Ga, In,
Tl; X = H, F); (2) various hydrides and fluorides of the 6th period, viz., AuH, HgH,, T1X, TIX; (D3;), PbX, (Cy,), PbX,
(T, BiX (C..; 3Z7), BiX; (C3,), and BiX; (Dy, and C,,) (X = H, F); (3) the thallium compounds TIX and TI1X; (X = H,
F, Cl, Br, I). At the best level of treatment of electron correlation (quadratic configuration interaction), the calculated molecular
properties are in good agreement with the available experimental results. From the ab initio calculated values of dissociation
energies, D,, of MX,, we have derived the internal energies of X, elimination, of disproportionation of MX,,.,, and of X, exchange
between different elements in the gas phase. Our conclusions are summarized here. (1) Low valencies in compounds of the
heavy elements arise naturally as a consequence of the periodic trend toward lower M—X bond strength with increasing atomic
number, in agreement with an earlier analysis of experimental thermochemical data by Drago. Relativistic effects in the 6th
period significantly augment this trend, but are not dominant. (2) Within the group 13 compounds MX;, elimination of X,
is strongly endoergic but is less so for the heavier elements M. For TI1X;, AU for X, elimination varies in the order X = F
> C1> Br > [ > H, despite a diminishing relativistic reduction of AUj along this series. (3) In the series T1X;, PbX,, BiX;,
the tendency to eliminate X, and achieve a lower coordination number increases sharply between lead and bismuth, i.e., Bi¥
is a markedly stronger oxidant than PblY. Relativistic contributions are almost constant along the series, though they clearly
assist the oxidizing ability of these elements in their highest valency. (4) For the 6th period MX,_, compounds, the fluorides
all strongly resist disproportionation, whereas disproportionation of monomeric TIH and PbH, is favored and is assisted by
relativity. For the univalent group 13 hydrides and for BF, disproportionation is decisively assisted by the formation of M,
from atomic M. (5) Thallium(III)-X bonds are weaker than thallium(I)-X bonds by ca. 30% except in the case of X = H.
The strong binding between highly electronegative fluorine and thallium(I) favors the formation of 3TIF and T1X; from TIF,
and 3TIX (X = Cl, Br, I, H). (6) Mulliken population analysis reveals no discernible trend in ns population between AlX;
and TIX; (X = H, F) and thus provides no computational evidence for an especially inert 6s pair. (7) Although relativistic
contributions play an important role in the chemistry of the 6th period elements, there is no evidence that the 6s electrons
are more inert than the s electrons of lighter elements. Thus, there is no special “inert pair effect” for the 6th period elements,

and it is inappropriate to use this term to designate the low valencies of heavier elements.

I. Introduction
The aim of this work is to gain insight into the tendency to low
valency in the chemistry of heavy elements by studying theo-
retically, at both nonrelativistic and relativistic levels, the change
in internal energy, AU, of the decomposition reaction shown in
eq 1.
MX, = MX, , + X, (X = halide or hydride) (1)

It is well known that the post-lanthanide elements thallium,
lead, and bismuth form compounds (notably, halides and oxides)
in which the elements are uni-, di- and trivalent, respectively, i.e.,
two below the characteristic group valency.!> Sidgwick termed
this behavior the inert pair effect! and attributed it to the corelike
nature of the 6s electrons. The remarkable physical properties
and the low reactivity of elemental mercury have also been at-
tributed to the inertness of the 6s? electron pair. Although the
phenomenon of lower valency is most evident for these heavy
elements, similar behavior does appear elsewhere in the periodic
table. For example, compounds of divalent tin and germanium
(e.g., SnCl, and GeCl,) are well established, and elements that
follow the filling of the first and second transition series are
noticeably less stable in their highest oxidation states than are
their lighter congeners.

Many textbooks? note that the term “inert pair effect” is merely
a label rather than an explanation of the phenomenon. Drago®
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has analyzed the hypothesis of an inert pair effect for the chlorides
of groups 13 and 14, pointing out that inertness of the 6s electrons
should be reflected in markedly larger 6s ionization potentials (IP).
As shown in Figure 1, there is a slight increase in IP from the
5th to the 6th period of the periodic table. Drago noted, however,
that the 4s electrons are stabilized even more than the 6s electrons,
even though elements such as germanium and gallium do not show
an inert pair effect to the same extent as lead and thallium. From
careful analysis of the standard heats of the gas-phase decom-
position reaction 1, where M is any group 13 or 14 element and
X is chloride, Drago concluded that with increasing atomic number
the bond energy decreases as a consequence of a decrease in the
covalent contribution to the M—Cl bond for compounds of the
heavier elements. Within the hybridization model, it may be
argued that, for the heavier elements, the bond energies of the

(1) (a) Sidgwick, N. V. Some Physical Properties of the Covalent Link
in Chemistry; Cornell University Press: Ithaca, NY, 1933; pp 189 and 210.
(b) Sidgwick, N. V. 4nn. Rep. 1933, 30, 120. (c) Sidgwick, N. V. The
Chemical Elements and their Compounds; Clarendon Press: Oxford, 1950;
Vol. 1, p 287.

(2) (a) Grimm, H. G. Z. Phys. 1921, 98, 353. (b) Grimm, H. G.; Som-
merfeld, A. Z. Phys. 1926, 36, 36. (c) Stoner, E. C. Philos. Mag. 1924, 48,
719.

(3) For discussions of the inert pair effect see, for example: (a) Cotton,
F. A,; Wilkinson, G. Advanced Inorganic Chemistry, 5th ed.; Wiley-Inter-
science: New York, 1988; pp 208-209. (b) Huheey, J. G. Inorganic Chem-
istry: Principles of Structure and Reactivity, 3rd ed., Harper and Row: New
York, 1983; pp 843-849. (c) Greenwood, N. N.; Earnshaw, A. Chemistry
of the Elements; Pergamon: Oxford, 1984; pp 255-256.

(4) Drago, R. S. J. Phys. Chem. 1958, 62, 353.
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Figure 1. Experimental ns?('Sg) — ns'(%S,,,) ionization potentials, IP
(ref 5), for the group 13 (B* to T1*), group {4 (C?* to Pb?*), and group
15 (N** to Bi**) elements (n = 2-6). The trend in the second s ionization
potentials ns'(2S, ;) — ns%('Sy) is very similar to the trend shown in this
graph.
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Figure 2. Experimental ns?(1Sy) — ns'np'(’Py) excitation energies AE
(ref 5) for the group 13 (B* to TI*), group 14 (C** to Pb?*), and group
15 (N3* to Bi**) elements (» = 2-6).

higher halides are insufficient to balance the energy required for
s—p hybridization. Although the s—p separations (Figure 2)° show
a more marked increase from the 5th to the 6th period than do
the ionization potentials (Figure 1), the variation in bond stabilities
of the group 13 and 14 compounds discussed above is still
unexplained. The graphs shown in Figures 1 and 2 have already
been discussed by Nyholm.® The “zigzag™ behavior of physical
and chemical properties down a group in the periodic table has
long been recognized” and has been discussed on the basis of
variations of electronegativity.®

Attempts have been made to ascribe both the zigzag behavior!®
and the presumed inertness of the 6s electrons!!! to relativistic
effects. A rough explanation of the underlying phenomenon is
that the relativistic mass—velocity operator acts on the inner tail
of the 6s orbital, causing an overall contraction of the 6s density.!

(5) Moore, C. E. Atomic Energy Levels; Natl. Bur. Stand. (U.S.) Circ.
No. 467; U.S. GPO: Washington, D.C., 1958.

(6) Nyholm, R. S. Proc. Chem. Soc. 1961, 273.

(7) Biron, E. V. Zh. Russk. Fiz. Khim. Obshch. 1918, 47, 964.

(8) Sanderson, R. T. J. Am. Chem. Soc. 1952, 74, 4792.

(9) Pyykkad, P. J. Chem. Res. 1979, 380.

(10) (a) Cohen, M. L.; Heine, V. Solid State Phys. 1970, 24, 37. (b)
Austin, B. J.; Heine, V. J. Chem. Phys. 1966, 45, 928. (c) Jorgensen, C. K.
Modern Aspects of Ligand Field Theory; North-Holland: Amsterdam, 1971;
pp 488—497.

(11) (a) Pyykks, P.; Desclaux, J. P. Acc. Chem. Res. 1979, 12, 276. (b)
Pyykkd, P.; Desclaux, J. P. C. R. Séances Acad. Sci. 1981, 23, 1513. (c)
Desclaux, J. P., Pyykkd, P. Recherche 1980, 11, 594.

(12) (a) Schwarz, W. H. E.; VanWezenbeek, E. M.; Baerends, E. J;
Snijders, J. G. J. Phys. B 1989, 22, 1515. (b) Schwarz, W. H. E,;
Schwerdtfeger, P.; Snijders, J. G.; Baerends, E. J. J. Phys. B 1990, 23, 3225.
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Table I. Nonrelativistic Hartree~Fock (HF), Relativistic Dirac—Fock
(DF), and Experimental Ionization Potentials (IP) 6s%(!S,) —
6s'(S, ) and Excitation Energies (AE) 6s%('Sg) — 6s'6p'(°Py) for
Hg, TI*, Pb?*, and Bi** (in eV)

HF¢ DF? exp’ Ag? Ayt

IP 682(150) - 681(251/2)
Hg 6.830 8.533 10.43 -1.703 -1.90
TI* 15.709 18.399 20.42 -2.690 -2.02
Pp?* 26.102 29.819 31.93 -3.717 -2.11
Bi* 37.781 42.607 453/ -4.826 =27/

AE 6s3(1S;y) — 6s'6p'(°Py)

Hg 2.145 3.199 4.667 -1.054  -1.468
TI* 3416 4,772 6.131 -1.356 -1.359
Pb2* 4.587 6.271 7.486 -1.684 -1.215
Bi** 5.702 7414 8.798 -1.712 -1.384

4Calculated by means of program McCHF (ref 15). ?Including QED
effects; calculated by means of program McDF (ref 16). From ref 5.
4Relativistic effects AR(IP) = IPNR - IPR and AR(AE) = AENR - AER
¢Correlation effects A, IP = IPg — IP,,;, and A (AE) = AEp — AE,,,.
/The trend in A, IP suggests that the experimental value for the ioni-
zation potential 6s2(!Sy) — 6s'(%S,,,) of Bi’* may be overestimated.

