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. Introduction

A. Scope and Purpose

For the majority of metal halides the solid state is
the natural state; only a few higher-valence halides
are liquids under ordinary conditions. Most metal
halides form highly ionic crystal structures, with high
coordination number of the metal and no discernible
“molecules.” There are only a few covalent metal
halides for which molecules can be distinguished in
their crystals. When we talk about the molecular
structure of metal halides, we usually refer to their
vapors; it is there where metal halide molecules are
present. Thus, this review is primarily about the
structure of metal halides in the vapor phase. Crystal
structures will be mentioned if they have relevance
to the vapor-phase molecular structure.

Interest in the structure of gaseous metal halide
molecules is not purely academic as they have
important practical applications, from halogen met-
allurgy, chemical vapor transport and deposition? to
the lamp industry. Metal halide lamps provide more
light from less power and have been applied in
diverse areas, from horticulture to dermatology and
dentistry.?2 Metal halides have growing importance
in the semiconductor industry as intermediates in the
chemical processes of etching semiconductor devices.®
The behavior of metals in the presence of halogens,
their effect as impurities or additives in combustion
systems, also warrants the knowledge of the vapor-
phase molecules that might be formed in these
processes.* Recent developments in combustion syn-
theses of nanoscale refractory solids of high purity
and controlled size distribution also call for a better
understanding of vapor-phase metal halide sys-
tems.45

Considering the simplicity of most metal halide
molecules, they should be textbook examples of the
most fundamental structures. Most of them are small
molecules and, according to the popular geometrical
models, should be highly symmetrical. In reality,
however, their structures are far from being fully
understood.

The experimental investigation of metal halide
molecular structures started with the beginning of
the electron diffraction (ED) technique, in the 1930s.5
A second wave of their investigation came in the mid-
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1950s. The emerging Moscow ED group, mostly
Akishin, Spiridonov, Rambidi, and associates, inves-
tigated practically all metal halide molecules as they
worked their way through the periodic table.”® It was
also at that time that a relatively new technique,
microwave spectroscopy (MW), was applied to the
alkali halides, one of the few groups of metal halides
that could be targeted by MW.? Thus, gas-phase ED
has been the principal tool for their investigation. The
Moscow ED studies were truly pioneering in learning
about the behavior and geometries of these high-
temperature species. Their authors had the sagacity
and foresight of giving large enough error limits to
their data (usually 0.02 A or higher). Within these
large error limits, some of their bond lengths have
remained valid for a long time. Alas, today they no
longer correspond to modern standards of an order
of magnitude higher precision. It is not only that the
experimental techniques have improved, but also
that various factors were overlooked in the early
studies, such as the possible complexity of the vapor
composition.

Problems with the early and even with some recent
ED studies of metal halides appear at different levels.
Because of the resulting confusion in the literature,
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this review provides a critical approach and scrutiny
of published literature data. Consider, for example,
the complexity of the vapor composition as shown by
mass spectrometric studies.’® When it is ignored in
an ED investigation, the derived geometrical param-
eters are weighted mean values for all species
present. A case in point is the presence of dimers in
the vapor in the ED study of the monomeric species.
Ignoring each percent of dimer present leads to an
error of about 0.01 A in the determined monomer
bond length.* This may be a rather concealed source
of error when too many constraints and assumptions
are employed in a structure analysis. Ignoring the
anharmonicity of vibrations may be another subtle
yet important error source, especially in the deter-
mination of bond lengths for fluxional metal halides.
There is then the possibility of interatomic, intramo-
lecular multiple scattering, especially for molecules
with atoms of large atomic number. Ignoring this
effect may result in larger residues in the molecular
intensities and, accordingly, poorly determined pa-
rameters.*?

From the above it follows, first, that the structure
analysis of metal halide molecules often requires
more sophisticated approaches than that of simple
organic molecules. Second, any demanding compari-
son and discussion of their structures calls for a
rigorous and critical approach.

The evaluation of the ED literature is hindered by
the appearance of many different types of bond length
representation, especially since the early 1980s. It
has been gradually and painfully realized that the
ED thermal average bond length of metal halides
may be far off the equilibrium bond length; hence,
new ways of data treatments have been introduced.
They are based on different approximations of esti-
mating the experimental equilibrium bond length.
Unfortunately, this more rigorous approach has
resulted in enhanced confusion by introducing fur-
ther representations that were not always followed
up consistently in consequent publications, even by
the same school that had introduced them in the first
place. While originally superscripts signified a par-
ticular approximation, in subsequent publications
they were simply denoted as “r.”, i.e., equilibrium
bond length. This description ignores, for example,
whether a harmonic or anharmonic approximation
or a rectilinear or curvilinear description of the
vibrations was used. For the linear dihalides espe-
cially, large differences may occur in the bond length,
depending on the applied approach and approxima-
tion. Thus, for example, the use of the harmonic
approximation with rectilinear coordinates is am-
biguous, since it yields much shorter bonds than the
true anharmonic equilibrium bond lengths should
be.’® A rigorous comparison of these distance types
is greatly hindered, and the best approach may be
going back to the original literature and using the
thermal average bond lengths whenever possible,
unless the physical meaning of the published bond
length is clearly identified.

There is a growing number of computed metal
halide structures in the literature. “The achievements
of modern computational chemistry are astounding”,
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as Roald Hoffmann commented recently,'* and this
is accentuated by the 1998 Nobel Prize in Chemistry
awarded to Walter Kohn for his development of the
density-functional theory and to John Pople for his
development of computational methods in quantum
chemistry. Some general comments are warranted in
light of this enormous development.

During the past 10 years or so, computations have
become feasible for metal halides. Before that very
few and relatively low-level studies appeared. Even
today, the quality of the results is not always on a
par with that of computational data on small organic
molecules. More often than not the published com-
puted bonds for metal halides are much too long
compared with the experimental equilibrium bond
lengths. The increasing number of computational
studies and the enhanced role of computations in
getting geometrical information about metal halides
lends special importance to the difference in the
physical meaning of geometrical parameters origi-
nating from different techniques. This will be the
topic of a brief section to be discussed later (section
1.B.1). Similarly, the meaning of precision and ac-
curacy of geometrical parameters will be briefly
discussed (section 1.B.2).

The experimental geometrical data published up
to the end of 1999 is covered in this review. The
computational literature is also covered, though not
comprehensively. Vibrational parameters will also be
often given, but this feature of the present review is,
again, far from comprehensive. Due to the enormous
increase in the amount of published material, espe-
cially in the computational literature, a line had to
be drawn concerning the breadth of this review.
Thus, only the binary metal halides will be discussed
but the extensive literature of mixed metal halides
and metal halide ions is not included.

We reviewed the molecular structures of gas-phase
metal halides over 10 years ago in a book chapter!
and in Coordination Chemistry Reviews,® covering
the literature through the mid-1980s. Many new
experimental studies have appeared since, not to
mention the increasing number of computational
studies. Relying on the previous two reviews, topics
that have not changed much will not be discussed
here in detail. Reliable geometrical data, if there have
not been newer studies, may be quoted again. There
is one set of data, however, that will not be used here,
viz. the very early studies, mostly with the visual
technique of ED in the 1930s and 1950s. This special
mention of them is made here because, perhaps out
of habit and convenience, they are still being widely
cited and used for comparison, especially in compu-
tational works. In their computational study of
alkaline earth dihalides, for example, Schleyer et al.'®
write that “The M—halogen distances of the Soviet
group are still used as the most accurate reference
in many cases”. By the time of their publication, in
1991, out of the 20 alkaline earth dihalides, 11 had
been reinvestigated by modern techniques and pro-
vided much better data than the early ones.'” Alas,
the new information was used only in a fragmentary
way.
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There are two references in the literature that
compile invaluable information about experimental
geometrical data on metal halides; one of them is
volumes in the Landolt-Bdrnstein series, especially
the latest one that is devoted exclusively to inorganic
gas-phase structures.® The other that also contains
spectroscopic and thermodynamic data is The Mo-
lecular Constants of Inorganic Compounds (in Rus-
sian) by Krasnov.'® The vibrational spectral data of
all diatomic molecules are available in Herzberg’s
famous book.?° The vibrational frequencies of metal
halides are compiled in a book chapter by Brooker
and Papatheodorou.?® There is a new edition of
Nakamoto’s classic book with much information on
spectral data.?? Two reviews dealt with metal di- and
trihalides, by Drake and Rosenblatt?® and by Gir-
icheva et al.?” Both discuss geometrical and vibra-
tional parameters and provide empirical relation-
ships between them. A recent review by Beattie?®
discusses the matrix isolation techniques as applied
to metal halides and oxides. Shorter reviews cover
particular classes of metal halides and will be men-
tioned in the appropriate places. An early but still
often cited review on the thermodynamic properties
of gaseous metal dihalides by Brewer et al.?® contains
estimated frequency data for all dihalides, many of
which are, alas, no longer acceptable.

The present review has two main purposes. One
is to critically evaluate the structural data available
in the literature on metal halides. In this context the
reliability of the published literature data will be
scrutinized and discussed. The other is to bring out
structural variations and trends and estimate un-
known structural features based on the available
data. The latter is meant to facilitate the calculation
of thermodynamic functions of metal halides which
may be of practical importance in halogen metallurgy
and other industries.

For the sake of consistency, comparison of geo-
metrical parameters should be based on the best set
of data and on data of internal consistency. Accord-
ingly, the ED thermal average distances should, in
principle, be converted to the experimental equilib-
rium distance and then compared with the computed
values. However, in most cases this is not possible
due to the lack of information about the vibrational
corrections. Moreover, much of the computed geo-
metrical information would not justify such an in-
volved procedure for comparison. The often time and
labor consuming procedures of correction and conver-
sion may be important in some cases but superfluous
in others. We have found, for example, that thermo-
dynamic calculations are rather insensitive to the
values of bond lengths. We have examined this
question in detail for the MX; linear dihalides.
Comparison of available rg/re corrections indicates
that their value depends mostly on the temperature
of the experiment within a certain class of compounds
and it is somewhat smaller for the corresponding
fluorides than for the other halides. For the bond
length versus stretching frequency correlations in
MX; linear dihalides, the possible error introduced
by using ry instead of r. parameters was only a
fraction of the standard deviation of the predicted
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Figure 1. (a) Variation of the vibrational frequency
contribution of the heat capacity (Cp/R, dimensionless), and
(b) variation of the vibrational contribution of the entropy
(S/R, dimensionless) versus the temperature T (K) and a
single vibrational frequency. (Reprinted with permission
from ref 30. Copyright 1998 Elsevier Science.)

frequencies. Thus, we found it prudent to use the ry
bond lengths in these predictions for all other groups
of metal halide molecules.

A recent study?® probed the applicability of density
functional theory (DFT) calculations for the purpose
of establishing thermodynamic functions for metal
halides, using the lanthanide trihalides as examples.
It was found important to establish the equilibrium
symmetry in order to get the right symmetry number.
The effect of vibrational frequencies on the heat
capacity and entropy are illustrated in Figure 1. The
vibrational frequencies were found to be the most
important parameters in these calculations. For the
heat capacity, it is not crucial to have very accurate
frequencies at high temperatures while at lower
temperatures the actual values of the high frequen-
cies (stretching) are important (Figure 1a). For the
entropy (Figure 1b), the values of the small frequen-
cies are important at all temperatures. This study
confirmed previous findings that in cases of very flat
potential energy surfaces, the calculated out-of-plane
frequencies tend to be underestimated by the DFT
calculations and this influences the accuracy of the
calculated entropy. This observation probably per-
tains to all floppy metal halides.

Thus, for thermodynamic calculations the accuracy
of the vibrational frequencies is an important con-
sideration. Computations tend to overestimate fre-
guencies, except for the very low modes in the case
of floppy molecules, whose values are too small and
unreliable. The experimental frequencies, originating
from matrix isolation spectroscopy, are usually af-
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fected by the matrix and tend to be smaller than the
gas-phase values. Therefore, it is desirable to have
experimental gas-phase frequencies, even if their
determination may be difficult due to the usually
high temperatures and the highly populated excited
vibrational and rotational levels. We will pay special
attention to the values of frequencies, in that their
origin will be indicated. Moreover, if possible, we will
also give an estimate of the gas-phase values. For
this we will use two different methods. One of them
is a simple method, suggested earlier for matrix
measurements, based on the different polarizabilities
of the matrix molecules.®* The other is the observed
linear variation of symmetric stretching frequencies
of high-symmetry molecules (Dwh, Dsn, Tq, On) with
the bond length (see corresponding sections).?®

The Jahn—Teller effect and relativistic effects have
proven to be conspicuously important for many of the
metal halide structures, and a brief separate chapter
is devoted to each toward the end of this review
(sections X and XI, respectively).

B. Geometrical Parameters

1. Physical Meaning

The growing number of computational structural
studies and the fact that comparison with available
experimental data is still considered to be the ulti-
mate check for their reliability warrants some gen-
eral comments on the physical meaning of geometri-
cal parameters. The comparisons often ignore that
the experimentally determined and computed geom-
etries do not refer to the same physical meaning (for
a recent discussion, see, e.g., ref 32).

The computed geometry is the so-called equilibrium
geometry, which corresponds to the minimum posi-
tion of the potential energy surface. This geometry
belongs to a hypothetical motionless molecule, hypo-
thetical because real molecules are never motionless,
not even at the absolute zero temperature.

The physical meaning of the experimental geom-
etries depends on the nature of the physical phenom-
enon involved in a particular technique and the way
that averaging over various motions is accomplished.
For X-ray diffraction, for example, the interatomic
distance is the distance between the centroids of the
electron density distribution. Electron diffraction and

Table 1. Different Representations of Molecular Geometry
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neutron diffraction measure internuclear distances.
The greater the deformation of the electron density
distribution, the greater will be the difference be-
tween the bond lengths from X-ray diffraction on the
one hand and electron diffraction and neutron dif-
fraction on the other.