This effect reaches a maximum for group 11 elements such as
gold,? but is still very large for the elements thallium, lead, or
bismuth. The increase in both s ionization potential and the s—p
energy gap from the 5th to the 6th period (as shown in Figures
1 and 2) is indeed a relativistic effect. Comparison of the theo-
retical and experimental 6s ionization potentials and 6s — 6p
excitation energies given in Table I shows clearly that this effect
can become more important than electron correlation in the va-
lence region. This relativistic effect on the 6s pair has been invoked
by several authors to rationalize low valency (in most cases without
quantitative computational justification) and has been equated
to Sidgwick’s inert pair effect (see, for example, discussions in
refs 13 and 14).

The phenomenon of lower valencies depends on both the heavy
element (M) and the choice of ligand, e.g., thallium(III) halides
tend to be unstable with respect to thallium(I) halides, whereas
TI(CH,;); is a stable compound at room temperature and TICH,
is unknown.!” Thus, even if relativistic effects are responsible
for the emergence of lower valencies,!! the strong dependence on
ligand has to be explained. As a class, the alkyls are closely related
to the hydrides, and the stability of group 13 hydrides MH; is
a matter of considerable interest. Despite early claims,!? it seems
unlikely that InH, and TIH, are sufficiently stable to be isolated.!®
Only BH,,?° B,H,,?! and, recently, Ga,H?? have been studied to

(13) Pyykkd, P. Chem. Rev. 1988, 88, 563.

(14) (a) Norrby, L. J. J. Chem. Educ. 1991, 68, 110. (b) Jolly, W. L.
Modern Inorganic Chemistry, 2nd ed.; McGraw-Hill: New York, 1991; pp
22-23. (c) Balasubramanian, K. Chem. Phys. Lett. 1989, 164, 231,

(15) (a) Froese-Fischer, C. Comp. Phys. Commun. 1978, 14, 145. (b)
Froese-Fischer, C. The Hartree-Fock Method for Atoms; Wiley: New York,
1977.

(16) (a) Grant, I. P.; McKenzie, B. J.; Norrington, P. H.; Mayers, D. F;
Pyper, N. C. Comp. Phys. Commun. 1980, 21, 207. (b) McKenzie, B. J;
Grant, 1. P.; Norrington, P. H. Comp. Phys. Commun. 1980, 21, 233. (c)
McKenzie, B. J.; Grant, I. P.; Norrington, P. H. Comp. Phys. Commun. 1981,
23, 222.

(17) Schwerdtfeger, P.; Boyd, P. D. W.; Bowmaker, G. A.; Mack, H. G.;
Oberhammer, H. J. Am. Chem. Soc. 1989, 111, 15.

(18) (a) Wiberg, E.; Johannsen, T. Naturwissenschaften 1941, 29, 320.
(b) Stecher, O.; Wiberg, E. Ber. Dtsch. Chem. Ges. 1942, 75, 2003. (c)
Wiberg, E.; Johannsen, T. Angew. Chem. 1942, 55, 38. (d) Wiberg, E.;
Johannsen, T.; Stecher, O. Z. Anorg. Allg. Chem. 1943, 251, 114, (e) Wiberg,
E.; Schmidt, M. Z. Naturforsch. B 1951, 6, 171. (f) Wiberg, E.; Schmidt,
M. Z. Naturforsch. B 1951, 6, 172. (g) Wiberg, E.; Schmidt, M. Z. Na-
turforsch. B 1951, 6, 334. (h) Wiberg, E.; Schmidt, M. Z. Naturforsch. B
1951, 6, 335. (i) Wiberg, E.; Schmidt, M. Z. Naturforsch. B 1952, 7, 577.
(j) Wiberg, E.; Dittmann, O. Z. Naturforsch. B 1957, 12, 57. (k) Wiberg,
E.; Dittmann, O.; Nath, H.; Schmidt, M. Z. Naturforsch. B 1957, 12, 61.

(19) (a) Siegel, D. J. Chem. Educ. 1961, 38, 496. (b) Shriver, D. F,;
Parry, R. W.; Greenwood, N. N.; Storr, A.; Wallbridge, M. G. H. Inorg.
Chem. 1963, 2, 867. (c) Greenwood, N. N.; Wallbridge, M. G. H. J. Chem.
Soc. 1963, 3912.

(20) Kaldor, A.; Porter, R. F. J. Am. Chem. Soc. 1971, 93, 2140.

(21) Duncan, J. L. J. Mol. Spectrosc. 1985, 63, 113.
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Figure 3. Experimental fine structure splitting AESC in electronvolts for
the %round states of the group 13 (B-T1; 2P, ,/?Py;), group 14 (C-Pb;
3p,/°P,), group 16 (O-Po; 3P,/Py), and group l% (F-At; 2Py,2/Py)
elements. The experimental values are from ref 5. The P,;,/?P;),
splitting for At was calculated by means of the numerical Dirac—Fock
program MCDF/BENA by Grant and co-workers (ref 16). In the case of
Te and Po the *P,/*P, splitting was used.

any extent by spectroscopic methods. GaH; and InH, have been
observed by mass spectroscopy, and estimates of bond stabilities
have been made.?® Liang et al.?* predicted the vibrational spectra
of B,H,, Al,H,, and Ga,H, and suggested that Al,H, may be
stable in the gas phase. In general, however, with the exception
of boron hydrides,?S there are few theoretical investigations on
group 13 MH, compounds or their dimers M,H¢.2»*3!  For
purposes of comparison, therefore, it is important to establish
accurate theoretical bond stabilities of group 13 hydrides, as
undertaken here.

In this paper, we explore theoretically the descriptive chemistry
of a full vertical period (boron to thallium, hydrides and fluorides),
of successive 6th row elements (gold through thallium to bismuth,
hydrides and fluorides), and of the ligand sequence X = H, F,
Cl, Br, Iin T1X and T1X;. The methods, basis sets, and pseu-
dopotenials we used are described in section II. The results are
presented and discussed in section III, and our conclusions are
summarized in section IV,

II. Methods

Relativistic (R) and nonrelativistic (NR) Hartree~Fock (HF) calcu-
lations, including electron correlation by quadratic configuration inter-
action (QCI) and Maoller-Plesset (MPn, n = 2-4) on a series of group
13 hydrides and fluorides (MX and MX;; M = B, Al, Ga, In, T;; X =
H, F), on various hydrides and fluorides of the 6th period elements (AuH,
HgH,, PbX, (C,,), PbX, (T,), BiX (C..; *2°), BiX; (C;,), and BiX; (Dy,
and C4,) (X = H, F), and on the other thallium halides (TIX and T1X3;
X = CJ, Br, I) and their dissociation products (H,, F, Cl,, Bry, 1,), have

(22) Downs, A. J.; Goode, M. J.; Pulham, C. R. J. Am. Chem. Soc. 1989,
111, 1936,

(23) Breisacher, P.; Siegel, B. J. Am. Chem. Soc. 1968, 87, 4255.

(24) Liang, C.; Davy, R. D.; Schaefer, H. F., III Chem. Phys. Lett. 1989,
159, 393.

(25) (a) Horn, H.; Ahlrichs, R.; Kdlmel, C. Chem. Phys. Lett. 1988, 150,
263. (b) Mappes, G. W.; Fridman, S. A,; Fehlner, T. P. J. Phys. Chem. 1970,
74,3307. (c) Pople, J. A.; Luke, B. T.; Frisch, M. J.; Binkley, J. S. J. Phys.
Chem. 1985, 89, 2198. (d) Page, M.; Adams, G. F.; Binkley, J. S.; Melius,
C. F. J. Phys. Chem. 1987, 91, 2675. (e) Curtiss, L. A.; Pople, J. A. J. Phys.
Chem. 1987, 91, 3637. (f) Curtiss, L. A.; Pople, J. A. J. Chem. Phys. 1988,
89, 4875; 614 and 7405.

(26) (a) Dobbs, K. D.; Trachtman, M.; Bock, C. W.; Cowley, A. H. J.
Phys. Chem. 1990, 94, 5210. (b) Balasubramanian, K.; Tao, J. X. J. Chem.
Phys. 1991, 94, 3000.

(27) (a) Duke, B. J. J. Mol. Struct. (THEOCHEM) 1990, 208, 197. (b)
Lammertsma, K.; Leszcynski, J. J. Phys. Chem. 1990, 94, 2806.

(28) Schwerdtfeger, P. Phys. Scr. 1987, 36, 453.

(29) Igel-Mann, G.; Flad, H. J; Feller, C.; Preuss, H. J. Mol. Struct.
(THEOCHEM) 1990, 209, 313.

(30) Schwerdtfeger, P. Inorg. Chem. 1991, 30, 1660.

(31) Bock, C. W,; Trachtman, M.; Murphy, C.; Muschert, B.; Mains, G.
J. J. Phys. Chem. 1991, 95, 2339,

Schwerdtfeger et al.

been carried out. For TII, the two possible structures, (i) trigonal planar
and (ii) bent with a linear I, unit, are compared at the Hartree~Fock
level (HF) of theory (NRHF and RHF). Dipole moments for the dia-
tomics are given at the configuration interaction level (with single and
double substitutions only, CISD, computed at the QCI(T) geometries).
The comparative performance of these methods applied to the compounds
will be compared in detail elsewhere.?2

For heavy elements of groups 13, 14, 16, and 17, atomic relativistic
fine structure effects must be allowed for; they will be referred to as
spin—orbit coupling (SO) in the following discussion, because this is
usually the main contributor. Figure 3 demonstrates the importance of
SO coupling in heavy elements. The dissociation energies, D,, of all
compounds are therefore corrected for this effect. We also investigated
the effect of spin—orbit coupling at the molecular level for the repre-
sentative diatomics T1Br and T1I. Modified versions of the the program
packages GAUSSIANS6/88,>* TURBOMOLE,* and UHREL? were used for all
calculations. The nonrelativistic and spin—orbit averaged relativistic
pseudopotentials for In, Au, Hg, T, Pb, and Bi were taken from refs 28
and 36-40. The spin—orbit coupled model Hamiltonian for Tl, Br, and
I was chosen as given in refs 28 and 37. The basis sets used are as follows
(some of the d exponents are taken from Huzinaga et al.;*! the numbers
given‘izn brackets for B, Al, and Ga follow the basis set notation by Poirier
et al,9?).

(i) All-Electron. For H a contracted Huzinaga (9s)/[6s] basis set*3
with p polarization functions given by Lie and Clementi* and a diffuse
s function with exponent 0.01; for F a 6-3114+G* basis set;3 for Ga a
contracted Dunning (15s/11p/6d)/[11s/8p/4d] basis set (31.3.1)%
(using the exponent 0.207 for the additional d function); for B a Lie and
Clementi* basis set (5.57.2) with addition of a diffuse p function with
exponent 0.015 and a d polarization function with exponent 0.4; for Al
a McLean and Chandler*’ basis set (13.13.1) plus a diffuse p function
with exponent 0.015 and a d polarization function with exponent 0.21.

(ii) Pseudopotential. NR and R basis sets for Br and I are listed in
refs 38 and 39; NR and R basis sets for T1 are given in ref 28; for Bi an
NR and R (7s/6p/ 1d) basis set*® with d exponent 0.17; for Cl a Durand
(4s/4p) basis set*s extended by (2s/1p/ld) with exponents (0.06;
0.02/0.0495/0.56); the Pb basis sets are given in ref 38; for Au the basis
set described in ref 36 was used; for Hg the basis set is given in ref 39;

(32) Schwerdtfeger, P. Manuscript in preparation.

(33) (a) Frisch, M. J.; Head-Gordon, M.; Schlegel, H. B.; Raghavachari,
K.; Binkley, J. S.; Gonzales, C.; DeFrees, D. J.; Fox, D. J.; Whiteside, R. A.;
Seeger, R.; Melius, C. F.; Baker, J.; Martin, R.; Kahn, L. R.; Stewart, J. J.
P,; Fluder, E. M,; Topiol, S.; Pople, J. A. GAUSSIANSS, Gaussian Inc.,
Pittsburgh, PA, 1988. (b) Frisch, M. J.; Binkley, J. S.; Schlegel, H. B.;
Raghavachari, K.; Melius, C. F.; Martin, L.; Stewart, J. J. P.; Bobrowicz, F.
W.; Rohlfing, C. M,; Kahn, L. R.; DeFrees, D. J.; Seeger, R.; Whiteside, R.
A,; Fox, D. J; Fluder, E. M.; Pople, J. A. GAUSSIANS86, Carnegie-Mellon
Quantum Chemistry Publishing Unit, Pittsburgh PA, 1984, extended for local
and nonlocal pseudopotentials by P. Schwerdtfeger using program psepoT for
the latter: Kolar, M. Comp. Phys. Commun. 1981, 23, 275.

(34) (a) Ahlrichs, R.; Hiser, M.; K3lmel, C.; Horn, H.; Baer, M. TUR-
BOMOLE, University of Karlsruhe, 1988. (b) Haser, M.; Ahlrichs, R. J.
Comput. Chem. 1989, [0, 104. (c) Ahlrichs, R.; Baer, M.; Haser, M.; Horn,
H.; Kdlmel, C. Chem. Phys. Lett. 1989, 162, 165.

(35) Hafner, P.; Schwarz, W. H. E.; Esser, M.; Wechsel-Trakowski, E.
UHREL, Institut fir Theoretische Chemie, Universitit Siegen, Siegen, West
Germany, 1978; modified version, P. Schwerdtfeger, 1987.

(36) Schwerdtfeger, P.; Dolg, M.; Schwarz, W. H. E.; Bowmaker, G. A,;
Boyd, P. D. W. J. Chem. Phys. 1989, 91, 1762.

(37) Schwerdtfeger, P.; von Szentpaly, L.; Vogel, K.; Silberbach, H.; Stoll,
H.; Preuss, H. J. Chem. Phys. 1986, 84, 1606.

(38) Schwerdtfeger, P.; Silberbach, H.; Miehlich, B. J. Chem. Phys. 1989,
90, 762.

(39) (a) Andrae, D.; Haussermann, U.; Dolg, M.; Stoll, H.; Preuss, H.
Theor. Chim. Acta 1990, 77, 123. (b) Kichle, W.; Dolg, M,; Stoll, H.; Preuss,
H. Mol. Phys. 1991, 74, 1245.

(40) Igel-Mann, G.; Stoll, H.; Preuss, H. Mo!l. Phys. 1988, 65, 1321.

(41) Huzinaga, S.; Andzelm, J.; Klobukowski, M.; Radzio-Andzelm, E.;
Sakai, Y.; Tatewaki, H. Gaussian Basis Sets for the Molecular Calculations;
Physical Sciences Data 16; Elsevier: Amsterdam, 1984,

(42) (a) Poirier, R.; Kari, R.; Csizmadia, 1. G. Handbook of Gaussian
Basis Sets; Physical Sciences Data 24; Elsevier: Amsterdam, 1984. (b)
Dunning, T. H. J. Chem. Phys. 1977, 66, 1382.

(43) Huzinaga, S. J. Chem. Phys. 1965, 42, 1293.

(44) Lie, G. C.; Clementi, E. J. Chem. Phys. 1974, 60, 1275.

(45) McLean, A. D,; Chandler, G. S. J. Chem. Phys. 1980, 72, 5639.

(46) Barthelat, J. C.; Pelessier, M.; Villemur, P.; Devilliers, R.; Trinquier,
G.; Durand, Ph. PSHONDO(PSATOM), Toulouse, 1981,

(47) (a) Stoll, H.; Fuentealba, P.; Dolg, M.; Flad, J.; von Szentpdly, L.;
Preuss, H. J. Chem. Phys. 1983, 79, 5532. (b) Stoll, H.; Fuentealba, P.;
Schwerdtfeger, P.; Flad, J.; von Szentpily, L.; Preuss, H. J. Chem. Phys. 1984,
81, 2732.

(48) (a) Balasubramanian, K. Chem. Phys. Lett. 1985, 114, 201. (b)
Balasubramanian, K. Chem. Phys. Lett. 1986, 127, 324.
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for In we used a (4s/4p) Durand basis set*é and added a set of (2s/
2p/1d) functions with exponents (0.03; 0.01/0.45; 0.015/0.16).

For some of the atoms treated as all-electron or pseudopotential sys-
tems, we kept the core orbitals inactive in the electron correlation pro-
cedures as follows (frozen core definitions are given in square brackets):
[1s] for B and F; [1s2s2p] for Al; [1s2s2p3s3p3d] for Ga; [5s5p] for Au
and Hg. The orbital space in the other atoms and the valence orbital
space defined in the pseudopotential procedure were kept fully active.
For the relativistic and nonrelativistic pseudopotentials for T, Pb, and
Bi the [Pt] core definition was used, whereas for Au and Hg we chose
the more accurate (but CPU expensive) [Krdd!'%4f'4] core. The reason
is simply that a [Pt] core definition for gold3? and mercury would lead
to large errors in metal-ligand core—core repulsion and core-polarization
effects, as discussed in detail by Stoll et al.*” For Tl, Pb, and Bi, such
corrections are small, and these elements can be treated as 6s6p valence
electron systems.2®*® The dissociation energies and reaction energies are
not corrected for zero-point vibrational contributions (ZPVC). In the
discussion that follows, relativistic effects in a molecular or atomic
property P are defined as AgP = Py — Pi.

III. Results and Discussion

Molecular Properties. The results of our molecular calculations
are listed in Tables II-V, and these will be discussed in turn below.
In almost all cases the performance of the QCI method is excellent;
bond distances, force constants, dipole moments, and most dis-
sociation energies agree well with available experimental
data »20329:50 For example, for BF; the estimated dissociation
energy is 1923 & 35 kJ/mol, which compares well with our QCI
result of 1828 kJ/mol. We therefore conclude that the basis sets
and correlation methods used in this work are sufficient to study
the decomposition reaction 1. In contrast, for the halogens, X,,
the calculated dissociation energies shown in Table II are much
less than those obtained experimentally. Fortunately, for a given
X this is a constant error in the calculation of AU for decom-
position reaction 1. Moreover, AU, values are not strongly de-
pendent on the level of electron correlation in MX,,,,%? and so this
error seems to cancel out. For example, AUy(TIF; — TIF + F,)
at the HF level is 424 kJ/mol, and this compares reasonably well
with the more accurate QCI value of 441 kJ/mol (Table II). To
achieve better agreement for the X, dissociation energies, it would
be necessary to use very large basis sets. Further, one would also
have to take into account spin—orbit coupling at the molecular
level for the heavier halides Br and 1’7 and include high-level
configuration interactions, as has been done for a series of diatomic
bromine-containing compounds with a modified G1 theory.’!
Such lengthy procedures were not appropriate here, given the large
number of compounds studied.