As to the different ways of averaging over various
motions, there are different representations of mo-
lecular geometry.373> They were first described by
L. S. Bartell in 1955,% when neither the experimental
precision nor the level of computations called for such
a rigorous consideration. As both experimental and
computational works kept improving, it took a long
time for Bartell's pioneering findings to find their way
into routine structural work. The most important
representations are collected in Table 1. Only four
of them will be discussed here that appear predomi-
nantly in the metal halide literature, viz. the ry, g,
rq, and re representations.

r, is an operational parameter that does not have
a well-defined physical meaning, it is the constant
argument in the equation of molecular scattering
intensity in ED. Often this is the one that is com-
municated in the ED literature; however, its use in
comparison with data from other sources is discour-
aged. It is easy to convert this parameter into one
that does have a well-defined physical meaning, the
ry parameter.

ry is the thermal-average distance corresponding
to the temperature of the ED experiment. Its ap-
proximate relationship to the r, operational param-
eter is

~ 2
g~ ry + 11,

where | is the root-mean-square vibrational ampli-
tude.

r. (ro") is the distance between average nuclear
positions at a given temperature. Its relationship to
the rq parameter is

r,="rq— K-=20r

where K = ([AX?[F + [Ay?[3)/2re, the perpendicular
vibrational correction, and dr is a centrifugal distor-
tion term. The r, parameter is convenient since it also
corresponds to the parameters determined by some
other techniques, such as, in essence, by X-ray

symbol meaning/significance origin (method)
re distance between equilibrium nuclear positions; computations
corresponds to the minimum of the potential energy surface rotational spectroscopy for diatomic molecules
r,/re° distance between average nuclear positions, rotational spectroscopy/electron diffraction
in the ground vibrational state
ry distance between average nuclear positions, rotational spectroscopy
in an excited vibrational state
ro' (Orry) distance between average nuclear positions in electron diffraction
thermal equilibrium
ro operational parameter; effective distance derived rotational spectroscopy
from available rotational constants
rs operational parameter; substitution structure; rotational spectroscopy
effective distance derived from rotational constants
of a consistent set of isotopomers by Kraitchman’s method
rg thermal average internuclear distance electron diffraction
ra operational parameter, constant argument in the electron diffraction

expression of molecular intensity in ED
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diffraction and neutron diffraction. When T = 0 K
(ro0), it is the same as the so-called r, parameter, the
distance between average nuclear positions in the
ground vibrational state that originates from rota-
tional spectroscopy.

re is the equilibrium bond length, corresponding to
the minimum of the potential energy function. This
is also the parameter yielded by computations. The
approximate relationship of this parameter to the ry
thermal average distance is

rg~r,+ AzO+ K+or=r, + K+dr

where Az is the parallel average displacement.
Another approximate expression3’ provides a useful
relationship between the ry and the r. parameters

~ 3 2
r,~ 1y — Cl)al;

where a is the Morse parameter and I+ is the root-
mean-square vibrational amplitude at the experi-
mental temperature. The value of the Morse param-
eter can be estimated from the asymmetry parameter,
k, determined in the ED analysis, by the formula®3=3”

a=6k(:H'3 - 21,'1:H™

where |y is the root-mean-square vibrational ampli-
tude at 0 K. These relationships have proved useful
in estimating the experimental equilibrium distances
from ED.

Due to the difference in the physical meaning of
geometrical parameters, for a rigorous comparison
of experimental and computed bond lengths we first
have to carry out vibrational corrections on the
experimental parameters and bring all information
to a common denominator.32:38

2. Precision and Accuracy

The meaning of precision and accuracy is distin-
guished in rigorous structural studies.®®4° Generally,
however, these terms are often used interchangeably.
Precision is the reproducibility of our findings. We
may have high precision without being close to the
true value of the structural parameter sought. A case
in point is a precise determination of a thermal-
average bond length by ED, which is different from
the equilibrium bond length because of the specific
averaging in the ED experiment and its dependence
on the temperature. Its accuracy will give us infor-
mation about how far it is from the true value. Thus,
if the true value is the equilibrium distance—as it
usually is considered to be—then the bond length
determined by ED will be more accurate from a cold
vapor experiment than from a hot vapor experiment.
The accuracy of the ED thermal average bond length
in this case can further be enhanced by converting
the average distance to the distance between average
nuclear positions and, ultimately, by applying the
anharmonic corrections, to the equilibrium distance.

3. Uncertainties

The uncertainty attached to a geometrical param-
eter is as important as the parameter itself. Both for
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comparison with other information and for observing
trends in structural data, the experimental uncer-
tainties are a determining factor in the extents to
which a comparison or an observed trend can be
judged relevant and valid. Alas, especially computa-
tional papers all too often fail to be quoting experi-
mental data with their uncertainties.

Different laboratories often use different ap-
proaches in error estimation, especially for gas-phase
ED, which is a relatively uncommon technique,
although suggestions have been made to follow a
standardized and consistent procedure for analysis
and error estimation.*! Both the systematic and
random errors of the analysis may be of importance.
For volatile organic structures, the random errors of
the analysis often appear to be negligible as com-
pared with the systematic errors; alas the latter are
often ignored. For the metal halides, the two kinds
of error may have comparable significance.

Unfortunately, it is not customary to publish the
uncertainty of computed parameters in computa-
tional papers and it is, admittedly, difficult to judge
them. John Pople has followed a well defined if rather
involved procedure to assign errors to computational
results and stressed that “...the errors should always
be there in computational work”.4?

C. Determination of Metal Halide Molecular
Geometries

There are aspects of metal halides that make their
structure analysis different from other systems.
Difficulties occur both in the experiment and in the
interpretation of the results. Their computational
studies are also hindered by their own difficulties.
These systems present a challenge to the structural
chemist even today, and this explains why some of
these structures are being reinvestigated over and
over.

1. Experimental Techniques

Most metal halide molecules do not have a perma-
nent dipole moment, do not yield pure rotational
spectra, and thus cannot be studied by microwave
spectroscopy. This leaves electron diffraction as the
only technique for the determination of their geom-
etry.

For electron diffraction, the high-temperature con-
ditions, the often-complicated vapor composition, the
floppy nature of most metal halide molecules, and
the anharmonicity of their vibrations pose special
difficulties. The measured thermal-average geometry
may be quite different from the equilibrium geometry
of the molecules. The symmetry of the average
structure is usually lower than that of the equilib-
rium arrangement, due to the soft deformation
modes. The simplest example is the linear equilib-
rium structure of a symmetric triatomic molecule
appearing to be bent as a consequence of the so-called
shrinkage effect.** The soft deformation modes of
metal halides may make it impossible to determine
the symmetry of their equilibrium configuration
lacking other independent information about the
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shape of the molecule. Due to the high temperature
conditions and the anharmonicity of the vibrations,
the thermally averaged bond distance may be con-
siderably different from the equilibrium distance
(vide supra). As for the vapor composition, the
presence of relatively large amounts of different
molecular forms is easily detectable in the experi-
mental data. Relatively small amounts may be hid-
den while they can falsify the geometrical param-
eters.** Employing different techniques concurrently
should enhance the reliability of structure analyses.
Using a quadrupole mass spectrometer, for example,
in conjunction with electron diffraction, helps in
identifying the species present in the vapor.*647
Another possibility, increasingly applied, is the use
of auxiliary information from computation in the
electron diffraction analysis. This information may
be differences of bond lengths and/or parameters of
a bending or puckering potential for the molecule.
Using differences of bond lengths rather than their
actual values largely alleviates the problem of the
two techniques producing bond lengths of different
physical meaning. At least as a first approximation
it can be assumed that the differences in the physical
meaning will cancel in the differences of parameters.
The knowledge of the shape of the potential of the
deformation motion of floppy molecules from compu-
tation helps in solving the problem of large amplitude
vibrations and the difficulties posed by the structure
being a thermal average. The large amplitude vibra-
tions of the molecule may be described by a series of
“conformers” and a computed deformation potential
energy function. Spectroscopic measurements also
aid the electron diffraction analysis in providing
vibrational amplitudes, or in using joint ED/SP data
treatment, developed for a few simple molecular
types.*8

Infrared and Raman spectroscopy, both in the gas
phase and in inert matrices, are the primary tools to
determine the symmetry of metal halide molecules.
However, the application of these techniques is not
without problems either, as examples of misinter-
preted cases indicate (cf. discussion of individual
cases below, such as TI,F;,, NiCl,, AlICI3, YCl;3, etc.).
Regarding infrared spectra, the isotopic shifts have
been used to estimate bond angles. However, as has
been pointed out,?84%50 this technique is not sensitive
enough for MX; molecules in the bond angle range
of about 150—180°, i.e., at and around the linear
configuration. A change in the bond angle from 180°
to 160° results in a difference of only about 0.1 cm™?
between the calculated isotope shifts for most metal
dihalides for either the central atom or ligand sub-
stitution. Gas-phase spectroscopy has difficulties due
to the high-temperature experimental conditions and
to band broadening in the spectra; using the decon-
volution technique to resolve them may not be
unambiguous, as witnessed by examples in the
literature.5* Matrix isolation may have problems
with matrix shifts and, as pointed out recently, 5%
even may cause changes in molecular symmetry due
to ion-induced-dipole interaction with the matrix (see,
for example, the discussion of NiCl, in section
11.E.1).
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Figure 2. (a) Anharmonic potential energy curve of AuF
(courtesy of P. Schwerdtfeger, University of Auckland). (b)
Anharmonic potential energy function and the relation of
thermal average and equilibrium bond lengths.

2. Computations

The application of quantum chemical calculations
to metal halides requires special considerations. Most
metal halides are anharmonic as exemplified by the
computed potential energy of the AuF molecule in
Figure 2a.5?Accordingly, the thermal average dis-
tance, determined by ED, will always be larger than
the equilibrium distance (see Figure 2b). The study
of AuF by Schwerdtfeger et al. illustrates the severity
of this problem. They calculated the vibrationally
averaged internuclear distance with increasing vi-
brational quantum number n. Figure 3 shows that
due to the large anharmonicity of the AuF potential
energy curve, the bond distance changes substan-
tially, about 0.01 A per quantum number. This is an
important caveat since due to the yet inadequate
basis sets, the computed metal—halogen bond lengths
tend to appear larger than the thermal-average
experimental bond lengths in recent computational
studies. Figure 4 displays the bond lengths of the
alkaline earth dihalides from computation and ex-
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Figure 3. Dependence of the Au—F bond distance in AuF
on the vibrational quantum number. (Reprinted with
permission from ref 52. Copyright 1995 American Institute
of Physics.)
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Figure 4. Bond length variation in the alkaline earth
dihalide series. For experimental bond lengths, both the
thermal average, rg (— - — - —), and the estimated equilib-
rium bond lengths, r. (— — —), are given. For references,
see Table 7. Symbols: F @; Cl a; Br @; | M. Computed series
(—): ref 16, filled symbols; ref 154, open symbols.

periment, for the latter both the thermal-average and
the estimated equilibrium bond lengths are given.
The following observations can be made from this
figure: (1) The computed bond lengths, except for the
lightest metal halides, are longer than the experi-
mental ones. The extent of difference depends on the
level of computation and the applied basis sets (ref
16 agrees better than ref 154). (2) Without scrutiniz-
ing the physical meaning of the parameters, for some
of them it could be concluded that the agreement is
good, since the computed value coincides with the
experimental thermal-average value (see the chlo-
rides). However, when the experimental equilibrium
distance is considered, the computed bonds are still
too long, except for BeF, and MgF.

The difficulties in the experimental studies are not
anticipated to diminish in the near future. On the
other hand, the computational potentials are ex-
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pected to enhance steadfastly. A few years ago the
computation of metal halides was a formidable task,
whereas currently a fast-growing number of compu-
tations appear in the literature with increasingly
promising results.

There is yet another great advantage of the com-
putations. They can be used to study systems that
are either difficult to prepare and bring into the vapor
phase or are not even known. It should suffice to
mention two examples, viz., the group 14 dihalides,
some of which are unstable and therefore their
experimental study poses great difficulties (see sec-
tion 111.D), and the actinide and transactinide ha-
lides. Their experimental study is not feasible, while
their computations have already produced important
results.®% Further examples will be mentioned in
the systematic discussion.

[l. Monohalides

A. Group 1 Monohalides

The alkali metal halides have been a favorite topic
for research of the most fundamental questions of
chemical structure and reactivity. Interest in their
molecular structure has continued for the past 10
years, since the previous review.® They are intrigu-
ing and accessible objects to study ionic bonding,
vapor composition, structural changes during polym-
erization, and gas/crystal structural differences, just
to mention a few topics. Relatively simple semiclas-
sical models, such as the polarizable ion model, have
been used and improved over half a century to
calculate and understand their structures and ener-
getics. As pointed out repeatedly in the literature,
these model calculations are sensitive to the formula-
tion of the potential energy function, to the param-
eters of the model, and especially to the chosen values
of ion polarizabilities.>>%¢ Concerning these calcula-
tions, we refer to a few recent studies that also give
references to and accounts of previous works on the
subject.5”~%® According to the most recent work of
Torring et al.,> the performance of ionic models is
somewhat disappointing for dimers. They note that
a better understanding of the Pauling repulsion
between ions, when more than one nearest neighbor
is present, would be a most important step toward
improving the model.

Electron diffraction has been used to determine the
structure of alkali metal halides. These studies began
in the 1930s% as they were the simplest possible
objects for the new technique. Later, during the
1950s, all of them were studied by the Moscow ED
group.® Around the same time, microwave spectros-
copy was also applied to all alkali metal halides (for
references see Table 2). Large discrepancies between
the ED and MW distances could be explained by the
complex vapor composition. Already the early mass
spectrometric studies (for references see ref 60)
showed that the vapors of alkali metal halides
contain an appreciable amount of polymeric species
besides the monomers; thus, the ED values were the
averages of the distances in the monomers, dimers,
and possibly higher associates (for more detailed
discussion see refs 15 and 60).
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Table 2. Bond Lengths of Alkali Halide Monomers?2
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MW ED

MX re, A ref re¢ A re,d A monomer %" ref
LiF 1.56389(5) 61
Licl 2.02067(6) 62
LiBr 2.17042(4) 9,63
Lil 2.39191(4) 9, 63
NaF 1.92593(6) 64 1.917(2) 1.949(2) 81.6(12) 65
NaCl 2.3606(1) 9, 66 2.359(8) 2.393(8) 83.4(66) 67
NaBr 2.50201(4) 63 2.507(11) 2.542(12) 82.2(36) 68
Nal 2.71143(4) 63 2.738(16) 2.774(16) 88.9(119) 69
KF 2.17144(5) 70 2.161(4) 2.194(4) 85.8(21) 65
KCI 2.6666(1) 66, 71 2.669(8) 2.709(8) 90.5(56) 67
KBr 2.82075(5) 63, 72 2.829(8) 2.871(4) 87.6(20) 68
KI 3.04781(5) 63 3.051(6) 3.095(6) 91.4(86) 69
RbF 2.26554(5) 73 2.268(8) 2.299(8) 88.4(39) 65
RbCI 2.78670(6) 74 2.784(4) 2.823(4) 87.6(34) 67
RbBr 2.94471(5) 63 2.939(2) 2.980(3) 90.0(16) 68
RbI 3.17684(5) 63 3.162(4) 3.205(4) 95.8(48) 69
CsF 2.3453(1) 9 2.344(10) 2.370(10) 94.5(20) 65
CsCl 2.9062(1) 9,66 2.908(12) 2.945(12) 82.4(92) 67
CsBr 3.07221(5) 63 3.065(4) 3.105(6) 93.1(24) 68
Csl 3.31515(6) 63 3.314(6) 3.356(6) 97.2(106) 69

a2 The extremely high precision of some of the bond lengths is noteworthy. This precision of a microwave spectroscopic
determination of the bond length of a diatomic molecule is limited by our knowledge of Planck’s constant only. Of course, these
extreme precisions have no importance from the point of view of structural chemistry. ® Amount of monomers in the vapor.
¢ Estimated by vibrational corrections. ¢ Temperature of the ED experiments (K): LiF = 1360, NaF = 1123, NaCl = 943, NaBr
=920, Nal = 848, KF = 1038, KCI = 964, KBr = 895, KI = 866, RbF = 938, RbCIl = 898, RbBr = 852, Rbl = 820, CsF = 798, CsCl

= 837, CsBr = 823, Csl = 770.