Relativistic effects in several compounds of the 6th period
elements have already been analyzed.!317:28323638,52 The change
in dissociation energy due to the action of the SO operator must
comprise an atomic spin—orbit part and a molecular spin—orbit
part:

ASODe = Aé € + AgvtODe (2)

For most molecules in their electronic ground states, it is generally
assumed that the molecular contribution can be neglected as a
consequence of py,,/p;/, mixing at the equilibrium geometry to
give almost pure o-bonding.5? Theoretical calculations on thallium
and lead hydrides show that molecular SO contributions are small,
e.g., for TIH, [AY,D,| is less than 1% of |A%,D,| at the HF level
It is also found that |AY,D,(TIH,)] is less than |AY,D(TIH)|.28
As a test, we studied SO coupling at the HF level in the diatomic

(49) (a) Huber, K. P.; Herzberg, G. Molecular Spectra and Molecular
Structure Constants of Diatomic Molecules; Van Nostrand: New York, 1979.
(b) Saalfeld, F. E.; Svec, H. J. Inorg. Chem. 1963, 2, 46. (c) Tables of
Interatomic Distances and Configuration in Molecules and Ions; The Chem-
ical Society: Burlington House, London, 1958; Supplement, 1965. (d)
Gingerich, K. A, In Current Topics in Materials Science; Kaldis, E., Ed,;
North-Holland: New York, 1980; Vol. 6, p 345. (e) Gaydon, A. G. Disso-
ciation Energies and Spectra of Diatomic Molecules; Chapman and Hall:
London, 1968.

(50) Hellwege, K. H. In Landolt-Bérnstein, Zahlenwerte und Funktionen
aus Naturwissenschaften und Technik; Springer: Berlin, 1976; Vol. 7.

(51) McGrath, M.; Radom, L. J. Chem. Phys. 1990, 94, 511.

(52) Pitzer, K. Int. J. Quantum Chem. 1984, 25, 131.
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molecules T1Br and TII in more detail with the use of spin—orbit
coupled pseudopotentials, 2357 since both the ligand and the metal
atom show large SO splittings at the atomic level.® SO effects
decrease the thallium-ligand bond distance by only 0.004 A in
TIH,% by 0.039 A in TIBr, and by 0.043 A in TII, so that the total
relativistic bond contractions at the HF level are 0.033 A for TIH,
0.029 A for TIBr, and 0.046 A for TII. Incidentally, the excellent
agreement between the SO-corrected QCI bond distance of 2.819
A in TII and the experimental value of 2.814 A% indicates the
quality of the pseudopotentials we used. The molecular SO
contribution increases the dissociation energy by 8.8 kJ/mol in
TIBr and by only 0.1 kJ/mol in T1I. These are relatively small
amounts compared with the atomic contributions, Ag,D,, which
are 76.8 kJ/mol for TIBr and 92.4 kJ/mol for TII° and are not
expected to change significantly in a CI calculation. Thus, mo-
lecular SO contributions improve our calculated dissociation
energies only slightly; they certainly do not change the trends
discussed in this work. In calculating reaction energies for the
decomposition reaction 1, therefore, SO coupling effects can
reasonably be neglected at the present level.

The sequence in Ag D, for different oxidation states of a given
6th row metal, AgD.(MX,) > AgD.(MX,.,) > ArD.(MX, ),
correlates with decreasing 6s participation in M—X bonding in
the same sequence (cf. Table III). This is indicated by the
progressive localization of 6s electrons, as measured by n; (cf. Table
IIT). For example, the relativistic reduction of D, (QCI values)
decreases in the sequence BiH; (180 kJ/mol) > BiH; (43 kJ/mol)
> BiH (11 kJ/mol), while n, grows from 1.3 through 1.7 to 1.9.3

For the species BiXs (X = H, F) and for TII;, additional
structures of different point group symmetries were calculated,
because the ground-state geometry was not obvious. For example,
PPhs, ASPhS, Sb(4'MeC6H4)5, and Bi(4'MeC6H4)3(2'FC6H4)2
are trigonal bipyramidal (D;,, A) in the solid state, whereas SbPh;
and BiPh;, are square pyramidal (C,,, B).>* Several group 15

L L

nl| L . s '
LATAL L -El L
L L L
A (Dsn) B(Cqy)

compounds MX; (X = H, F) have been investigated theoreti-
cally;*>% the calculated C,, structures are all transition states
within the Berry pseudorotation from one D;;, form into another.
A vibrational analysis of BiH; in the C,, arrangement revealed
one imaginary frequency of B; symmetry corresponding to the
8, normal mode.’” The activation energy AE, for the Dy; — C,,
transition is very small, generally ca. 10 kJ/mol. This is also the
case for BiH; and BiF; (bottom of Table II). Relativistic and
correlation effects change AE, only slightly. Hence, the structural
differences in the crystalline pentaaryl compounds can reasonably
be attributed to intermolecular forces.

Solid TII; does not have the expected trigonal planar (Dj;)
arrangement with TI! (C), but has the bent TI! structure D with
a linear I~ unit (C,).® We find by calculation that structure

(53) Relativistic calculations on BiH; and BiH which agree well with our
results have been carried out independently: Dai, D.; Balasubramanian, K.
J. Chem. Phys. 1990, 93, 1837. See also: Schwerdtfeger, P.; Laakkonen, L.
J.; Pyykkd, P. J. Chem. Phys. 1992, 96, 6807.

(54) (a) Schmuck, A.; Buschmann, J.; Fuchs, J.; Seppelt, K. Angew.
Chem., Int. Ed. Engl. 1987, 26, 1180; Angew. Chem. 1987, 99, 1206. (b)
Schmuck, A.; Pyykkd, P.; Seppelt, K. Angew. Chem., Int. Ed. Engl. 1990, 29,
213; Angew. Chem. 1990, 102, 211.

(55) (a) Michels, H. H.; Montgomery, J. A. J. Chem. Phys. 1990, 93,
1805. (b) Hoffmann, R.; Howell, J. M.; Muetterties, E. L. J. Am. Chem. Soc.
1972, 94, 3047. (c) Reed, A. E.; Schleyer, P. R. Chem. Phys. Lett. 1987, 133,
553. (d) Trinquier, G.; Daudey, J. P.; Carvana, G.; Madaule, Y. J. Am.
Chem. Soc. 1984, 106, 4794. (e) Bernstein, L. S.; Abramowitz, S.; Levin, 1.
W. J. Chem. Phys. 1976, 64, 3228.

(56) (a) Berry, R. S. J. Chem. Phys. 1960, 32, 933. (b) Berry, R. S,;
'Zl'amres, M.; Ballhausen, C. J.; Johansen, H. Acta Chem. Scand. 1968, 22,

31.

(57) Nakamoto, K. Infrared and Raman Spectra of Inorganic and Co-

ordination Compounds; Wiley: New York, 1978.
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Table II. Molecular Properties of Group 13 Hydrides and Fluorides, Thallium Halides, Gold and Mercury Hydrides, and Lead and Bismuth

Hydrides and Fluorides®

I D= AUQ
MP2 QCl MP2 QCl MP2 QCl

Group 13 Hydrides

BH 1.230 1.241 326.7 3409 112.9 116.5

BH; 1.188 1.193 1127.0 1133.0 372.6 3433

AlH 1.665 1.674 276.4 292.5 62.6 68.1

AlH, 1.586 1.593 820.4 844.5 116.3 103.2

GaH 1.675 1.696 253.2 272.8 39.4 48.4

GaH; 1.577 1.586 759.7 788.8 78.8 67.2

InH 1.838 1.850 2244 242.4 10.6 18.0

InH; 1.725 1.734 670.1 701.8 18.0 10.6

TIH 1.899 (1.924) 1.912 (1.934) 165.5 (241.7) 184.7 (259.1) —48.4 (27.9) -39.7 (34.7)

TIH, 1.745 (1.831) 1.756 (1.839) 544.8 (674.0) 584.0 (729.5) -48.4 (4.6) -49.5 (21.6)
Group 13 Fluorides

BF 1.273 1.278 740.9 709.9 686.8 672.7

BF, 1.317 1.316 1932.6 1827.7 1083.5 1043.3

AlF 1.723 1.722 637.2 607.0 583.1 569.8

AlF; 1.678 1.676 1638.8 1546.3 893.4 864.8

GaF 1.813 1.813 559.2 539.1 505.1 501.9

GaF; 1.745 1.744 1356.4 1281.5 689.0 667.9

InF 1.999 1.997 518.4 490.7 464.3 4535

InF; 1.923 1.923 1217.4 1129.0 590.8 563.8

Thallium Halides

TIF 2.060 (2.061) 2.060 (2.061) 448.4 (536.1) 424.6 (511.4) 394.3 (482.0) 387.4 (474.2)

TIF; 1.958 (2.002) 1.958 (1.998) 1021.1 (1327.1) 939.9 (1237.3) 464.5 (679.6) 440.8 (648.2)

TIC] 2.480 (2.524) 2.484 (2.479) 360.4 (396.1) 345.3 (422.7) 264.2 (299.9) 253.7 (331.1)

TICl, 2,314 (2.357) 2.319 (2.364) 809.9 (1065.5) 756.8 (1004.7) 257.0 (440.0) 228.3 (391.8)

TIBr 2.629 (2.627) 2.633 (2.631) 308.3 (401.3) 295.5 (386.5) 234.3 (308.8) 224.8 (297.8)

TIBr, 2.468 (2.520) 2.478 (2.527) 665.9 (960.1) 626.2 (907.0) 209.6 (373.7) 189.3 (343.1)

TII 2.859 (2.871) 2.862 (2.876) 243.8 (350.7) 233.1 (334.5) 199.6 (269.4) 191.3 (256.6)

TiI; 2.686 (2.744) 2.699 (2.756) 490.9 (803.4) 457.0 (757.0) 158.7 (290.0) 140.2 (266.6)

Gold, Mercury, Lead, and Bismuth Compounds

AuH 1.499 (1.732) 1.522 (1.770) 275.6 (178.7) 285.7 (197.5) 123.5 (=70.3) 122.6 (-53.8)

HgH, 1.629 (1.761) 1.652 (1.786) 300.5 (346.2) 332.5 (373.3) -127.2 (-81.5) -116.3 (-75.5)

PbH, 1.849 (1.857) 1.866 (1.868) 338.3 (481.8) 376.3 (515.8) —89.4 (54.1) =72.5 (67.0)

PbH, 1.755 (1.805) 1.767 (1.813) 766.4 (1025.5) 824.1 (1073.8) 0.4 (116.0) -1.0 (109.2)

PbF, 2.047 (2.014) 822.9 (1005.4) 714.7 (897.2)

PbF, 1.972 (1.966) 1336.7 (1828.1) 401.2 (711.3)

BiH 1.819 (1.837) 1.837 (1.851) 192.0 (203.6) 213.2 (224.4) -21.9 (-10.3) -11.2 (0.0)

BiH; 1.809 (1.827) 1.826 (1.839) 649.7 (696.2) 705.9 (748.6) 222.0 (268.5) 257.1 (299.8)

BiH; 1.892 (1.895) 1.907 (1.906) 723.0 (917.7) 819.1 (999.4) —-354.4 (-206.2) —-335.6 (-198.0)

BiF 2.080 (2.070) 2.084 (2.072) 345.0 (366.8) 322.5 (345.3) 290.0 (312.7) 285.3 (308.1)

BiF, 2.038 (2.025) 1140.1 (1225.8) 1031.9 (1117.6)

BiF; 2.022 (2.007) 1432.7 (1777.3) 184.4 (440.1)
Dissociation Products

H, 0.736 0.742 427.7 448.8

F, 1.425 1.453 108.2 74.5

Cl, 2.024 2.046 192.5 183.2

Br, 2.310 (2.294) 2.335 (2.318) 148.0 (185.1) 141.4 (177.4)

I, 2.724 (2.707) 2.754 (2.734) 88.4 (162.7) 83.7 (155.9)

aElement-ligand M—X bond distances, ., in A, atomization energies D.(MX, — M + nX) in kJ {mol MX,)™, and reaction energies AU, (MX,,
— MX,, + X,; for diatomics: MX — M + !/,X,) in kJ mol, using the calculated dissociation energies for the diatomics X, listed at the bottom of
this table. All relativistic values for D, are corrected for atomic spin—orbit coupling AEg, obtained from ref 5 (in kJ/mol): B 0.1, Al 0.9, Ga 6.6,
In 17.6, T1 62.1, Pb 102.0, Bi 0.0, F 1.6, C13.5, Br 14.7, I 30.3. For the heavy elements Au, Hg, T, and Pb, the nonrelativistic values are given in
brackets. Zero-point vibration contributions (ZPVC) are not included, i.e., D> = D, —ZPVC (D < D,). For additional structural properties, see ref
32. The difference in total energy between the more stable trigonal planar TI(III) structure and the bent TI(I) structure (r.(TI(I)) = 3.904 A (RHF);
r{TI(I)) = 4.319 A (NRHF)) containing a linear I, unit at the HF level is AE = 127.9 kJ/mol (R) and 289.1 kJ/mol (NR). Activation energy
(AE,) for Berry pseudorotation (Dj;) — (C,,) — (D3;) in kJ/mol: BiH; 13.4 (R), 12.7 (NR); BiF; 7.4 (R), 8.0 (NR). The calculated angles are
as follows (in degrees): TII; (C.,) 88.4 (RHF), 105.8 (NRHF); PbH, 90.5 (RQCI), 91.7 (NRQCI); PbF, 96.7 (RMP2), 95.4 (NRMP2); BiH; 90.7
(RQCI), 91.9 (NRQCI); BiF; 96.4 (RMP2), 94.4 (NRMP2). For other data, see ref 32.

C is the minimum (gas phase) arrangement. Structure D hasa
large permanent dipole moment (z = 5.90 D at the RHF level)
in contrast to C (u = 0 D), which would cause strong electrostatic
interactions between individual T1I; (C,) units; this may explain
why an ionic lattice is preferred in the solid state. Moreover, the
population analysis of D (Table III) shows large charge separations
between the Tl atom and the I; unit, suggestive of large ionic
character in the T1-I bond. This gives rise to a shallow potential
surface and a TI-I-I bond angle o of about 90°. Relativistic

(58) Tebbe, K. F.; Georgy, U. Acta Crystallogr., Sect. C 1986, 42, 1675.

effects are very important in determining the energy difference
between the two possible structures of TlI;: in the nonrelativistic
case, structure C lies ca. 290 kJ/mol below structure D, compared
to ca. 130 kJ/mol below D in the relativistic case. This suggests
that the preference of solid TlI; for structure D over C is a lattice
effect that is assisted by relativistic contributions.
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Table III. Hartree-Fock Mulliken Orbital Populations, n, and n;,, and Gross Metal Charges, g, for Hydrides and Fluorides of Group 13, for
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Halides of Thallium(I) (MX,,) and Thallium(III) (MX,), and for PbX,/PbX,, BiX,/BiXs, and BiX (X = H, F)*

MX, , MX,
M/X ng n, q n n, q
B/H 1.85 1.04 0.08 0.98 1.76 0.20
Al/H 1.79 0.76 0.39 0.78 1.09 0.97
Ga/H 1.83 0.77 0.37 0.86 1.25 0.81
In/H 1.83 0.68 0.47 0.82 0.97 1.18
TI/H 1.86 (1.80) 0.72 (0.72) 0.43 (0.45) 0.98 (0.75) 0.99 (0.99) 1.05 (1.25)
B/F 2.02 0.91 -0.05 0.69 1.56 0.30
Al/F 1.95 0.47 0.47 0.49 0.71 1.34
Ga/F 2.02 0.42 0.49 0.59 0.83 1.33
In/F 1.97 0.34 0.66 0.52 0.58 1.81
TI/F 1.99 (1.95) 0.26 (0.31) 0.75 (0.72) 0.54 (0.38) 0.45 (0.46) 2.03 (2.10)
T1/Cl 2.00 (2.00) 0.39 (0.45) 0.58 (0.50) 0.96 (0.73) 0.90 (0.95) 1.06 (1.14)
T1/Br 1.96 (1.98) 0.47 (0.42) 0.51 (0.57) 0.99 (0.77) 0.83 (0.95) 1.08 (1.11)
Tl/1 1.98 (1.95) 0.46 (0.52) 0.52 (0.48) 1.16 (0.91) 1.07 (1.11) 0.67 (0.82)
Til, (Cy) 1.99 (1.93) 0.45 (0.50) 0.55 (0.50)
Pb/H 1.71 (1.63) 1.45 (1.48) 0.83 (0.85) 0.97 (0.85) 1.47 (1.39) 1.59 (1.75)
Pb/F 2.13 (2.00) 0.67 (0.77) 1.14 (1.13) 0.97 (0.69) 1.07 (1.05) 1.87 (2.04)
Bi/H 1.67 (1.54) 2.20 (2.29) 1.19 (1.30) 1.30 (1.10) 1.80 (1.66) 2.17 (2.46)
(Ca) 1.30 (1.10) 2.01 (1.71) 2.09 (2.39)
BiH 1.91 (1.87) 2.74 (2.75) 0.36 (0.39)
Bi/F 2.07 (2.03) 1.11 (1.18) 1.80 (1.74) 1.06 (0.81) 1.51 (1.45) 2.48 (2.72)
(Cs) 1.03 (0.76) 1.71 (1.53) 2.43 (2.66)
BiF 2.03 (2.01) 2.34 (2.37) 0.61 (0.59)

2 Nonrelativistic values are in brackets. For group 13 compounds, n, + n, + ny + ¢ = 3; the d contributions are important for several compounds
and can be obtained from the n,, n,, and g values listed in this table. For the diatomic compounds, CISD or MP2 populations have been obtained

which are only slightly different from the HF values (see ref 32).
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Figure 4. Calculated QCI reaction energies (at 0 K) in kilojoules/mole
for the reaction MX; - MX + X, (M = B, Al, Ga, In, T|; X = H, F).
Zero-point vibrational contributions are not included.

Group 13 Hydrides and Halides. The change in internal energy
AU, of reaction 1 for the group 13 hydrides and fluorides is shown
in Figure 4. Although zigzag trends similar to those shown in
Figure 1 may characterize properties such as electronegativity
or chemical reactivity,® they are not evident in the calculated
energetics of the molecules studied here. Specifically, there is
no sudden decrease between indium and thallium of the stability
of the oxidation state +3 relative to +1. The decreasing stability
of the higher oxidation state is rather due to a monotonic
downward trend in the AU, values (eq 1) for the group 13 hydrides
and fluorides; the only relatively large change in AU occurs from
BH; to AlH;, as pointed out and analyzed in more detail by
Kutzelnigg.®® Although relativistic effects contribute substantially
to the decrease of AU in the decomposition of TIH; and TIF;,
they are not the main reason for the low valency observed for most
inorganic thallium compounds.