The nature and dynamics of chemical bonding in
alkali halides was examined, using Nal as case study,
by Ahmed Zewail's ultrafast spectroscopy as part of
his femtosecond chemistry.”®

1. Monomers

All alkali halides have been studied by microwave
spectroscopy, and extremely precise equilibrium bond
lengths are available, collected in Table 2. This table
also contains the bond lengths determined by recent
ED studies, performed mostly by Mawhorter and co-
workers (for references, see Table 2).

The vapor phase contained an appreciable amount
of dimers’® in these high-temperature experiments,
and the molecules displayed a floppy behavior. The
data analyses were not straightforward, and several
assumptions had to be made. The anharmonicity of
the stretching vibrations was apparently not taken
into account in the determination of the bond lengths,
although the radial distribution curves of the mono-
mers indicate some anharmonicity. On the other
hand, the anharmonicity of the bending vibration was
looked into and found to be negligible.”” The experi-
mental equilibrium bond lengths were also estimated,
using vibrational corrections to the thermal average
distances. The results were consistent with the
microwave results.

Several computational studies’® have appeared on
alkali halide monomers, both by different ionic
models and by ab initio calculations. The data are
rather scattered, especially for the heavier molecules;
the calculated bond lengths appear to be consider-
ably, several hundredths, sometimes even a tenth of
an angstrom, larger than the experimental equilib-
rium bond lengths. For this class of molecules,
extremely precise r. values are available from mi-
crowave spectroscopy, so the computed values are not
quoted here.

Vibrational frequencies of the monomers are avail-
able from gas-phase or matrix isolation spectroscopy.
The matrix isolation values are usually somewhat
lower than their gas-phase counterparts. There are
no new experimental data among them, and the old
ones are available in refs 19—22.

2. Dimers

The vapor phase of most alkali halides contains a
certain amount of dimeric species, as suggested by
mass spectrometric studies.'>6%7980 Vibrational spec-
troscopic studies have also identified dimers and
larger associates in their vapors.?>8! Dimers were also
registered by recent ED studies, and their geometries
were determined.6567-6982835 The dimers of alkali
halides are all diamond-shape structures of Dy
symmetry.

The variation of experimental metal—halogen bond
lengths for the monomers and the dimers is shown
in Figure 5a, together with that of the metal—halogen
distances in the crystals.®* The monomer and crystal
data follow the same trend, while the data in the
dimers are rather scattered.

Recently, several ab initio calculations have ap-
peared on alkali halide clusters, using different
levels of computations and basis sets or pseudo-
potentials.5"85-88 Comparison of their bond lengths
with the experimental results shows acceptable
agreement for the lighter molecules, while the com-
puted bond lengths are still too long for the larger
alkali halides (from K on).

A consistent set of geometrical parameters for both
monomers and dimers from recent computations are
given in Table 3. The monomer distances are quoted
to test the reliability of the computation as they can
be compared with the MW bond lengths. The agree-
ment is acceptable for the lighter molecules while it
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Figure 5. (a) Bond length variation of alkali halides: in
monomers, dimers, and the crystals from experiment, data
from Table 2 and ref 84. (b) Bond length variation of alkali
halide monomers and dimers from computation (data from
refs 57 and 85).

is less so for the heavier ones. Since the computa-
tional difficulties are similar for the monomers and
the dimers, the variations of the bond lengths are
probably more reliable than the actual bond lengths,
as illustrated in Figure 5b. The information on the
ED bond lengths of the dimers in Figure 5a suggests
that a reanalysis of the ED data is warranted. These
parameters are rather uncertain due to the small
relative concentration of dimers in the vapor. A
recent reanalysis of the dimers of CsCl and KI,
including the effect of multiple scattering, revealed
considerable differences as compared to the earlier
results, especially concerning the bond angles.>” This
is why the geometrical parameters of the dimers from
the ED experiments are not cited here. Another ED
study of Na,Cl, derived the bond length of the dimer
from an erroneous assumption on the shape of the
dimer.®° Its data are not quoted either.

The variation of the X—M—X bond angle in the
dimers follows the expected trend: for the same
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Table 3. Geometrical Parameters of Monomeric and
Dimeric Alkali Halides from MP2 Computations

MX  monomer, re, A dimer,r.,, A X—M-X,deg ref

LiF 1.569 1.713 101.7 85
LiCl 2.023 2.185 108.0 85
LiBr 2.200 2.385 109.8 57
Lil 2.414 2.607 112.7 57
NaF 1.942 2.094 92.9 85
NaCl 2.384 2.538 100.2 85
NaBr 2.534 2.713 104.0 57
Nal 2.737 2.919 107.5 57
KF 2.250 2.426 85.8 85
KCI 2.739 2.907 91.9 85
KBr 2.893 3.080 95.6 57
Kl 3.124 3.313 97.7 57
RbF 2.334 2.527 82.2 57
RbCI 2.799 2.989 89.5 57
RbBr 3.019 3.220 92.7 57
RDbI 3.267 3.473 95.5 57
CsF 2.438 2.665 78.4 57
CsClI 2.937 3.149 85.6 57
CsBr 3.160 3.382 89.0 57
Csl 3.417 3.643 915 57

metal the bond angle increases as the size of the
halogen increases, while for the same halogen the
angle decreases with increasing metal size.
Vibrational frequencies are also calculated in most
of these computational studies, not only for the

dimers but also for trimers and tetramers as
We||_58,80,87a

3. Larger Clusters

Cluster formation is characteristic of the alkali
halides. According to Aguado et al.,*® a distinct trend
of competition can be observed between the ringlike
structures and the rocksalt-type isomers. Their de-
tailed study of the hexamers of all alkali halides
indicates that the approximate value of the ratio of
the cation/anion radii determines the structure. A
smaller than 0.5 ratio favors the hexagonal ringlike
isomer, while larger ratios prefer the rocksalt struc-
tures, as shown in Figure 6, with ionic radii from
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Figure 6. Energy difference between the rocksalt and
hexagonal ringlike isomers of alkali halide hexamers vs
the ratio of the ionic radii. (Reprinted with permission from
ref 90. Copyright 1997 American Physical Society.)

Pauling.®® The minimum energy structures of all
lithium halide polymers (with n < 10) and of the
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Figure 7. Lowest-energy structures for some polymeric forms of alkali halides. (a) (NaCl), clusters for cluster sizes n =
2—10; binding energies in eV, decreasing from left to right. (Reprinted with permission from ref 55a. Copyright 1983
Elsevier Science.) (b) (LiF), and (KCI), clusters, for cluster sizes n = 3—8. The energy differences with respect to the most
stable structures are given, in eV: first row refers to KCI, second row to LiF. (Reprinted with permission from ref 90.

Copyright 1997 American Physical Society.)

(Nal), clusters are ringlike, while all the others are
three-dimensional rocksalt fragments, with (NaBr)e
being a borderline case. This conclusion was based
on HF level computations. Computations that include
electron correlation change the ordering for (LiF),,
in accordance with other studies.%?%

An earlier study of cluster formation concluded that
for very small clusters, stacks of hexagonal rings are
often favored, while for clusters containing more than
20 units, the face-centered cubic structure of the
NaCl crystal is preferred.®52 The lowest energy struc-
tures for some of the polymeric species are shown in
Figure 7a,b, after refs 90 and 55a. Other studies with

somewhat different results will be commented on
below.

Most studies agree that for the trimers the pre-
ferred structure is the Dz,-symmetry ring structure
rather than the double-chain structure. However, the
energy difference may be too small for some of the
alkali halides to make the distinction as exemplified
by the study of sodium chloride clusters.®” Here the
difference between the Dz,- and Cy-symmetry iso-
mers is only about 5 kJ/mol, and the two forms can
interconvert at the available thermal energy. In
another ab initio study, the “cubelike” C,,-symmetry
structure for the NacCl trimer is less than 1 kJ/mol
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(MX)n, N = 1—4, from ab initio calculations. Data from refs
80 [(Lil),] and 87a [(NaCl),].

more stable than the ring.** Concerning the tetram-
ers, according to Aguado et al.?® all (LiX), molecules
prefer the ring rather than the cube arrangement at
the HF level (but see the effect of electron correlation
above). On the other hand, refs 92 and 93 found the
Tg-symmetry cubelike structure to be of lower energy
for (LiF)4. Another study?® also found the T4 structure
for (Lil), as the ground-state structure. As to the
sodium chloride tetramer, the cube is about 60 kJ/
mol more stable than the planar Dgh,-symmetry
isomer.8” Apparently, the transition between two-
dimensional and three-dimensional structures occurs
between NazCl; and NayCl, and for larger clusters
there is a marked preference for structures that can
be considered as fragments of the solid.

There are some magic numbers for cluster size
judging by the relative stabilities of the clusters, viz.;
n = 4, 6, and 9. These numbers occur for all alkali
halides and do not depend on the specific ground-
state geometry. Apparently, these numbers are fa-
vored because they allow the formation of the most
compact structures (see Figure 7).

Figure 8 shows the variation of bond lengths for
two sets of alkali halide clusters. The change is not
monotonic and there is a pronounced decrease in the
trimer. This can be understood by simple consider-
ations of nonbonded interactions. The dimer is rather
compact, so the halogen—halogen nonbonded repul-
sions cause a substantial increase in the bond length
compared to the monomer. The tetramer has the
“cubelike” structure, built up of “dimer” units. On the
other hand, the hexagonal ring structure of the
trimer is much more spacious and nonbonded inter-
actions within the ring do not seem to affect the
bonds. The bond lengths of other isomers support this
notion; the C,-symmetry double-ring isomer of the
trimer of NaCl has bond lengths similar to or even
larger than those in the dimer.872

It is difficult to establish the relative stability of
different isomers of the same cluster, judged by the
uncertaintly of the available calculations. Moreover,
this relative stability is expected to be temperature
dependent.®%2%° Thus, for example, while the Tg4-
symmetry cubelike form is the predominant isomer
in the vapor of both Cs4l, and Na,Cl, up to about
1000 K, the Dsy,-symmetry ringlike structure becomes
predominant at higher temperatures.
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Computer simulations® of nucleation in different-
size clusters of alkali halides showed that their
behavior during rapid cooling is markedly different
from that of covalently bound molecules. While the
latter solidify to a glass when cooled rapidly, alkali
halides have such a strong tendency to crystallize
that they “freeze” almost instantaneously in the
computer when quenched to low temperatures at
cooling rates far exceeding any attainable in the
laboratory. Figure 9 illustrates that even very small
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Figure 9. Left-hand column: images of a small (NaCl)y
cluster (N = 108) at various stages of heating to and beyond
the melting point: (A) 400, (B) 860, (C) 880, (d) 920, and
(E) 940 K. Right-hand column: cooling stages of the same
cluster beginning with the supercooled liquid at (F) 600 K
and showing nucleation and crystal growth at 560 K
averaged over the time intervals (G) 8—16, (H) 17— 24, and
(1) 72—90 ps, followed by cooling to (J) 400 K. Lattice
directions after the melt nucleated differed from those
before melting, but the images of the freezing cluster were
rotated for simplicity of viewing the structure. Small
clusters melt at much lower temperatures than large ones.
Bulk NaCl melts at 1073 K. Courtesy of Prof. L. S. Bartell.
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clusters of molten sodium chloride freeze to well-
faceted single crystals.

B. Group 2 Monohalides

Structural and vibrational parameters for these
species can be found in the compilations by Herzberg®
and Krasnov®® and in computational papers.%

C. Group 11 Monohalides

A large number of experimental and computational
studies have appeared on these molecules. Trimers
and tetramers are the major components of the
copper halide vapor as shown by mass spectrometric
studies®’and vapor pressure measurements.® Matrix
isolation infrared spectral studies of copper and silver
chlorides and bromides also showed the presence of
different clusters.®® The ED studies of copper chlo-
ride’® and iodide'* found mostly trimers in the
vapor, and the data were consistent with a ring
structure. However, the results are not unambiguous,
due to the presence of other species, such as tetram-
ers, and due to the large amplitude vibrations of
these molecules. For further details on the above
topics, see ref 15. A new investigation?? of the vapor
phase of CuCl is under way with ED (at different
temperatures) and high-level quantum chemical
calculations to aid the interpretation of the ED
results.

The vibrational spectra of groups 11 and 12 halides
have been discussed in detail by Bowmaker.103

1. Monomers

The bond lengths of the monohalides, based on
microwave spectroscopic studies, when available, are
given in Table 4. For the gold monohalides, recent
high-level computational data are given. Recently, a
large number of computational papers have appeared
on group 11 halides; they discuss their structures and
energetics, the relative stabilities of different oxida-
tion states, and the effect of correlation and relativ-
istic effects on the structure of the heavier congeners
(vide infra).