The reductive elimination reaction (eq 1) forms one X-X bond
at the expense of two M—-X bonds. For a given metal, the bond

(59) Kutzelnigg, W. Angew. Chem., Int. Ed. Engl. 1984, 23, 272; Angew.
Chem. 1984, 96, 262.

energies are substantially the same in MX; and MX (generally
within 5% for the hydrides and within 20% for the fluorides). So
it is the general tendency to weaker M—X bonding in the heavier
elements (regardless of oxidation state) that determines the trends
in Figure 4 (see also ref 59 for a detailed discussion). Considered
in detail, the ratio of MI-X to MI-X bond energies
(= 1/3D.(MX;)/ D(MX)) for the hydrides takes values 1.11 (B),
0.96 (Al), 0.96 (Ga), 0.97 (In), and 1.05 (T1), and this variation
obviously cannot account for the relative instability of TIH;. For
the fluorides, the corresponding values are 0.85 (B), 0.85 (Al),
0.79 (Ga), 0.77 (In), and 0.74 (T1), and this diminishing M!!!/M!
bond energy ratio contributes (though not decisively) to the de-
creasing stability of the trivalent fluorides from boron to thallium.
The discontinuity in the values of the ratio for the hydrides arises
from complexities in the relativistic contribution to atomization
processes, specifically to the formation of atomic M, which do
not influence AU, (eq 1). Note that the SO coupling of the metal
M (AEjgg) contributes proportionately more to atomization of MX
than to MX,. In consequence, the ratio of MX; to MX bond
energies is unsuitable as a general index of valency trends.
The s populations exhibit a marked zigzag variation from boron
to thallium (Table III), and the s populations in BH; and T1H,
are almost identical; similarly, there is no discernible trend in n,
between AlF; and TIF;. We conclude that, at least for the com-
pounds studied here, there is no special 6s inert pair effect. In
short, the ns? pair is not especially inert for heavy element hydrides
and fluorides. The low valency in the heavy element compounds
arises naturally as a periodic trend towards weaker bonding, which
cannot be explained either in terms of trends in atomic s ionization
potentials or by s—p separations, but may be attributed to a de-
crease in the metal-ligand covalent bond character, as suggested
by Drago.® The population analyses (Table III) and both cal-
culated and experimental dipole moments (Figure 5) of the dia-
tomic group 13 hydrides and fluorides show that ionicity increases
from boron to thallium, consistent with Drago’s explanation.*
The experimental values of AUj for the group 13 chlorides are
smaller than those for the fluorides, but follow the same trend.
Accordingly, we have extended our calculations to the heavier
halides of thallium(III). The results for the entire T1X; family
are displayed in Figure 6. The computed order of stability of
the thallium(IIT) compounds, with respect to eq 1, is T1F; > TICI,
> TIBr; > TII; > TIH;. This is in accordance with their known
chemistry, e.g., solid TII; exists only as the thallium(I) compound
TI*1,” and even TICl, is a powerful oxidant.®® The relativistic
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Figure 5. CISD dipole moments (u) for the diatomic group 13 fluorides
and hydrides. Experimental values are from ref 50.
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Figure 6. Calculated nonrelativistic and relativistic QCI internal energy
changes AUj (at 0 K) in kilojoules/mole for the reaction T1X; — TIX
+ X, (X =F, C|, Br, I, H). The numbers on the graph represent the
relativistic changes in AU, for each ligand X. Zero-point vibrational
contributions are not included.

contribution favors the elimination of X, and formation of TIX
(eq 1) but decreases in the sequence X = Fto X = I (and H).
This is reflected in reduced participation of the 6s pair in bonding
with decreasing electronegativity of the halide. Thus, n(6s) (Table
III) ranges from 0.54 in T1F, to 1.16 in TII; (D3;). Relativity
serves to shift the plot in Figure 6 to lower AU, values but actually
flattens the general trend. The thallium(I) halides are therefore
favored by both the relativistic destabilization of T1!!! and the
natural downward trend in stability from the fluoride to the
hydride at the nonrelativistic level. It is, however, this latter effect
that dictates the trend within the set of halides. For a given halide,
we expect the value of AU, to decrease from BX; to T1X, as found
computationally for MF; (Figure 4). The stability trends for the
halides and hydrides of group 14 (carbon to lead) and group 15
(phosphorus to bismuth) are likely to resemble those of group 13
depicted in Figure 4. We also predict that Pbl, (T,) and TII,
(D;y) are thermodynamically stable in the gas phase with respect
to the metal and I,, contrary to an earlier suggestion.S!
Solid-state effects may also contribute substantially to the
stabilization of low valencies in heavy elements.* The large dipole
moments of the diatomic thallium halides (between 4.40 D for
TIF and 4.88 D for TII at the relativistic CISD level) can be
expected to give rise to rather large lattice energies and hence to
high sublimation enthalpies AH, for the crystalline compounds.
The few available measurements®? indicate that the values of AH,

(60) Lee, A. G. The Chemistry of Thallium; Elsevier: Amsterdam, 1971;
pp 73-75.
(61) Smith, D. W. J. Chem. Educ. 1990, 67, 911.
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Figure 7. Calculated nonrelativistic and relativistic QCI reaction energies
(at 0 K) in kilojoules/mole for the reaction MX, > MX,, + X, (M =
Hg, T1, Pb, Bi). For the Au atom, the dissociation 2AuH — 2Au + H,
is used. MP?2 values are used for PbF, and BiF;. Zero-point vibrational
contributions are not included.

for the group 13 diatomics MX are 4-5 times larger than those
of the MX; compounds, the latter usually being between 15 and
30 kJ/mol. This results in a downward shift of the halide AU,
curves along the series boron to thallium of about 40-120 kJ/mol,
but it should not change the overall trend. Since PbF, and BiF,
also have large dipole moments (at the RMP2 level: PbF, = 5.52
D, BiF; = 6.09 D), we can expect a similar shift for the groups
14 and 15 halides. Thus, relativistic effects influence lattice
energies as well, as is clear from a comparison of the nonrelativistic
and relativistic dipole moments (at the NRMP2 level; PbF, =
4.19 D, BiF; = 5.23 D). Such effects have not been considered
in the past and certainly deserve detailed investigation.
Association may also occur in the gas phase:

2MH, — M,H; 3)
2MH — M,H, )

The dimerization reaction 3 for the group 13 hydrides B,Hj,
Al,Hg, and Ga,H, has been considered theoretically by a number
of authors.2%2%2%31 The results obtained so far reveal that the
dimerization is exothermic (disregarding entropy effects), but
decreasingly so from boron to gallium. The dimerization of InH?
and TIH?® has also been discussed in some detail. Although
processes 3 and 4 will shift the AU plot in Figure 4 up or down,
respectively, they are unlikely to change the general trend (at least
not for the values published for the MH, dimerization). However,
such reactions are relevant to the question of the existence of the
as yet unknown compounds InHj;, In,Hg, TIH;, and TI,H. The
trends shown in Figure 4 suggest that the monomeric form of TIH,
is thermodynamically unstable in the gas phase.®’
Comparison of Stability of Compounds in the Series Au, Hg,
Tl, Pb, and Bi. Are relativistic effects the fundamental or dom-

(62) Schifer, K.; Lax, E. In Landolt-Bérnstein, Zahlenwerte und Funk-
tionen aus Naturwissenschaften und Technik; Springer: Berlin, 1961; Vol.
4

(63) The results obtained for the other group 13 hydrides (refs 24, 25, 27,
29, and 30) suggest that the dimerization energy for InH; and TIH; is above
—90 kJ /mol, i.e., if the dimerization energy from boron to thallium decreased
linearly, the value might even be about —30 kJ/mol. On the other hand, MP2
calculations on T1,H, (ref 30) gave a dimerization energy of about —85 kJ/
mol. Consideration of reactions 3 and 4 therefore suggests that T1,H; is
thermodynamically unstable with respect to the decomposition TI,Hg — TI,H,
+ 2H,. However, T1,H, might be kinetically stable and perhaps could be
studied in matrix isolation. We have therefore studied the transition state of
the H, abstraction at the HF level. This reaction may represent the crucial
step in the decomposition of Tl,H since it is exothermic at the relativistic level.
However, preliminary calculations suggest that the H, abstraction of TIH,
does not follow the symmetric C,, pathway as indicated, but rather an asym-
metric reaction path involving several possible channels for the H; abstraction.
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Table IV. Computed Internal Energies for Some Disproportionation
Reactions of Compounds MX,,, Containing 6th Period Elements in
Low Valencies®

AU(R)- ARAU-
MX, ., (disprop)* (disprop)®  disproportionation reaction
TIH? -29.9 77.7
TIF 334.0 -338
TIC1 279.1 -8.7 3TIX — TIX; + 2T1
TIBr 260.3 -7.8
TII 2424 44
PbH, -81.1 29.3 R
PbF; 3135 -1276  2PbX;—PbX,+Pb
BiH, 379.5 ~106.1 . ,
BiF, 502.5 1918 2BiX; = BiX;s + BiX
BiH —~66.3 9.1 - ,
BiF ~105.1 203  3BiX—BiX, +2Bi

¢ Calculations are based on Table II and refer to gaseous monomers.
4 Negative value of AU implies that disproportionation is favored; AU
values refer to disproportionation of 3TIX, 2PbX,, 2BiX;, or 3BiX.
cARAU = AU(NR) — AU(R). 4See also ref 48.

inant cause of the preference for low valency in heavy element
compounds? Relativistic effects should decrease along the hydrides
of Au, Hg, T, Pb, and Bi.!l''? Relativistic effects stabilize the
Au-H bond by —88.2 kJ/mol but destabilize the Bi~-H bond in
BiH; by +36.1 kJ/mol (note that the relativistic contribution
between gold and mercury changes sign). Figure 7 shows that
except for AuH, relativistic effects decrease the stability of com-
pounds in the high oxidation state but do not alter the underlying
trend (there is also a relativistic decrease in the stability of AuF,
in contrast to the behavior of AuH, which is explained elsewhere’).
A particularly large nonrelativistic decrease in AUj occurs between
PbX, and BiX; for X = H and F, which causes Bi" to be a stronger
oxidant than PblY. Relativistic effects in the elimination of F,
from BiF account for ca. 260 kJ/mol (and 310 kJ/mol for PbF,).
Clearly, in the absence of relativistic effects, BiFs (and PbF,)
would not be such a strong fluorinating agent. It is clear from
Figure 7 that BiH; is thermodynanically highly unstable and, not
surprisingly, this molecule is unknown; however, organobismuth(V)
compounds have been isolated.’»%* Recent calculations have
shown that the decomposition energies of Hg(CHj;),%* and TI-
(CHjy),!7 are similar to those of the corresponding hydrides. This
result can be expected to be general and suggests that penta-
arylbismuth compounds BiAr;>5¢ are also thermodynamically
unstable; their stability at ambient temperature is likely to be
kinetic. Lead and thallium in their higher oxidation states form
many stable alkyls and aryls, PbR,5” and TIR;.9” In contrast to
bismuth, corresponding compounds containing the elements in their
lower oxidation states, PbR, and TIR, are known only for »°-
cyclopentadienyl and related ligands and, in the case of lead, for
the sterically bulky ligands CH(SiMe,),®® and 2,4,6-C;H,(CF3),.°
Electronegative organic ligands that resemble fluoride more than
hydride might serve to stabilize Pb! and T1! with respect to PblY
and T, 1t should be mentioned that electron correlation effects
make some contribution to the relatively large negative value of
AU, for HgX,,?"% whereas they only play a minor role in the
decomposition of T1X,, PbX,, and BiX; (X = H, F).

It may be useful to compare the internal energies of successive
X, elimination reactions in the 6th row elements, that is, to
compare decomposition reactions of MX, (eq 1) and MX,, (eq

(64) Freedman, L. D.; Doak, G. O. Chem. Rev. 1982, 82, 15.

(65) Schwerdtfeger, P. J. Am. Chem. Soc. 1990, 112, 2818.

(66) Wittig, G. Chem. Ber. 1964, 97, 789.

(67) Comprehensive Organometallic Chemistry; Wilkinson, G., Stone, F.
G. A, Abel, E. W, Eds.; Pergamon: Oxford, 1982: (a) Harrison, P. G. In
Vol. 2, Chapter 12, p 629. (b) Kurosawa, H. In Vol. 1, Chapter 8, p 725.

(68) Davidson, P. 1.; Harris, D. H.; Lappert, M. 1. J. Chem. Soc., Dalton
Trans. 1976, 2268.

(gg) Brooker, S.; Buijink, J. K.; Edelmann, F. T. Organometallics 1991,
10, 25.

(70) Dolg, M.; Kiichle, W; Stoll, H.; Preuss, H.; Schwerdtfeger, P. Mol.
Phys. 1991, 74, 1265.

J. Am. Chem. Soc., Vol. 114, No. 19, 1992 7525

400
300 1 .4
2001 &

1004

0 & <3
- / o e
+100 1 peme-t o~

[kd/mol|

2
2
a
@
2 /
/
-200] 3 /
/ —e— x-H
/
-300 / —a—  X=F
;
;
/ -=0=-  XsH
-400 I
---A--  XsF
-500 r r v —re——
M= B A1 Ga In T1

Figure 8. Disproportionation energies AU(disprop) = 2AU;(MX) -
AUy(MX;) in kilojoules/mole for the group 13 (M = B, Al, Ga, In, T1)
hydrides and fluorides (X = H, F). Values are taken from Table II. —,
AU(disprop); - --, AU(disprop) — D.(M,).

5 or 6) in order to assess the relative stability of the intermediate
oxidation state:

MX, ., > MX,,+X, (n=45) (5)
2MX — 2M + X, (6)
(M=T,X=FCL,Br,LHHM=Bi, X =H, F)

For this purpose, we consider only gas-phase reactions of the
monomers. Reactions 1, 5, and 6 have in common the cleavage
of two M-X bonds and the formation of one molecule of X,. The
differences in AU, for these reactions correspond to the internal
energies of disproportionation of the intermediate oxidation state
nto the n + 2 oxidation state and the metallic element (or to Bil
in the case of BiX;), and will be referred to as AU{disprop). Table
IV summarizes these disproportionation energies for intermediate
oxidation state compounds of the 6th period. In the sequence TI!,
Pbll, and Bil!l, the fluorides (especially BiF;) are strongly resistant
to disproportionation. The hydride BiH; is also predicted to be
stable; indeed, [BiH;]* has been observed by mass spectroscopy.”*
In contrast, TIH and PbH, are prone to disproportionation, as
is in fact observed in the case of the corresponding alkyls and aryls.
The relativistic contribution is significant in these cases and decisive
for TIH, but is unimportant for the halides. Compared to TIH,
BiX disproportionates very readily to Bi® and Bill in the case of
both hydride and fluoride but #not through relativistic effects, which
actually favor Bil,

Disproportionation of Univalent Group 13 Compounds. Figure
8 displays the difference in AU, for the successive X, elimination
reactions for group 13 hydrides and fluorides. This is equivalent
to consideration of the gas-phase disproportionation reaction, where
all species are explicitly monomeric:

3IMX — MX,; + 2M N
The internal energy of disproportionation AU(disprop) is defined:

AUdisprop) = 28U,(MX) - AUyMX;) =
3D.(MX) - D, (MX;) (8)

Figure 8 suggests that disproportionation according to eq 7 is
accessible for the hydrides but strongly unfavorable for the
fluorides. If some account is taken of the effect of aggregation
of the free element by inclusion of the internal energy of di-
merization of the group 13 element (eq 9), the tendency to dis-
porportionation is now much increased for the lighter elements.

2M — M, )]
With this adjustment, the appropriate trend revealed in Figure

8 (dashed lines) is consistent with empirical inorganic chemistry,
viz., univalency in group 13 is most favored for the heavier element

(71) (a) Saalfeld, F. E.; Svec, H. T. Inorg. Chem. 1963, 2, 46. (b) Gunn,
S. R. J. Phys. Chem. 1964, 68, 946.
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Table V. Computed Internal Energies AUj for Inner-Sphere Redox
(Halogen Transfer) Reactions of Compounds of Group 13 Elements

(a) BX + MX; — BX; + MX
M= B Al Ga In Tl

AUS(X =H) 0 -240 -276 -333 -393(-322)°
AU(X=F) 0 -179 =375 —480 —603 (-392)
(b) TIF; + 3TIX — TIX, + 3TIF
X = F cl Br I H
AU(R) 0 55 74 -92 —364
AU,(NR) 0 -30 -48 -54 -252

4Numbers in parentheses are nonrelativistic values calculated on the
assumption that AUy(R) = AU(NR) for BX,.

fluorides and is intrinsically unstable for all hydrides. While this
simple picture neglects many undoubtedly important factors, such
as lattice energies, entropy effects, and kinetic stabilization, it
nevertheless reveals AU(disprop) as a valuable index of the intrinsic
bond enthalpy terms.

Inner-Sphere Redox Reactions Involving Halide Transfer. A
worthwhile extension of the previous discussion is to construct
balanced redox reactions which express the energetic differences
between individual systems and which embody the periodic trends
already discussed. Of the many possibilities, we have chosen to
illustrate those in eqs 10 and 11, for which AU, values are
presented in Table V. This strategy has two advantages. First,

BX + MX, — BX, + MX (M= Al Ga, In, T X =
H, F) (10)

TIF, + 3TIX — TIX, + 3TIF  (X=CL Br, LH) (1)

various extraneous effects, such as the energy of formation of X,
spin—orbit coupling, entropy, and lattice energy, are minimized
or eliminated. Second, the symmetry of these isodesmic reactions
should cause the trends in AU, values to reflect more closely those
in AG. Equation 10 expresses the oxidizing power of MX relative
to BX;, which increases down the group for both hydrides and
fluorides. This trend arises from the preference for formation of
three B-X bonds and one M—X bond, M being the heavier ele-
ment. Relativity clearly contributes to the oxidizing ability of
thallium(III) relative to indium(III) (cf. Table V), as it does also
for bismuth(V) vs antimony(V) and lead(IV) vs tin(IV).

Equation 11 expresses the oxidizing power of TIF; relative to
the heavier halides and hydride of thallium(III). It may at first
sight seem surprising that, for example, T1l, is more readily formed
in this reaction than is TICl; when the former is the less stable
according to AU, for reaction | or the D, values (Table II). Since
M!-X bonds are about 30% stronger than the corresponding
MU-X bonds and fluoride forms the strongest M—X bonds, the
overriding tendency is to form three M'~F bonds rather than three
MULF bonds. Relativity enhances this trend without basically
altering it.

Finally, it is worth noting the opposite secondary effects of
relativity on the chemistry of the heavy transition elements and
the heavy main group elements. It is well established experi-
mentally’? and theoretically'*!3 that for the hexahalides [MX¢]%
(M=ZrtoPdand Hf toPt; X = F,Cl, Br; z = 0, 1, 2, 3) such
effects cause systematic stabilization of the higher oxidation states
for the 5d elements relative to their 4d congeners. This can be
rationalized in terms of efficient screening of the valence d shell
by the relativistically contracted inner s orbitals, which reduces
d electron ionization energies in compounds of the third transition
series.