A recent study'®® of the MF series (M = Cu, Ag,
Au) concludes that while electron correlation is about
equally important for all three molecules in stabiliz-
ing their bonds, relativistic effects impact them to
different extents. While the Cu—F and Ag—F bonds
shorten only by about 0.02—0.04 A depending on the
level of computation, the shortening for Au—F is
about 0.16 A when relativistic effects are included.
A similar observation can be made for the increase
of the vibrational frequencies. On the other hand, the
bonds seem to be relativistically destabilized, espe-
cially for AuF.*% Another study,'** on AuCl, indicated
that the relativistic bond contraction for this molecule
is 0.19 A. This is substantially larger than the
correlation effect, which is only 0.08 A. A recent
work” on CuCl shows that while the DFT methods
are almost as good as ab initio methods for geo-
metrical parameters, r(Cu—Cl) is 2.046, 2.099, and
2.057 A from HF, B3LYP, and MP2 methods, respec-
tively, vs 2.051 A (exp); they are less reliable for
calculating the electric field gradients.

Chemical Reviews, 2000, Vol. 100, No. 6 2245

Table 4. Bond Lengths of Group 11 Monohalides from
Microwave Spectroscopy and Computations?

MX re, A method ref
CuF 1.74492 MW 104
1.747 BPW91, R 105
1.770 BPW91, NR 105
1.752 CCSD(T), R 106
1.775 CCSD(T), NR 106
CuCl  2.051177(8) MW 107
2.052 BPW91 102
2.066 cCsD(T) 102
2.026 MP2 102
CuBr  2.173435(6) MW 108
Cul 2.33831686(104) MW 109
AgF 1.9830 ES, MW 110, 104
1.992 BPW91, R 105
2.037 BPW91, NR 105
2.004 CCSD(T), R 106
2.046 CCSD(T), NR 106
AgCl  2.280779(31) MW 111
AgBr  2.393100(29) MW 112
Agl 2.544611(31) MW 112
AuF 1.922 MP2, R 52
2.106 MP2, NR 52
1.939 QCISD(T), R 52
2.114 QCISD(T), NR 52
1.911 MP2, QR 52
1.965 B3LYP, QR 113
1.947 CCsD(T) 106
2.109 ccsD(T) 106
AuCl 2.211 MP2, R 114
2.412 MP2, NR 114
2.248 QCISD(T), R 114
2.440 QCISD(T), NR 114
2.288 MP2b 115
AuBr 2.404 MP2 115
Aul 2.580 MP2 115

aSee footnote a in Table 2 P Smaller basis set, to be
compared with AuBr and Aul results and with dimer distances
in Table 5.

2. Dimers

There are a few computational studies on the
dimers, mostly of gold halides: gold fluoride,>>13 gold
chloride,> gold bromide,'*® gold iodide,'> and copper
chloride.’®? All have the typical diamond-shape,
halogen-bridged structure of Dy, symmetry. Their
geometrical parameters are given in Table 5. A strong

Table 5. Geometrical Parameters of Dimeric
Monohalides of Group 11 Metals from Computations

M—X, A M---M, A X—M-X, deg
MxX R,QR NR R,QR NR R,QR NR ref
Cu,Cl, 2.245 2.311 118.0 102
2.261 2.369 116.8 102
AusF, 2200 2.290 2.842 3.325 100.21 86.92 52
2.215 2.709 104.6 113
2.264 2.834 102.4 113
Au,Cl, 2540 2688 2779 3.364 1136 102.6 115
Au,Br, 2.635 2.762 116.8 115
Auyl,  2.787 2.758 120.8 115

relativistic effect is shown on the bond lengths in
these molecules, just as in their monomers. The
stability of the dimeric gold halides increases from
the fluoride to the iodide. The variation of the
Au---Au nonbonded distance is unexpected in the
series; it decreases rather than increases from the
fluoride to the iodide. This trend is a consequence of
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the so-called “aurophilic interaction”,*'8 just as is the
remarkably short Au---Au nonbonded distances in the
first place. The aurophilic effect is a pure relativistic
effect as shown by the fact that the nonrelativistic
Au---Au distances in Au,F, and Au,Cl, are not only
much longer, but follow the opposite trend, see Table
5.

D. Group 12 Monohalides

1. Monomers

Experimental geometrical information is scarce on
these molecules, and all of that is from spectroscopy.
The available bond lengths and vibrational frequen-
cies have been tabulated by Huber and Herzberg?°
and Krasnov.'® There are several computational
papers on these monomers, giving bond lengths,
dissociation energies, vibrational frequencies, force
constants, and other properties.119-12

2. Dimers

There is no experimental structural information on
the dimers of these molecules in the gas phase.
However, the dimers of monovalent mercury halides
are well-known in the crystal phase'?? (see, e.g., the
structure of Hg,F, in Figure 10). Recently, several

Figure 10. Crystal structure of Hg,F, (Adapted from ref
122a).

computational papers have appeared on the M.X;
dimers of group 12 dihalides, especially on those of
mercury(l).120121,123

The stability of the Hg,X; species had been sug-
gested!?* to be due to relativistic stabilization of the
Hg—Hg bond; however, new studies!?%121.123 came to
a different conclusion. Although it is relativity that
is responsible for the existence of these species, this
is so only in the solid state and not by strengthening
the metal—metal bond but by modifying solvation/
aggregation effects. The mercury—mercury bond
formation is favored by electronegative ligands; they
enhance the radical character of the HgX unit at the
mercury side, and this facilitates dimerization. On
the other hand, organic derivatives, such as Hg,-
(CHj3),, are not known experimentally and have been
shown to be unstable by computations as well.
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All 12 gas-phase M,X, molecules are predicted to
be stable against disproportionation, but the equi-
librium is shifted toward MX; by condensation of the
metal. The relativistic shortening of the Hg—X bond
is large, in some cases more than one-tenth of an
angstrom. Such shortening may reach even 0.25 A
for the Hg—Hg distance and is considerable even for
the Cd—Cd bond. Figure 11 illustrates the bond

3.1 T
2.9 4
:-"
°<. 2.7 4
£
2.5 4
2.3 4
2.1 4
1.9
1.7
1.5
Zn Cd Hg
—8—M.. M (L R) & --M.. .M (C], NR)
—e—M..M(F,R) --®--M..M(F,NR)
~——M-Cl (R) 4+ - -M-Cl (NR)
—4&—M-F (R) - - & - -M-F (NR)

Figure 11. Bond length variation of M,X; fluorides and
chlorides from computation. Data from ref 121.

length variation of M,X; fluorides and chlorides on
the basis of density functional calculations.'?* The
computed Hg—Hg distances compare well with the
corresponding values in the solid: Hg,F, = 2.488,%0
2.541,123 and 2.60'2! vs 2.5071222 A and Hg,Cl, =
2.518,120 2571,1% and 2.63'2 vs 2.5951220 A from
relativistic MP2 and density functional computations
and X-ray diffraction, respectively.

E. Group 13 Monohalides

1. Monomers

Bond lengths from microwave spectroscopic studies
are given in Table 6. As is well known, the stability

Table 6. Bond Lengths of Group 13 Monohalides from
Microwave Spectroscopy?

MX re, A ref MX re, A ref
AlF 1.65436(2) 125 InF 1.9853883 127
APSCI  2.13011(3) 126 SIn®Cl  2.40116(10) 130
AI™Br  2.20480(3) 126 !SInfBr 2.5432(1) 129
Al 2.53709(3) 126 USIn?’|  2.7539(9) 129
GaF 1.7743619 127 TIF 2.0844302 127
69Ga3*Cl 2.201681 128 TISSCI 2.4848(1) 129

9Gat!Br 2.3525(1) 129 TIBr
09Gal?’l  25747(1) 129 TI?|

a See footnote a of Table 2.

2.6181(1) 129
2.8135(1) 129

of lower oxidation states increases down the periodic
table among the elements of groups 13—15 (see, e.g.,
ref 131). The tendency to have an oxidation state two
below the group valence is often called “inert pair
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Figure 12. Bond length variation in the series of AlX,, n
= 1-3, X =F, ClI, Br (data from ref 135); GaX,, n = 1-3,
X =F, CI, Br, | (data from refs 19, 136, and 137); and TIX
and TIX3, X = F, Cl, Br, | (data from ref 138). The bond
lengths of the Tl compounds are given from both relativistic
(R) and nonrelativistic (NR) computations.

effect”. This term was coined by Sidgwick!®? to
express the fact that the 6s? electron pair will not be
oxidized formally in the lower oxidation state. The
expression “inert pair effect” is, of course, just a
useful label but not an explanation. A qualitative
explanation is the relativistic stabilization of the 6s
shell, rendering it more “inert”.’?*2 Perhaps the
earliest suggestion that the “chemical stability of the
6s2-family may be a relativistic effect” appeared in
ref 133. A recent quantum chemical study of a series
of molecules®®* found that although relativistic effects
are important in the chemistry of the sixth period
elements, there is no evidence that the 6s electrons
are more inert than the s electrons of lighter ele-
ments. According to this study, the low valencies of
the heavier elements are the consequence of the
periodic trend toward lower M—X bond strength with
increasing atomic number. Essentially the same
suggestion is given in ref 131a. Relativistic effects
merely augment this trend. Elimination of X, in the
MX3 molecules of group 13 elements is strongly
endothermic but less so for the heavier elements (for
more on the inert pair effect, see section I11.D).
Figure 12 shows the bond length variation in the
series of AlX, (n = 1-3, X =F, Cl, Br),'3® GaX, (n =
1-3, X =F, Cl, Br, 1).19136137 gnd TIX and TIX3 (X =
F, Cl, Br, 1).138 The bond lengths of the TI compounds

1 2
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are given from both relativistic and nonrelativistic
calculations. For all these elements the bonds shorten
in higher oxidation states. This figure also illustrates
that while the relativistic contribution to the mono-
halides is minimal, there is a large relativistic
shortening in TI(111) compounds (cf. section XI).
Solid-state effects may also contribute to the sta-
bilization of low valencies in heavy elements.134139
Although TlI; is a stable compound, it does not have
a typical Dszp-symmetry structure in the solid. Rather,
the oxidation state of Tl is | and its counterpart is
an I3~ unit (see section 1V.D). Although this structure
is much higher in energy than the trigonal planar
structure in the gas phase, it has a large permanent
dipole moment, which can cause strong electrostatic
interactions between the units in the crystal.

2. Dimers

According to mass spectrometric studies and vapor
pressure measurements, thallous fluoride exists mostly
as dimeric species in the vapor.1*? There was a long-
standing discussion and controversy in the literature
as to whether it is linear or a bent chain or a halogen-
bridged rhombus (see Figure 13). Different spec-
troscopies, molecular beam deflection, and ED were
all involved in the debate.’® By now it seems to be
settled that the molecule has a rhombic shape; a
reanalysis!# of the earlier ED data gave the following
geometrical parameters: ry(TI-F) = 2.302(9) A and
ry(TI---TI) = 3.668(9) A. The vapor phase contained
about 49(12)% dimers besides the monomers. In this
connection, it is interesting that a Huckel-type
calculation by Hoffmann et al.’*? suggested that Tl,H>
has a strong TI---Tl bond with structure 2 (Figure
13). A later high-level ab initio calculation,*® how-
ever, found the Dy, structure (1) to be much lower in
energy, suggesting that TI;H, has the same shape
as ThF,.

F. Transition Metal Monohalides

A comparative computational study of bond
strengths and bond lengths of second-row transition
metal monohalides has appeared.'#

G. Monohalides of the Lanthanides and Actinides

Recent computational studies probed into the ori-
gin of the lanthanide!*®#b and actinide!*>2 contraction
in molecules with different substituents. In agree-
ment with experimental data, this contraction was
found to be different for different types of molecules.
Among the lanthanides, for the monohydrides it was
found to be large, about 0.19 A in ref 145b (although

3

Figure 13. Different possible structures for the dimers of TI(l) halides and hydrides. Structure 1 is favored by both

experiments and high-level computations.
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smaller, about 0.09 A in ref 145a); for the monoha-
lides, it is medium, 0.10 A; while for the monoxides,
LnO, it is very small, only about 0.05 A. The pattern
is similar for the actinides, 0.17, 0.14, and 0.11 A for
hydrides, fluorides, and oxides, respectively.'#%2 One
of the reasons for this difference is the rigidity of the
bonds; the larger the bond energy and the larger the
force constant, the smaller the lanthanide contrac-
tion. Another reason is the difference in 4f popula-
tion. Relativistic effects play a significant role in the
contraction, as shown by the slight lanthanide/
actinide expansion in the nonrelativistic calculations.

[Il. Dihalides
A. Group 2 Dihalides

1. Vapor Composition

All group 2 dihalides have some dimeric species in
their vapors according to mass spectrometric stud-
ies.#® This was ignored in the early ED studies.
Unfortunately, the practice of ignoring the dimers
continued in some later studies, for example, in the
study of MgCl,**” and Cal,.**® The presence of dimers
was detected in the studies of beryllium dichloride*®
and calcium dihalides!® and in the latest ED study
of MgCl,.15! The dimer structures from these experi-
ments and from computational studies will be dis-
cussed in a later section. Dimers were also identified
in several spectroscopic works (see section 3).

2. Monomers

a. Shape. From the structural chemistry point of
view, the alkaline earth dihalides are the most
intriguing as well as the best-studied group. There
are several shorter reviews!®215% and full articles!6:1%4
on this topic spanning a large period of time. The
major interest and controversy concern the shape of
these dihalides: whether they are linear or bent.
Simple but successful models, such as the VSEPR
model in its original formulation'®® or the Walsh
diagrams,**® predict linearity for all alkaline earth
dihalides. Relatively early on, however, different
experimental techniques, such as electric beam de-
flection by Klemperer et al.,*>” and different vibra-
tional spectroscopic studies'®® suggested that some
of the alkaline earth dihalides, in particular the
heavier fluorides, and all the barium halides might
be bent. The geometry of some molecules, such as
CaF,, SrCl,, and SrBr,, posed a special problem, since
different techniques gave conflicting results about
their shape. These molecules are often referred to as
“gquasilinear”.154

The first attempt known to us to explain the
nonlinearity of some of these molecules was a modi-
fied Walsh-type diagram by Hayes, including metal
(n — 1)d orbitals in the description.’® An early ab
initio calculation of the geometries of BeF,, MgF, and
CaF; showed that inclusion of the (n — 1)d orbital in
the basis set leads to bending for CaF, but not for
BeF, and MgF,.16% Coulson'®! discussed the geometry
of alkaline earth dihalides in 1973 in terms of two
possible explanations, viz. an electrostatic model
based on metal polarizabilities and a covalent, hy-
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bridization model based on sd vs sp hybridization.
He gave preference to the hybridization model. Ac-
cording to Coulson, if formation of an ns(n — 1)d
hybrid is energetically favorable, this will lead to bent
geometries; otherwise, with sp hybridization, linear
shapes are expected. He also predicted linearity for
the zinc group dihalides. For them d orbital partici-
pation would only be possible with nsnd hybridization
in the valence shell and that would be unfavorable
compared with the sp hybridization, hence the linear
molecular shape.

The other model, based on ion polarizability, has
had many followers.'57:162163 Szentpaly and Schwer-
dtfeger'®* interpreted the observed trends with the
anion/cation softness, which they found to be a good
measure of both the polarizability and low-lying
valence states. Two recent computational studies
addressed the anomalous molecular shapes of the
alkaline earth dihalides. Schleyer et al.® covered all
dihalides of the group, and Seijo et al.'>* covered all
but the beryllium dihalides. The shape of CaF; has
been studied especially extensively at different levels
of theory; references to the most recent works will
be given below.

The basic conclusion of these studies is that both
core polarization and d orbital participation are
important factors in determining the shape of these
molecules. It is essential to include the (n — 1) shell
d orbitals in the description of these systems, which
then can lead to bent geometries. The way these d
orbitals are treated in the computation is of great
importance. The contraction scheme of the basis set
strongly influences the resulting bond angle, and
therefore, it is advisable to use uncontracted d
polarization functions. Hassett and Marsden'® found
that not only a large number of d and even f functions
are necessary for the correct description of the shapes
and bending potentials of these molecules, but also
that even the value of the exponents used for the
polarization functions is important. According to
Wright et al.,®% even the BSSE (basis set superposi-
tion error) and the way the s space of the metal atom
is described influences the bond angle. The use of
otherwise well functioning basis sets, such as those
of Wachters,'®” may cause difficulties. Contrary to the
usual belief, not only weakly bound systems are
subjected to BSSE, but also structures with small
energy differences and structures that have basis set
sensitive properties, such as the alkaline earth di-
halides with their bond angle. Another observation
concerns the level of computations; the HF level of
theory is not sufficient enough to describe the struc-
tures of quasilinear molecules, even if the d polariza-
tion functions are uncontracted. A large change in
the bond angle is observed in going from HF to
correlated levels of theory even when using the same
type of basis sets.165168

The results of the computations are consistent
about the shape of the unambiguously linear and
unambiguously bent molecules. For the bent mol-
ecules, the bond angle is not sensitive to the contrac-
tion scheme of the d orbitals.'® However, even for
them the bending energy increases considerably
when uncontracted d basis sets are used.
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For the most critical, so-called quasilinear mol-
ecules (CaF,, SrCl,, SrBr;, and Bal,), the computa-
tional results greatly depend on the applied basis set
and method of computation. These molecules have
extremely shallow bending potentials, and the results
are hardly reliable for the bending angle and the
bending frequencies. Unfortunately, the experimental
bond angles are similarly unreliable. The information
concerning the shape and bond angles from electric
beam deflection measurements suffer from possible
interaction with the applied electric field; tunnel
effects and induced dipole moments may cause more
pronounced bending than what would correspond to
the equilibrium structure. The isotope shifts in the
infrared spectra have been used to estimate bond
angles, but this technique is not sensitive enough in
the range of 150—180° (see section 1.C.1).284950 Other
effects, such as population of excited vibrational
levels or the neglect of possible anharmonicity may
also decrease the reliability of angle estimations.
Concerning matrix isolation spectral data, again due
to the very low bending frequencies of these mol-
ecules, interaction between the solid matrix and the
dihalide molecules may have caused further bending
and thus a smaller bond angle than in the gas-phase
molecule. Generally, for the quasilinear molecules the
bond angles from matrix isolation spectra are much
smaller than the computed ones. The difficulties in
the ED determination of bond angles for such mol-
ecules are due to the shrinkage effect. A possible
remedy is the joint application of different tech-
niques, such as ED, spectroscopy, and computations,
as done in a recent study'® of SrCl,.

The geometrical parameters of alkaline earth di-
halides, both from experiment and computation are
compiled in Table 7. A few of the lower quality
computational results are included to illustrate the
dependence of these calculations on basis set and
method.

To summarize, all beryllium and magnesium di-
halides are linear. All calcium dihalides, except CaF,
are linear. The equilibrium bond angle of CaF; is
around 153—155°, i.e., the molecule is not linear.
However, the energy difference between the bent and
linear structures is very small, about 0.8—1.3 kJ/mol.
The bending energies of the quasilinear molecules are
similarly low for SrCl, (around 0.8 kJ/mol), SrBr;
(below 0.2 kJ/mol), and Bal, (around 1.7 kJ/mol).16
Even for the unambiguously bent molecules, such as
SrF,, BaCl,, or BaBr,, the barrier to linearity is not
more than 8 kJ/mol, only BaF, may have it as high
as 25 kJ/mol.

A recent study of SrCl,'% showed the same depen-
dence on the basis set and method for calculated bond
angles as did the many previous works on CaF,; the
two molecules are similar in their “quasilinearity”.
Calcium dichloride, although found linear both by
experiments'®®1572 and computations,'6154187 glso has
a shallow potential energy surface and is sometimes
is referred to as quasilinear.'® Figure 14 compares
the bending potentials of CaF, and CaCl,. We prefer
to use the word “quasilinear” for molecules that
actually show a small energy bump at the linear
configuration, even if it is so small that already the
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Figure 14. Comparison of the bending potentials of CaF,
and CaCl, (density functional calculation). (Reprinted with
permission from ref 182. Copyright 1998 American Insti-
tute of Physics.)

thermal energy available under the experimental
conditions overcomes it. These molecules are CaF,
SrCl,, SrBr,, and, possibly, Bal..

Schleyer et al.’® compared the ab initio bending
force constants of alkaline earth dihalides with those
calculated by a polarized ion model and observed
systematic differences. Thus, even small covalent
contributions to bonding influence these force con-
stants. For Be and Mg dihalides, the involvement of
the metal p orbitals increases the bending force
constants compared to the polarizable ion calcula-
tions while d orbitals have the opposite effect in the
heavier dihalides. This observation is in accord with
the role of relativistic effects for the heavier halides!>*
(to be discussed in more detail in section Xl); rela-
tivistic effects decrease the stability of the bent
structures. The bending force constants of the heavier
dihalides being about 2 orders of magnitude smaller
than those of the Be and Mg dihalides, the covalent
contributions are important in determining the shape
of these systems.

Gillespie, Bader, et al.'®3 studied the Laplacian of
the electron density distribution and suggested quan-
tum chemical basis for extending the VSEPR model*®®
to account for the angular shape of these molecules.
The Laplacian of the electron density distribution
reveals local concentrations of electronic charge in
the valence shell of an atom in a molecule.'®® These
local electron density concentrations are similar in
positions, shapes, and sizes to the electron pair
domains used in the VSEPR model. This similarity
may be considered to provide a physical basis for the
model. The extension to the VSEPR model'®® sug-
gested that the interaction of the halide ligands with
the strongly polarizable metal core causes a deforma-
tion of the shell beneath the valence shell of the metal
atom into four approximately tetrahedrally oriented
domains. Their interaction with the negatively charged
halogen ligands will cause the ligands to take up
positions at the faces of these tetrahedra, leading to
bent geometries. Figure 15 shows the different charge
concentrations in the core of the metal in CaF, and
MgF,. In CaF, the charges shift away from the
ligands, resulting in bent geometries.

There is still much to be done toward understand-
ing the bond angles and energy aspects of bending
of molecules with a shallow bending potential. The
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Table 7. Geometrical Parameters of Alkaline Earth Dihalides from Experiment and Computation?
bond length, A shape/

MX; rg° re bond angle, deg method ref
BeF, lin¢ MI—-IR 49
lin Gas-IR 169
1.386(3) 1.374(4) lind ED/SP 170
1.37297(1) lin IR 171
1.362 lin HF 172
1.371 lin HF 173
1.386 lin MP2 173
1.373 lin HF 16
1.390 lin HF 16
1.380 lin MP2 49

BeCl, lin MI-IR 49, 175

lin Gas-IR 169
1.798(4) 1.791(5) lind ED/SP 149
1.805 lin HF 173
1.787 lin MP2 173
1.806 lin HF 16
1.818 lin HF 16
BeBr; lin MI-IR 49
1.958 lin HF 16
1.968 lin HF 16
Bel, lin MI-IR 49
2.193 lin HF 16
2.197 lin HF 16
MgF; lin MI-IR 49
lin MI-IR+Ra 176
1.771(10) 1.746¢ lin ED 177
1.723 lin HF 172
1.723 lin HF 173
1.744 lin MP2 173
1.753 lin HF 16
1.734 lin HF 16
1.758 lin HF 154
1.723 lin HF 178
1.744 lin MP2 178
1.726 lin HF 165
1.741 lin MP2 165
1.725 lin HF 174
1.744 lin MP2 174
MgCl; lin Gas-IR 169
lin MI-IR+Ra 176
2.179(5) 2.162(5) lind ED/SP 151
2.163(11)f ED 151
2.169 lin MP2 151
2.192 lin HF 173
2.182 lin MP2 173
2.183 lin HF 16
2.171 lin HF 16
2.206 lin HF 154
2.192 lin HF 178
2.182 lin MP2 178
MgBr; lin MI—-IR+Ra 176
2.332 lin HF 16
2.324 lin HF 16
2.349 lin HF 154
2.332 lin HF 178
2.324 lin MP2 178
Mgl, lin MI-IR+Ra 176
2.560 lin HF 16
2.557 lin HF 16
2.580 lin HF 154
2.557 lin HF 178
2.543 lin MP2 178
CaF, 142(1) MI(Ar)-IR 179

140 MI(Kn)-IR 158a

139-1569 MI-IR 50a
2.017 163.0 HF 180
2.004 153.5 MP2 180
1.990 142.4 B3LYP 180
2.032 162.9 HF 165
2.003 153.8 MP2 165
2.005 153 MP2 174
2.001 151.8 MP2 174
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Table 7. Continued

bond length, A

shape/

MX;z re re bond angle, deg method ref

CaF; 2.033 154.8 MP2 164

2.030 156.0 CisC 164

1.96 130 HF 181

2.031 163 HF 172

2.037 lin HF 16

2.029 162.3 HF 16

2.010 157.5 SDCI 16

2.053 lin HF 154

1.988 148.6 DFT 182

CacCl, 2.483(7) 2.455(8)f lind ED 150

2.466 lin B3LYP 180

2.506 lin HF 16

2.482 lin SDCI 16

2.540 lin HF 154

2.452 lin DFT 182

CaBr, 2.616(16) 2.592(20) lind ED 150

2.660 lin HF 16

2.638 lin SDCI 16

2.680 lin HF 154

Cal; 2.840(10) 2.822(13)f lind ED 150

2.894 lin HF 16

2.865 lin SDCI 16

2.903 lin HF 154

SrF; nonlinear MI-IR 49
108 MI(Kr)-IR 158a

2.119 128.5 B3LYP 180

2.167 143.3 HF 16

2.164 1415 HF 16

2.161 138.8 SDCI 16

2.191 144 HF 154

2177 149.0 HF 183

SrCl, 2.630(6) 2.613(8)f 154.6(1.0) ED 168
120 MI(Kr)-IR 158¢c
130(8) MI(AN)-IR 158b

2.629 160.0 B3LYP 180

2.632 155.5 B3LYP 168

2.621 160.6 MP2 168

2.631 161.4 QCISD(T) 168

2.612 155.2 QCISD(T) 168

2.678 lin HF 16

2.675 167.3 HF 16

2.640 159.5 SDCI 16

2.700 lin HF 154

2.689 lin HF 183

SrBr; 2.783(6) 2.748(13)f quasilinear ED 184

2.834 lin HF 16

2.807 164.2 SDCI 16

2.830 172 HF 154

2.855 lin HF 183

Srl; 3.010(15) 2.990¢ lind ED 148

3.068 lin HF 16

3.040 lin SDCI 16

3.061 lin HF 154

3.059 lin HF 183

BaF; nonlinear MI-IR 49
100 MI(Kr)-IR 158a

2.236 117.8 B3LYP 180

2.299 125.6 HF 16

2.254 123.0 SDCI 16

2.331 126 HF 154

2.291 126.0 HF 183
BaCl, 100 MI(Kn)-IR 158¢
120(10) MI(Ar)-IR 158b

2.764 128.4 B3LYP 180

2.841 141.5 HF 16

2.791 141.4 SDCI 16

2.898 143 HF 154

2.816 143.1 HF 183
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Table 7. Continued
bond length, A shape/
MXz rg° re bond angle, deg method ref
BaBr, 2.912(6) 2.886(8)" 137.0(25) ED 185
2.923 130.7 B3LYP 185
2.897 131.3 MP2 185
3.009 146.6 HF 16
2.959 142.9 SDCI 16
3.026 146 HF 154
3.008 155.9 HF 183
Bal, 3.150(4) 3.130¢ 137.6(9) ED 186
3.265 lin HF 16
3.256 155.5 HF 16
3.209 152.0 SDCI 16
3.274 157 HF 154
3.225 lin HF 183

a Experimental data that are judged to be unreliable and computational results that are far off from their experimental
counterparts are not included. ® Temperatures of the ED experiments (K): BeF, = 1030, BeCl, = 547, MgF, = 1750, MgCl, =
1171, CaCl, = 1433, CaBr, =1383, Cal, = 1182, SrCl, = 1470, SrBr, = 1400, Srl, = 1250, BaBr, = 1400, Bal, = 1100. ¢ lin =
linear. 9 Consistent with linear equilibrium structure. ¢ Estimated by us from ry, based on observed trends, see section I.A for
details. f re, estimated by Morse-type anharmonic correction. ¢ Depending on the applied matrix, see original reference for details.

Figure 15. Contour maps of the Laplacian of the electron
density distribution for CaF, (top): the drawing shows the
ligand opposed charge concentrations in the calcium core.
MgF, (bottom): enlargement of the linear Mg core. (Re-
printed with permission from ref 163. Copyright 1995
American Chemical Society.)

joint use of several techniques, both experimental
and computational, may be a way to solve these
difficult cases. Concerning the reasons for their
“anomalous” behavior, both core polarization of the
metal by the ligand and d orbital participation in a
small but significant covalent contribution play a role
in bending these molecules. These factors are not
different, rather they are two sides of the same coin,
since it is the subvalence d orbitals that are respon-
sible for the polarization of these cores.!®* On the
other hand, anion—anion repulsion and anion polar-
ization favor linear arrangements, and the balance
of these factors determine the shape of these mol-
ecules in the final account.

b. Bond Lengths. The bond lengths of alkaline
earth dihalides, both from experiment and computa-
tion, are given in Table 7. Due to the high temper-
ature conditions of the ED experiments and the
rather floppy and anharmonic nature of these mol-
ecules, their thermal-average bond lengths may be
considerably larger than the equilibrium bond lengths.