IV. Summary and Conclusions
We draw the following conclusions from our calculations.
(1) In group 13, element-ligand bond strengths decrease
monotonically with increasing atomic number, which ensures that

(72) (a) Brownstein, S.; Heath, G. A.; Sengupta, A.; Sharp, D. W. A. J.
Chem. Soc., Chem. Commun. 1983, 669. (b) Heath, G. A.; Moock, K. A ;
Sharp, D. W. A,; Yellowlees, L. J. J. Chem. Soc., Chem. Commun. 1985, 15.
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elimination of X, (eq 1) is increasingly favored. For the fluorides,
but not the hydrides, this tendency is enhanced by the weakness
of the individual M!I'F bond relative to the M~F bond, the bond
energy ratio varying from 85% to 75% down the group.

(2) Relativity assists in stabilizing thallium(I) relative to
thallium(111), especially for the fluorides, but does not determine
the trend outlined in 1.

(3) As judged by Mulliken population analysis, there is no
discernible trend in outermost s population (n,) between AlX; and
TIX; and thus no computational evidence for an especially inert
6s electron pair in the trivalent state. Naturally, the s population
increases upon reduction, e.g., from TI! to T, thus increasing
the inert pair character of the M! compound, and this is reinforced
by relativistic effects.

(4) 1t follows from 1 that, for the group 13 elements, there is
a steady increase in the oxidizing (X, transfer) ability with in-
creasing atomic number of the MX; compounds (X = H, F)
considered as gas-phase monomers of Dy, symmetry. There is
no abrupt change between InX; and T1X; caused by relativistic
effects.

(5) For thallium trihalides and trihydrides, elimination of X,
is strongly endoergic but less unfavored for the heavier halides;
AU, decreases in the order X = F > Cl > Br > [ > H. In contrast,
the relativistic contribution favors T1X but becomes smaller with
decreasing electronegativity of the ligand from X = Fto X =1
and X = H (Figure 6).

(6) In the 6th period hydride series, there is a progressive
increase in relativistic bond weakening from AuH to BiH;, ac-
cording to computed contributions to bond dissociation energy,
bond length, and force constant. This increase is attributed to
the dilution of 6s participation by a large 6p admixture in the
metal-hydrogen bond. The average bond energies, D /n, corrected
for atomic SO terms (QCI-computed and corrected), vary by no
more than 10% from HgH, to BiH; (185 % 20 kJ/mol) and from
TIF; to BiF; (310 = 25 kJ/mol). The relativistic contribution
is always destabilizing for these compounds and numerically larger
for fluoride than hydride. These effects are well illustrated in
computed trends in AU, for MX,, as well as in D,.

(7) The stability of intermediate oxidation states can be assessed
by examining the energetics of appropriate disproportionation
reactions (Table IV). Within the 6th period MX,_, compounds,
the subvalent fluorides strongly resist disproportionation. In
contrast, disproportionation of monomeric TIH and of PbH, is
energetically favorable, and this process is significantly assisted
by relativity. For the hydrides of the group 13 elements and for
BF, disproportionation is decisively assisted by aggregation of the
free element; this has been computationally modeled by the
formation of M, from atomic M, a process which is strongly
favored for the lighter elements.

(8) It is similarly informative to compile from the individual
D, data the internal energies for balanced, isodesmic redox re-
actions between compounds in various oxidation states, e.g., BF
+ AlF; — BF, + AIF and TIF,; + 3TIH — TIH, + 3TIF. This
leads to conclusions that are not otherwise self-evident, e.g., the
preference of the highly electronegative fluorine for thallium(I)
over thallium(III) in halide exchange reactions between these
oxidation states (Table V).

(9) In the series T1X;, PbX,, BiX;, the tendency to eliminate
X, and reduce the coordination number increases sharply between
lead and bismuth, even at the nonrelativistic level, i.e., Bi¥ is a
markedly stronger oxidant than Pb!Y. Relativistic contributions
are almost constant along the series (ca. 100 and 250 kJ/mol for
X = H and F, respectively) and so do not alter the trend, but they
clearly assist the oxidizing power of the elements in their highest
oxidation states (Figure 7).

(10) The energetics of the alkyls and aryls of the 6th period
elements are probably similar to those of the hydrides, so that the
stability of compounds such as BiPh;, PbMe,, and TIMe; is likely
to be kinetic.

(11) Lattice energy effects have not been included in our
calculations, but are obviously important in the normal descriptive
chemistry of the elements we have considered. Such effects may
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account for the existence of TlI; as TI*I;” in the solid state.

In summary, we have calculated a number of molecular
properties, such as bond lengths, dipole moments, and dissociation
energies, for a range of inorganic molecules, and where experi-
mental data are available, the agreement is satisfactory. The most
informative quantities for comparative purposes are the internal
energies (AU,) for eq 1. For the 6th period elements, we have
identified the relativistic and nonrelativistic contributions to AU,
and find that, although the former contribute as much as 25%
to the reduction of AU, they are not decisive in determining the
trend along the period and are not associated with a particular
corelike character of the 6s electrons. It is true that, in many of
the compounds we have considered, the s electrons play only a
small part in bonding and in that sense can be regarded as corelike,
even for the lighter elements. Thus, o-bonding involves mainly
the valence p electrons, and the familiar concept of s—p hybrid-
ization is not relevant to the calculated electronic structures. The
term inert pair effect has also been used in overlap and density
arguments (see, for example, ref 73). As Drago® suggested,
however, there is no special inert pair effect on valency for the
6th period elements; moreover, there is no particular relativistic
contribution that determines preferred oxidation states. Finally,
although the ab initio calculations satisfactorily reproduce the

(73) Plass, W_; Savin, A,; Stoll, H.; Preuss, H.; Nesper, R.; von Schnering,
H. G. Inorg. Chem. 1990, 29, 860.

trends in AU, there remains the challenge of relating the resulting
numerical data to an intuitively comprehensible bonding model
within the framework of descriptive inorganic chemistry.
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Abstract; The 1:1 and 2:1 charge-transfer (CT) molecular complexes between ammonia and the methyl-substituted amines,
CH;NH, (MA), (CH,),NH (DMA), and (CH;);NH (TMA), and SO, have been examined using ab initio molecular orbital
theory. Equilibrium structures have been obtained at a variety of levels of theory including MP2/6-31G(d), and binding energies
were determined at the MP3/6-31+G(2d,p) level. Correction for electron correlation is found to be necessary for an accurate
description of the structures and stabilities of these amine-SO, complexes. For TMA-SO,, the calculated N-S equilibrium
distance is reduced dramatically, by 0.18 A, in going from the Hartree—Fock level to the MP2 level of theory. The calculated
enthalpies of complex formation (AH, 298 K) for NH;:SO,, MA:SO,, DMA-SO,, and TMA-SO, are 4.5, 6.7, 7.9, and 10.7
kcal mol™}, respectively, and the corresponding N-S bond lengths are 2,79, 2.62, 2.46, and 2.36 A, respectively. The computed
formation enthalpy and geometry for TMA-SO, are in good accord with experimental data. The trends of geometry and stability
of these amine-SO, complexes can be rationalized in terms of the donor strength of the amines (TMA > DMA > MA > NHj;).
The 2:1 adducts, (NH;),-SO,, MA,-SO,, DMA,.SO,, and TMA,-SO,, are all predicted to be thermodynamically stable, with
binding energies slightly less than the corresponding 1:1 complexes, and are predicted to be experimentally accessible species
in the gas phase. The bonding characteristics of the amine-SO, CT complexes have been investigated by charge density analysis.
The N-S bond is characterized by a strong ionic interaction. The charge-transfer component plays an important role in determining
the stabilities of these donor-acceptor complexes. The calculated amount of charge transfer from the amine to SO, are 0.04,
0.08, 0.13, and 0.18 eV for NH;:SO,, MA-SO,, DMA-SO,, and TMA.SO,, respectively. The infrared and ultraviolet spectra
of the 1:1 and 2:1 CT complexes were calculated for the first time. The computed vibrational frequencies and transition energies
are consistent with experimental data,

Introduction
Charge-transfer (or donor—acceptor) complexes are of im-
portance in several phenomena of chemistry and biology.! The

(1) (a) Briegleb, G. Electronen-Donor-Acceptor Komplexes; Springer
Verlag: Berlin, 1961. (b) Andrews, L. J.; Keefer, M. Molecular Complexes
in Organic Chemistry; Holden-Day: San Francisco, 1964. (c) Rose, J.
Molecular Complexes; Pergamon Press: Oxford, 1967. (d) Mulliken, R. S,;
Person, W. B. Molecular Complexes; John Wiley: New York, 1969. (e)
Foster, R. Organic Charge Transfer Complexes; Academic Press: London,
1969. (f) Slifkin, M. Charge Transfer Interactions of Biomolecules; Aca-
demic Press: London, 1971. (g) Yarwood, J. Spectroscopy and Structure
of Molecular Complexes; Plenum Press: London, 1973. (h) Molecular
Association; Foster, R., Ed.; Academic Press: London, 1975; Vol. 1.

trimethylamine-sulfur dioxide (TMA-SO,) complex represents
one of the best characterized charge-transfer complexes. The
gas-phase and crystal structures have been determined by Fourier
transform microwave spectroscopy? and X-ray crystallography,>?
respectively. The reaction thermodynamics have been studied in
the gas phase as well as in solution by ultraviolet spectroscopy.

(2) (a) Oh, J. J.; LaBarge, M. S.; Matos, J.; Kampf, J. W,; Hillig, K. W.,
I1; Kuczkowski, R. L. J. Am. Chem. Soc. 1991, 113, 4732. (b) LaBarge, M.
S.; Matos, J.; Hillig, K. W, II; Kuczkowski, R. L. J. Am. Chem. Soc. 1987,
109, 7222.

(3) Van Der Helm, D,; Childs, J. D,; Christian, S. D. J. Chem. Soc., Chem.
Commun. 1969, 887.
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