The not yet perfect computational studies, however,
may result in much longer computed bonds than
what they should be. Their accidental fortuitous
agreement is no cause for celebration. Here we refer
to the Introduction section, where the differences
among the computed equilibrium and ED thermal-
average bond lengths were discussed in connection
with the alkaline earth dihalides (see also Figure 4).
The larger the atoms in the alkaline earth dihalide,
the larger the inadequacy of many of the computed
values are. However, the success of a recent DFT
study*® of some heavier alkaline earth dihalides may
point the way, together with the use of quasirelativ-
istic pseudopotentials and a good basis set for the
halogens. References to earlier computational works
are given in refs 16, 154, and 163. Table 7 also gives
the experimental equilibrium bond lengths whenever
available. These are the ones that have to be com-
pared with the computed values.

3. Dimers

The vapors of most alkaline earth dihalides contain
a certain amount of dimeric species as shown by mass
spectrometry (see section I11.A.1). Dimers have also
been observed by different spectroscopic studies for
the MgX, molecules,*”® beryllium fluoride,**® and
calcium dihalides.'®%17° There are also a few compu-
tational studies on the vibrational characteristics of
these molecules (vide infra).

The determination of their geometry by ED is
hindered by their low relative concentration in the
vapor. Data are available for Be,Cl;*° and Mg,Cl,.1%!
There are also a few computational studies on the
dimers: on BeyF4 and Mg,F4,'"® on Mg,F4, Mg,Cl,,
and Mg,Br4, °2 on all four Mg,X,4 dimers,*”® on Mgj-
Cl4,%% on BezF4, Mg2F4, and CazF,4,'"? and on CayXa,
Sr,Xa, and BayX, with X = F, CI. 180

According to both experiment and computation, the
dimers of beryllium and magnesium dihalides have
a Dan-symmetry geometry with a halogen-bridged
structure with two halogen bridges, see Figure 16 (1).
Other arrangements have also been tested, and some
of them were found to be stable structures, although
with much higher energy.
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Figure 16. Different possible geometrical arrangements for the dimers of alkaline earth and other metal dihalide molecules.
Among alkaline earth dihalides, for all linear monomers the double halogen bridge structure 1 is the minimum energy
geometry. For the quasilinear and bent monomer dihalides, the dimer ground state is structure 5 with three halogen

bridges.

Table 8. Relative Energies (kJ/mol) of Different
Isomers of Alkaline Earth Dihalide Dimers from
Computation

Dan Con  Ca Cov Cav Dan

MXs (1) (0 (3 4 ®) (6)  ref
BeaFs 0 213= 1672 173
0 b 172
Mg.Fs O 264 672 173
0 67° 178
0 63° 178
0 632 172
0 59° 172
Mg.Cls 0 672 178
0 59¢ 178
Mg.Brs 0 672 178
0 542 178
Mgz ls 0 672 178
0 38 178
CagFs 42 0 1422 172
13° 0 130c 172
8¢ 0 180
CaCls 0 2.5¢ 180

SrF, 299 21c 250 1554f @ 105¢ 180
sr,Cl;  13¢ g g 1264 0 109¢ 180
BaF;  469¢ 21¢ 29¢ 1384f 0 679 180
Ba,Cl, 299¢ 21¢ 25¢ 12147 0 79¢ 180

a HF. ® Not stable. ¢ MP2. ¢ B3LYP. 9 Not a stable minimum
with two negative frequences. ¢ Transition state structure with
one negative frequency. f Not a stable minimum, refines to
Dzh.

Table 8 shows the relative energies of the different
stable minimum-energy structures of alkaline earth
dihalide dimers. Structure 1 is the minimum-energy
geometry for the linear monomers. For CazF4, the Cg,-
symmetry structure 5 is the ground state, and it is
for the larger metal fluorides and chlorides as well.
Solomonik et al.1”? calculated the minimum energy

1 h, kJ/mole

40

4

30 +

60 90 ' 120 ' 150 180
v, deg
Figure 17. Calculated minimum energy path for the
intramolecular rearrangement of C,F,. (Reprinted with
permisson from ref 172. Copyright 1997.)

path from the minimum energy Cs, geometry of CayF,
to the Dy, geometry. This is illustrated in Figure 17.
The Dyr-symmetry geometry is not even a minimum
energy structure for the heavier dihalide dimers. For
these molecules two other structures (Figure 16, 2
and 3) are also minima. They differ from the Dy
structure only in having a pyramidal configuration
around the metal with the terminal halogen atoms
in trans and cis positions relative to each other. A
Dan-symmetry four-halogen bridged structure (6) was
also found to be stable, although with a rather high
energy.72180 Similar observations have been made
about the dimers of the alkaline earth dihydrides.'%

The following general trend has been found for the
alkaline earth dihalide dimers:*€° for those molecules
whose monomer is linear, the metal coordination in
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Table 9. Geometrical Parameters of the Dimers of Alkaline Earth Dihalides from Computation and Experiment?

bond lengths, A

bond angle, deg

MoX4 M—X; M—X, Xp—M—Xp method ref
(a) D2n-Symmetry Structures
BesF4 re 1.375 1.553 90.8 HF 173
Ie 1.3687 1.5430 90.6 HF 172
Be,Cl,° Iy 1.828(14) 1.968(20) 88(4) ED 149
Mg2F4 Ie 1.730 1.880 81.8 HF 173
re 1.7293 1.8809 81.3 HF 172
Ie 1.730 1.880 81.8 HF 178
re 1.751 1.905 82.9 MP2 178
Mg.Cl,° rg 2.188(7) 2.362(10) 94.3(7) ED 151
re 2.198 2.388 91.3 HF 178
re 2.184 2.358 92.1 MP2 178
re 2.190 2.372 91.8 HF 151
re 2.206 2.384 92.2 MP2 151
Mg2Bra re 2.345 2.533 94.8 HF 178
Mg2l4 re 2.576 2.769 97.4 HF 178
bond lengths, re, A bond angles, e, deg
M2X4 M1_Xt Ml—Xb Mz_xb Xt—Ml_Xb Xb—Mz_Xb method ref
(b) Csy-Symmetry Structures
CayF4 2.002 2.300 2.082 135.8 83.7 B3LYP 180
2.015 2.249 2.088 135.8 83.4 MP2 180
2.027 2.308 2.101 136.1 82.6 HF 180
2.042 2.311 2.114 136.0 82.2 HF 172
SraFs 2.154 2.451 2.225 137.0 81.1 B3LYP 180
SrCls 2.630 2.959 2.714 132.7 87.9 B3LYP 180
BaxF4 2.288 2.626 2.371 138.6 78.7 B3LYP 180
BayCly 2.798 3.137 2.881 134.3 84.9 B3LYP 180

a For symbols and numbering of atoms, see Figure 16. ® Temperature of the ED experiment 547 K; 2.5 mol % dimer in the
vapor. ¢ Temperature of the ED experiment 1171 K; 12.8(1.3) % dimer in the vapor.

the dimer will be planar. This is the Dr-symmetry
structure with two halogen bridges (see Figure 16
(2)). On the other hand, for those molecules that have
a bent monomer structure, the preferred dimer
structure will have a pyramidal metal configuration.
The most favorable arrangement is apparently the
Cay-symmetry triple-bridged geometry (5). This struc-
ture seems to be the preferred arrangement, even for
the quasilinear molecules, but the energy difference
between this and the Dy,-symmetry structure is
marginal. There are other stable isomers with pyra-
midal metal configuration and somewhat higher
energy.

Geometrical parameters of the dimers from higher
level computations are given in Table 9. The bridging
bonds are about 0.15—0.2 A longer than the terminal
bonds in the D,,-symmetry structure. The metal bond
configuration is planar, with an endocyclic bond angle
around 90°. The distortion of the regular trigonal
planar angle in the direction of more acute angles
within the ring is favored by the orbital interactions
between the bridging halogen and the metal. The Cs,-
symmetry triple-halogen-bridged structure (5) has a
short terminal bond, relatively short bridging bonds
that belong to the three-coordinated metal atom, and,
finally, very long bridging bonds for the four-
coordinated metal atom. This is why this structure
is best described as an [MX]*[MX;]~ ionic complex.
The terminal bond lengths in all types of dimers are
similar to the monomer bond lengths.

4. Trimers

There is little information on higher than dimeric
species of alkaline earth dihalides, as far as struc-

Figure 18. Structure of alkaline earth dihalide trimers.

tural aspects are concerned. Experimentally, only
Ramondo et al.’s'% matrix isolation IR study indi-
cated the presence of CasFs species in the vapors of
calcium difluoride. Polarized ion model calculations
favor Dog symmetry (see Figure 18) over Dg, for the
trimer, even if only by about 19 kJ/mol. It also fit
the spectral assignment better. Structural param-
eters of MgsFs and Mgs;Clg have been calculated for
the above D,g-symmetry arrangement, which was
found to be stable.'”® Computed frequencies of these
species compared with the corresponding dimer
frequencies indicate that an earlier matrix isolation
study'’® probably trapped trimers as well as dimers
in the matrix.

The two terminal bonds of the trimers are 1.731
and 2.199 A for magnesium difluoride and dichloride,
respectively. These are about the same as the ter-
minal bonds of the corresponding dimers. The two
bridging bonds are of slightly different length, 1.879
(outer) and 1.883 (inner) and 2.387 (outer) and 2.394
A (inner) for the fluoride and chloride, respectively.
They compare well with the dimer bridging bonds.

5. Comparison with Crystal and Molten State Structures

Of all the relevant molecules, only BeCl, has a
structure in the crystal that is similar to that in the
gas phase. It is a one-dimensional polymeric chain
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consisting of edge-sharing distorted tetrahedra in
which the beryllium ions are connected through
double halogen bridges.'®* The stability of this poly-
mer and the distortion of the endocyclic bond angles
has been explained by a band structure analysis.'%

A recent paper, applying an ionic simulation model
to BeCl,, compared the gas-phase monomer and
dimer structures, the crystal structure, and the
structure in the melt. The same type of structure was
found in the melt as in the crystal with obvious
resemblance to the gas-phase dimer structure.'®¢ Ab
initio calculations have supported these findings.®”
The structural consequences of polarization effects
depend on the interplay between ionic charge, anion
polarizability, and cation size, and they facilitate the
interpretation of the differences of crystal and melt
structures of different metal halides, such as the Be,
Zn, and Ba dihalides.*%

B. Group 12 Dihalides

The 12 dihalides of this group have been studied
extensively by ED with the exception of CdF, and
HgF,. The molecules of CdCI,'% and CdlI,*° have
been investigated since the previous review.'®> D'A-
lessio et al.?°° communicated empirical relationships
involving different molecular and atomic properties.

1. Monomers

This group is less controversial than group 2, as
far as the shape of molecules is concerned, although
there have been some ambiguities in the literature.
Several matrix isolation infrared and Raman spectral
studies have been reported, some of them suggesting
deviations from linearity, especially for the mercury
dihalides.?* Electron diffraction, by itself, cannot
determine small deviations from linearity of the
equilibrium structure. The reanalysis of the ED data
in conjunction with vibrational spectroscopic data
gave the best agreement for a linear model for CdCl,,
but a quasilinear model with a bond angle of about
165—180° and a low potential barrier could not be
ruled out.’?® Several ab initio studies have been
carried out, most of them assuming linearity (and
getting all positive frequencies). The bond lengths
from ED are collected in Table 10, together with some
computational results.

2. Dimers

No dimeric species have been detected in the vapor
in the ED studies. This was in accord with a mass
spectrometric study?'® of Znl,, which showed the
vapor pressure of the dimer to be about 3 orders of
magnitude smaller than that of the monomer. Dimers
of HgX, molecules were identified by vibrational
spectroscopy.103.214

Computational studies have revealed interesting
structural features. While the dimers of Zn and Cd
dihalides have the usual Dzh,-symmetry structure
with four equivalent bridging metal—halogen bonds?®?
(see structure 1 in Figure 16), the dimers of the
mercury dihalides are rather loose, with two almost
linear X—Hg—X monomeric units connected in a Cyp-
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Table 10. Bond Lengths of Group 12 Dihalides from
Experiment and Computation

bond length, A

MX, rgé re method ref
ZnF; 1.742(4) 1.727° ED 202
1.741 MP2 203
1.72 LDF 204
1.722 DFT 182
1.727 QCISD 205
ZnCl, 2.072(4) 2.064(5)° ED 206
2.089 MP2 203
2.07 LDF 204
2.078 DFT 182
ZnBr; 2.204(5) 2.194b ED 206
2.21 LDF 204
zZnl, 2.401(5) 2.389(6)° ED 206
2.41 LDF 204
CdF, 1.959 MP2 203
1.93 LDF 204
1.920 QCISD 205
CdCl,  2.284(4) 2.266(6)° ED 198
2.292 MP2 203
2.28 LDF 204
CdBr; 2.394(5) 2.386(5)° ED 207,208
2.41 LDF 204
Cdl; 2.582(5) 2.570(6)° ED 199
2.60 LDF 204
HgF» 1.918 MP2, R 120
2.042 MP2, NR 120
1.965 MP2, R 123
2.079 MP2, NR 123
1.97 LDF 204
1.924 QCISD, R 205
2.036 QCISD, NR 205
HgCl, 2.252(5) 2.240P ED 209
2.245 MP2, R 120
2.369 MP2, NR 120
2.293 MP2, R 123
2.421 MP2, NR 123
2.31 LDF 204
HgBr; 2.384(8) 2.374 ED 210
2.421 MP2, R 211
2.546 MP2, NR 211
2.45 LDF 204
Hgl, 2.568(4)  2.558° ED 212
2.621 MP2, R 211
2.743 MP2, NR 211
2.63 LDF 204

a Temperatures of the ED measurements (K): ZnF, = 1323,
ZnCl, = 656, ZnBr, = 614, Znl, = 580, CdCl, = 805, CdBr, =
663, Cdl, = 678, HgCl, = 533—543, HgBr; not given, Hgl, =
413. » Estimated by us from r,, based on observed trends, see
section I.A for details. ¢ re, estimated by Morse-type anhar-
monic corrections.

Figure 19. Structure of HgX; dimers from computations.
(Adapted from ref 211.)

symmetry arrangement (see Figure 19).2'* The ter-
minal bonds in these dimers are about the same as
in the monomers, with the “bridging” bonds only
about 0.03—0.05 A longer than the terminal bonds
and, finally, the loose bonds about a further 0.8 A
longer. Geometrical parameters of these dimers are
given in Table 11. These structures are minimum
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Table 11. Geometrical Parameters of Dimeric Group
12 Dihalides from Relativistic MP2
Computations?03.211

M2X4 F Cl Br |
Zn2X4a
M—X., A 1.763 2.111
M—Xp, A 1.937 2.305
Xe-M—Xp, deg  140.0 133.3
CdaX42
M—X,, A 1.977 2.317
M—Xp, A 2.146 2.517
Xe-M—Xp, deg  141.2 135.7
H92X4b
M—X,, A 1.972 2.295 2.424 2.629
M—Xp, A 2.023 2.329 2.455 2.659
M-+-Xp, A 2.506 3.130 3.284 3.444
Xi-M—Xp, deg  173.5 174.4 173.7 170.0

a Double halogen-bridged structure with Dz, symmetry,
see 1 in Figure 16. P Structure with C,, symmetry, see Figure
19.

energy structures only when the calculations include
relativistic effects; at the nonrelativistic level, the
D2n-symmetry structure is the minimum. Relativistic
effects reduce the stabilization energy of dimerization
by about 60—70%.

3. Crystal Structure

Structural characteristics of group 12 molecules
change nonmonotonically down the group, especially
those of their crystal structures.®* While zinc has
tetrahedral coordination in the crystals of its diha-
lides, cadmium dihalides form octahedral layers, and
mercury dihalides are more or less molecular crys-
tals, with two-coordination of mercury (see, Figure
20).215

cL1

€L

Figure 20. Crystal structure of HgCl,. (Adapted from ref
215a with permission from the International Union of
Crystallography.)

Relativistic effects are responsible for these fea-
tures of the mercury halides according to the com-
putations.?%3211 The relativistic increase of the Hg 6s
orbital ionization energies reduces the charge sepa-
rations in and the intermolecular interactions be-
tween the HgX; molecules with electronegative
ligands. This then reduces the sublimation energy
and the boiling and melting points of HgF, compared
with the Zn and Cd analogues.

Hargittai

C. Group 13 Dihalides

Gallium and indium dihalides have been studied.
The Raman spectra of gas-phase and molten indium
dihalides showed considerable differences between
the structures in the two phases.?'® While the melts
consist of mixed-valence In(1)In(111)X, species for both
systems, the vapors over both solid InCl; and InBr;
consist mostly of InX and InX; molecules. Tetrahe-
dral InBr,~ ions may be present in the vapors over
InBr,. Spectra of solid Inl, indicated In*[Inl,~]
structural units, with distorted tetrahedral anions.?'”

The ED studies of gas-phase Inl,?'® and GaCl,?*°
show a complicated vapor composition. The vapor of
GacCl; consists of about 54% GacCls, 26% GaCl, 17%
GacCl,, and 3% of Ga,Cls. The geometrical parameters
are rather uncertain, but the previous suggestions
about the mixed-valence M*t[MX,~] structure of these
dihalides is corroborated. There is a rather loose ionic
contact between the distorted tetrahedral arrange-
ment and the M* cation.

There have been computations on AlF, and GaF,*%’
and on AIX and AIX; molecules (X = F, Cl, Br).1%
The bond length variation among MX, MX;, and MX3
molecules was shown in Figure 12.

D. Group 14 Dihalides

We only discuss here the halides from germanium
down the group. The heavier elements of groups 13—
15 prefer the lower coordinations. This has already
been discussed in connection with thallium(l) com-
pounds (see section I11.E.1).134 Coordination number
4 is still common for germanium; its dihalides are
unstable, and their experimental study required
special conditions.?20-222

Two-coordination is the common one for tin and
especially for lead. This has been shown to be the
consequence of the trend toward smaller M—X bond
strengths with increasing atomic number.*3* For lead
the tetravalent state is destabilized by electronega-
tive ligands,??® which is further enhanced by relativ-
istic effects. This explains why there are few inor-
ganic lead(1V) compounds and if they exist they are
either unstable or highly reactive. On the other hand,
organic lead chemistry is dominated by Pb(IV).?%3

The tendency among period 6 elements to prefer
lower coordination is often termed the “inert pair
effect” (cf. section I1.E.1). However, as pointed out
earlier, this is just a convenient description and not
an explanation. According to a qualitative explana-
tion, the electronegative substituents increase the
metal charge and this leads to increased size differ-
ences between the 6s and 6p orbitals. Thus, the
contribution of the 6p orbitals to covalent bonding
in Pb(1V) halides will be less favorable and the bonds
will be weaker even though, due to their increased
s-character, they may be shorter compared to the Pb-
(1) halides.??® Inclusion of relativistic effects makes
this phenomenon more pronounced. Another impor-
tant comment concerning the “inert nature” of the
6s? pair is that it does not necessarily mean that the
6s? pair is stereochemically inactive, as the bent
shape of the group 14 dihalides illustrates.
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1. Vapor Composition

An early mass spectrometric study of Zmbov et
al.??* indicated the presence of dimeric species, as
much as about 25% in the vapors of SnF,. A UV
spectroscopic study of SnF, also found evidence for
the dimers.??> Recent mass spectrometric studies
also identified dimeric species in the vapors of
SnBr,?%® and Snl,.??” Thermodynamic functions for
these dimers have been calculated, assuming a
D.n-symmetry structure based on comparison with
other metal dihalide dimers. Due to the stereo-
chemical activity of the lone electron pair on the
metal, however, a lower, possibly Cyh,-symmetry
structure is more likely (see vide supra). Since the
assumption on molecular symmetry greatly influ-
ences the results of thermodynamic calculations,
they should be repeated assuming lower symmetry.

2. Monomers

These molecules are all bent as expected by the
VSEPR model and other qualitative considerations.
References to earlier experimental studies can be
found in previous compilations'®'521.27 and in Table
12. Only the more recent results will be commented
upon here.

The ED data of SnBr;, Snl,, and PbX; (X = F, Br,
1) have been used repeatedly??8=231 to test different
approaches of the joint ED/SP analysis of Spiridonov
and co-workers.*8

A recent experimental ED study reported the
structure of Gel,.??> The molecule was prepared
according to the method used previously for the
similarly unstable germanium and silicon dichlorides
and dibromides??0221.232 ysing the reaction

Gel, (g) + Ge(s) — Gely(9)

The vapor phase contained small amounts of Gel,
and iodine besides Gel,. An infrared spectroscopic
study of Snl, and Pbl,23 completed the experimental
vibrational data on this series of molecules. The
bending frequency was measured in the gas phase,
60 cm~* for Snl, and 43 cm™! for Pbl,, but the two
stretchings are in two different matrices. We extrapo-
lated from the published Ar and Kr matrix data to
zero polarizability and estimated the following gas-
phase values for the symmetric and antisymmetric
stretching frequencies, 205 and 195 cm™ for Snl, and
168 and 163 cm™ for Pbl,, respectively. A gas-phase
Raman study of SnCl, gave the following frequen-
cies: vy = 362, v, = 127, and vz = 344 cm~1.234

A new feature is the appearance of computational
results on even such heavy-atom molecules as the tin
and lead dihalides. They include ab initio (HF and
MP2) studies of germanium dichlorides and dibro-
mides,?® density functional studies of germanium
dichloride,?®¢ ab initio studies (HF and CI) of tin
dihalides,?*” ab initio HF studies of all lead dihalides
(with pseudopotentials),?® high-level ab initio studies
(CASSCF and MRSDCI) on germanium,?¥ tin, and
lead dichlorides, dibromides, diiodides,® and difluo-
rides,?* and, finally, a complete study of all group
14 halides.?** Both the ground- and the first and
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higher excited-state geometries and energies have
been calculated in several of these studies.

Table 12 gives the experimental bond lengths and
bond angles, together with the latest computational
results, for the ground-state molecules.

The variations of bond lengths and bond angles
follow the expected trends. The bond lengths increase
both down the group and from a fluoride toward the
iodide (Figure 21). The observed trend is the same
from experiment and computation with the usual
difference, viz. the larger the halogen, the more the
computed bond lengths differ from the experimental
values. The bond angles of the ground-state mol-
ecules increase from the fluorides to the iodides in
agreement with both the VSEPR model and consid-
erations of nonbonded repulsions. The bond angles
decrease down the group with the same halogen as
expected from the VSEPR model, except for the lead
halides; all PbX; molecules have larger bond angles
than the preceding SnX,; molecules (see Figure 22).
This observation is based on computed bond angles.?*
The experimental bond angles are also shown in the
figure, in obvious disagreement with the computed
trend. The nonbonded distances can only be deter-
mined with great uncertainty, due to their fast-
diminishing contribution to the scattering, hindering
the precise determination of the bond angles. The
bond lengths are more reliable from the experiment,
and the bond angles are more reliable from the
computations. The ‘anomalous behavior’ in the bond
angle variation can be attributed to relativistic ef-
fects. The Mulliken valence s population of lead in
PbX, compounds is much larger than that of tin in
SnX, compounds.® The relativistic effects shrink the
valence s orbital, resulting in a further increase of
the bond angle. The bond angle variation of group
15 trihalides follows the same trend (see section
1V.B).

The A; singlet state is the ground state followed
by the 3B; triplet first excited state and then by a
B; second excited state in all these carbene ana-
logues. For carbene itself, the situation is different.
Table 13 gives the geometries of the first excited-state
molecules from computation. These excited-state
molecules have shorter bonds than the corresponding
ground-state molecules and about 15—30° larger bond
angles. The singlet—triplet energy separation is also
given in the table. The energy separation varies only
slightly and not uniformly between germanium and
tin, but between tin and lead it increases for all
halides. As to its variation for the same central atom,
it decreases from the fluorides to the iodides. The
difference between the first and second excited state
is much smaller.

3. Dimers

The following spectroscopic studies on dimeric
species are available:; germanium difluoride,?* tin
difluoride,??® and tin dichloride.?** The IR and Raman
spectra of GeF; are consistent with a halogen-bridged
nonplanar dimer of C,, symmetry, see Figure 16 (2).
The gas-phase photoelectron spectrum of SnF; indi-
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Table 12. Geometrical Parameters of Group 14 Dihalides from Experiment and Computation?
bond length, A
MX; rg° re bond angle, deg method ref

GeF;, 1.7321(2) 97.148 MW 242
1.723 97.1 MRSDCI(+Q) 240
1.732 97.6 CCsSD 243
1.755 96.4 HF, QR 241
GeCl, 2.186(4) 100.3(4) ED 220
2.169452(15) 99.8825(15) MMW 244
2.191 100.5 MRSDCI 239
2.177 100.35 HF 235
2.209 99.8 HF, QR 241
GeBr» 2.359(5) 101.0(3) ED 245
2.373 101.8 MRSDCI 239
2.327 101.49 HF 235
2.369 101.1 HF, QR 241
Gel, 2.540(5)° 102.1(10)° ED 222
2.574 102.8 MRSDCI 239
2.606 102.7 HF, QR 241
SnF, 1.865 92.0 MRSDCI+Q 240
1.9238 94.6 HF, QR 241
SnCl, 2.345(3) 98.5(20)¢ ED 229

2.335(3) 99.1(20)4 ED/SP 230, 231
2.363 98.4 MRSDCI 3
2.393 97.7 HF, QR 241
SnBr; 2.512(3) 99.7(20)4 ED 228
2.501(3) 100.0(20)4 ED/SP 231
2.535 99.7 MRSDCI 3
2.547 98.8 HF, QR 241
Snl, 2.706(4) ED 228
2.688(6) ED/SP 231
2.738 100.9 MRSDCI 3
2.779 100.5 HF, QR 241
PbF, 2.036(3) ED 229
2.041(3)° ED 246
2.139 98.5 MRSDCI+Q 240
2.000 95.4 HF, QR 241
PbCl, 2.447(5)f ED 247
2.442(5)9 ED 247
2.444(6)" ED 246
2.542 100.8 MRSDCI 3
2.491 99.1 HF, QR 241

PbBr, 2.597(3) 2.579 ED/SP 228, 229
2.598(3)¢ ED 246
2.684 101.5 MRSDCI 3
2.640 100.1 HF, QR 241
Pbl, 2.804(4) ED 229
2.807(3)° ED 246
2.814 101.7 MP3 248
2.878 103.6 MRSDCI 3
2.861 101.6 HF, QR 241

a2 The experimental bond angles for the larger halides are not quoted, since due to the very poorly determined nonbonded
distances they do not appear to be reliable (see also Figure 22). A reinvestigation of these molecules is suggested. ® Temperatures
of the ED experiments (K): GeCl, = 933, GeBr, = 893, Gel, = 653, SnCl, = 683, SnBr, = 550, Snl, = 600, PbF, = 1000, PbCl,
= 853(B), 963(M), PbBr; = 720, Pbl, =750. ¢ r,, O, 9 Uncertainty of bond angle estimated by us. ¢ Based on original data with
improved scattering functions. f Budapest data set from ref 247. 9 Moscow data set from ref 247. " Based on the Moscow data set

with improved scattering functions.

cated a large amount of dimeric species besides the
monomers. Laser Raman spectra over melted SnCly,
taken at different temperatures, suggested the pres-
ence of more than just monomeric species.?3* Eight
different geometrical arrangements for the dimer
have been tested, including the typical Day-symmetry
metal dihalide dimer structure along with lower
symmetry ones. The unexpected structure of Cs
symmetry with one rather than two halogen bridges
gave the best agreement with the measured frequen-
cies (see Figure 16 (7)).

A computational study on the dimers of silicon and
germanium dichlorides and dibromides?3® at the HF

level supported the C,- and Cj,-symmetry geom-
etries as the minimum energy geometry (see Figure
16 (2 and 3)).

There has been some controversy regarding the
possibility of the dimer of GeBr,. Since the ED data
could not be interpreted by the monomer alone,??! the
possible presence of dimers and excited-state mono-
mers has been invoked. Later computations?35236.239
as well as a most recent reanalysis of the experimen-
tal data, augmented with computation,?*> excluded
the presence of excited-state molecules. The difficul-
ties of interpretation may have been caused by a
contamination of FeBr, being formed as a product of
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Figure 21. Bond length variation of group 14 dihalides
from computation and experiment. Data from Table 12 and
ref 245. For explanation of symbols, see Figure 22.
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Figure 22. Variation of the bond angle among the diha-
lides of group 14 molecules. Data from Table 12 and ref
245,

a reaction between bromine and the stainless steel
nozzle, during the experiment.

4. Comparison with Crystal Structures

Crystalline germanium difluoride consists of dimer-
ic units which show the stereochemical effect of the
lone electron pair.?®0 The crystals of tin difluoride
contain tetrameric units, again with an obvious
indication of the presence of lone electrons. There is
close correlation between the gas-phase and solid-
phase photoelectron spectra of SnF,, indicating a
molecular crystal for SnF; or at least the possibility
that much of the molecular orbital character is
carried over to the extended orbital picture of the
solid.??®

E. Transition Metal Dihalides

1. First-Row Transition Metal Dihalides

a. Vapor Composition. Mass spectrometric and
other studies?! have shown that the vapors of most
transition metal dihalides contain species other than
monomers. In most cases dimers were detected only
but sometimes also trimers and even tetramers, as,
for example, in the vapors of iron diiodide®®'? and
chromium dichloride.?51°

b. Monomers. 1. Shape. The shape of these simple
triatomic molecules has intrigued researchers, and
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conflicting information abound in the literature. The
general picture is that the early members of the
series, especially the difluorides are or may be bent
while the later members, from manganese on, are
linear. Rather than presenting an inventory of all the
relevant literature, a summary of the situation is
given below.

Early matrix isolation IR spectra of the difluorides
of Ti%*? and of Co, Ni, and Cu?®® pointed to a bent
geometry. A later study, however, concluded that the
bands assigned®?2 to TiF, are due to TiF; rather than
TiF,.25 Matrix isolation IR studies found that CrF,,
CoF,, and NiF,%% and the dichlorides of Sc, Ti, V, Cr,
Mn, Fe, and Ni?% are all linear. According to a recent
computational study (DFT),'#? the difluorides and
dichlorides of the early members (from Sc to Cr) are
nonlinear or quasilinear with very flat potential
energy surfaces. Vanadium and chromium dichlo-
rides were similarly reported to be bent by ED;?%¢ the
vapor phase in both cases was more complicated than
assumed; hence, these two studies have to be disre-
garded.?®” Matrix isolation infrared spectroscopic
studies of CrCl,%°8 and VCI,?° were interpreted with
linear geometries. Chromium dichloride received
special attention. Several quantum chemical studies
appeared on this molecule, some of them favoring a
linear structure®%261 with a very flat potential energy
surface. Another high-level computational study?6?
found the molecule to be nonlinear, in agreement
with ref 182. While the molecule appears to be linear
at the HF level, bent structures proved to be more
stable at correlated levels. Here the 5T, ground state
undergoes a Renner—Teller splitting and the result-
ing °B, ground state is bent, with a flat potential
energy surface and a minimum with a bond angle
between 145° and 160°, depending on the level of the
computation. When polarizability is taken into ac-
count, as in the case of the group 2 dihalides, it is
the larger, more polarizable cations with the small
electronegative anions that favor bent over the linear
arrangement. The polarizability of the first-row
transition metal dications decreases from left to the
right, in accordance with their decreasing size and
increasing nuclear charge. Thus, if nonlinearity can
be expected for any of these dihalides, it has to be
for the first members and more for the difluorides
than for the dichlorides. The structure of CrCl,
should then be an intermediate case with a flat
potential energy surface and large amplitude vibra-
tions. The bond angles, determined by Wang and
Schwarz,*®? are in accord with this notion (ScF, =
112.4°; ScCl, = 128.5°; TiF, = 132.9°; TiCl, = 150.2°;
CrF, =136.0°; CrCl, = 143.2°). The energy difference
between the bent and the linear structures is very
small, between 0.37 and 0.05 eV.

Most spectroscopic studies?®® agree on the linearity
of the later members of the series, from manganese
on, and so do the molecular beam deflection experi-
ments.?%* According to recent gas-phase IR studies,
the diiodides of Cr, Fe, and Ni?% as well as Ca, Mn,
and Zn2% are linear. There was a publication on the
matrix IR spectra of the dichlorides of Fe, Co, and
Ni that suggested bent geometries for all three
molecules.?®” This conclusion has been questioned
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Table 13. Computed Geometrical Parameters of the First Excited State, °B;, Molecules of Germanium, Tin, and
Lead Dihalides and Energy Differences of the Ground and First Excited States

MXaz re, A X—M—X, deg energy difference, kd/mol method ref
GeF, 1.715 113.1 329 MRSDCI(+Q) 240
1.727 113.6 CCsD 243
GeCl, 2.040 118.6 252 MRSDCI 235
2.145 117.30 HF 235
GeBr, 2.348 120.8 232 MRSDCI 239
2.287 118.73 HF 235
Gel, 2.556 122.3 177 MRSDCI 239
SnF, 1.858 112.9 305 MRSDCI+Q 240
SnCl, 2.336 116.0 251 MRSDCI 3
SnBr; 2,511 119.8 232 MRSDCI 3
snl, 2.718 121.4 197 MRSDCI 3
PbF, 2.131 126.2 400 MRSDCI+Q 240
PbCl, 2.599 139.9 292 MRSDCI 3
PbBr, 2.720 132.4 272 MRSDCI 3
Pbl, 2.938 132.6 225 MRSDCI 3
based on ED data?8 as well as on isotope shift D 0, D,
measurements®®2 (see discussion in the Introduction).
The linearity of NiCl; is well established.?®® The ED - e
data of all these dihalides are consistent with linear ¢ 8 — Tg — Mg —
geometry, just as are the latest computations (for
references see, Table 14).
It appears that some metal dihalides may interact
with the matrix environment in dinitrogen matrices,
resulting in bending of otherwise linear molecules.?85%
The bond angle of NiCl,, for instance, appears to be Ty —— cg — Oy —
129(1)°. NiBr; has a bond angle of 125° in nitrogen
matrix by FTIR and 145° by XAFS with the shortest Ly —
Ni—Nmatrix interaction of 2.61 A 270 An obvious expla- 5. — 5 — o
nation could be that a complex MX,-N; forms in the & g g
matrix. It has been suggested that the reason is the
ion-induced dipole interactions in the matrix environ- a b
C

ment_SOa,Z?l

2. Electronic Structure and Bond Length. The bond
lengths from experiments as well as from the latest,
best computations are collected in Table 14.

Our understanding of the structure of transition
metal dihalides has enhanced considerably over the
past 10 years, and this is due primarily to high-level
computations. These are open shell systems and as
such represent rather difficult targets even for these
high-level computations. By now there is a general
consensus between experimental and computational
results concerning the electronic structures and the
geometries of these molecules.

Simple ligand field (LFT) arguments were used to
interpret the geometrical variations as well as the
spectral characteristics in the early studies. On the
basis of LFT arguments, the expected sequence of
d-orbital energy levels is 04 < 7y < o4 (see Figure 23),
and this used to be applied for the interpretation of
the spectra of these molecules.?8? However, the simple
LFT arguments do not explain the bonding in these
molecules. Their d orbital energy sequence is differ-
ent from that predicted by LFT; in most MX; diha-
lides it is 0y < 04 < g Or even og < 0y < 7y (Figure
23). The state that LFT would predict to be the
ground state turns out to be the first excited state
for most molecules. In ScCl,, for example, the single
electron occupies the g4 orbital, which is supposed to
be the highest in energy in LFT. The preference for
occupying this orbital is understood with the help of
Figure 24.272 There is a considerable 3d—4s mixing
in the oy orbitals, and this stabilizes the latter; there

Figure 23. Splitting of d orbitals in (a) linear and (b)
octahedral environment according to ligand field theory and
in (c) linear molecules according to computations.

Figure 24. The 90" orbital in ScCl,. The orbital is shown
in the plane of the molecule. (Adapted from ref 272.)

will be a 3d—4s hybrid orbital with maximum elec-
tron density in a plane perpendicular to the molec-
ular axis. In FeCl, and CoCl;, the 7g4 orbital has
about 20% 4s character.?’® This 3d—4s mixing brings
up the importance of relativistic effects for the proper
description of these structures. Relativistic calcula-
tions lead to the stabilization of the configurations
with the highest o4 occupation.

Electron correlation and spin—orbit coupling are
also important. The latter is due to the first excited-
state being often very close to the ground state while
they have rather different bond lengths. Thus, the
actual ground state will be a mixture of the two states
with a flexible structure.?”? For NiCl,, the ground
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Table 14. Bond Lengths of the Ground-State Molecules of First-Row Transition Metal Dihalides from
Experiments and Computations, with Indication of the Electronic Configuration of the Ground State®

bond length, A

MX> re re electronic state electronic configuration method ref
Sck; 1.867 23t %701 DFT® 182
ScCl, 2.297 22t 0%7%* DFT® 182

2.292 R 0%7%04! CASSCF 272
TiF, 1.807 3Ag ota%ot DFT® 182
TiCl 2.232 3Aq 0lnlot DFT® 182
VF; 1.763 Xy 0210t DFT® 182
VCl, 2.181 2y 02n%? DFT® 182
CrF> 1.795(3) 1.780¢ ED 273
1.772 Smtg 6%rtot DFT® 182
CrCl;, 2.173 Sty DFT® 182
2.175 Stg 6%rtot CASSCF 272
2.209 Sty B3LYP 262
2.15 S DFT 261
MnF; 1.811(4) 1.796(7)¢ ED 274
1.779 63, 6?0t DFT® 182
MnCl, 2.202(4) 2.184(5) ED/SP 13
2.164 6% 0?0t DFT® 182
MnBr» 2.344(6) 2.328(5) ED/SP 13
Mnl; 2.538(8) 2.519(9)° ED 275
FeF 1.769(4) 1.754¢ ED 274
1.738 SAq 03n2ot DFT® 182
FeCl, 2.151(5) 2.128(5) ED/SP 13
2.109 5Aq O3 IR attn DFT® 182
2.087 5Aq VWN 276
2.141 SAq BP 276
FeBr; 2.294(7) 2.272(5) ED/SP 13
CoF; 1.754(3) 1.739¢ ED 274
1.705 2y o4 iRt DFT® 182
CoCl; 2.113(4) 2.090(5) ED/SP 13
2.069 43y O IRt DFT® 182
2.040 454" VWN 276
2.103 Py BP 276
CoBr; 2.241(5) 2.223(5) ED/SP 13
NiF 1.729(4) 1.714¢ ED 274
1.691 3%y 04m20? DFT® 182
NiCl; 2.076(4) 2.056(5) ED/SP 13
2.05317(14) Y LIF 277
2.038 335, S 202 DFT® 182
2.055 3%y~ 04m0? CASSCF 272
2.050 3%y~ VWN 278
2.060 3%y BP 278
2.071 3%y DFT 278
NiBrz 2.201(4) 2.177(5) ED/SP 13
CuF; 1.713(12) 1.698¢ ED 279
1.711 2114 04i0? DFT® 182
1.722 R SDCI+Q 280
1.721 21y SDCI+Q 280
CuCl; 2.0353 21 LIF 28, 281
2.055 27 04ndo? DFT® 182
2.095 R SDCI+Q 280
2.081 2 SDCI+Q 280

a But see text about the possible nonlinearity of some early members of the series. ® Temperatures of the ED experiments (K):
CrF,; = 1520, MnF, = 1373, MnCl, = 961, MnBr, = 881, Mnl, = 905, FeF, = 1323, FeCl, = 898, FeBr, = 981, CoF, = 1373, CoCl,
= 1010, CoBr, =908, NiF, = 1473, NiCl, = 1099, NiBr, = 976, CuF, = 950. ¢ ADF program package with VWN and BP exchange-
correlation potential. ¢ Estimated by us from ry, based on observed trends, see section I.A for details. © r,, estimated by Morse-
type anharmonic corrections based on data from the ED publication.

state was found to be the 3%, state by different
computations as well as by laser excitation experi-
ments.?’” The first excited state is the °[I; state.
However, the two states are only about at most a few
thousand cm™! apart from each other,'82272.277 and
thus they will mix. CASSCF/CASPT2 computations
found the resulting =" state to be a mixture of 76%
3%;~ and 24% 3[4 configurations. While the bond
length for the pure 33, state is 2.055 A, that of this
mixed state is 2.062 A. The experimental equilibrium
distance for the ground state is 2.05317(14) A 277
based on a laser excitation spectrum. The ED thermal
average distance at 1099 K is 2.076(4) A. The

equilibrium distance estimated from this, by intro-
ducing vibrational and anharmonic corrections, is
2.056(5) or 2.064(6) A,1® depending on the approxi-
mation used for the vibrational corrections; the
computed distance agrees with both within experi-
mental error.

Another example, illustrating the importance of
correlation effects, is CuCl,.28 The inclusion of cor-
relation lowers the energy of the 2I1, state relative
to the 2X4* state so much that their order reverses
and the ground state will be dominated by the 2I1,
state, although the contribution from the 2X,* state
through spin—orbit coupling remains strong.
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Figure 25. Bond length variation of first-row transition
metal dihalides from computation and from experiment.
The octahedral ionic radii?®® are also indicated. For sources
of bond lengths, see Table 14.

Figure 25 shows the bond length variation of the
first-row transition metal dihalides from computa-
tion'8 and experiment. The variation of the computed
values follows that of the octahedral ionic radii® (cf.
Figure 23). The experimental values do not quite
follow this trend. Previously, the experimental varia-
tion was accounted for by simple LFT arguments,
taking into account the d orbital splitting in the D.n
“ligand field”.?84 However, recent computations show
these simple arguments inadequate to these diha-
lides. It is now possible to explain why the experi-
mental trend may differ from the computed one. The
different electronic states have similar energies in
these molecules. The computed bond lengths cor-
respond to the ground state, while the ED data are
measured at high temperatures (900—1500 K). It
may well be that these experimental bond lengths
are averages not only over different vibrational states
but include the lower, close-lying electronic states as
well. Since the bond lengths in different electronic
states are rather different, this would strongly influ-
ence their average values and, hence, the observed
experimental trend.

Several transition metal dihalides isolated in dif-
ferent matrices have been studied by the XAFS
technique.?®® The bond lengths are in reasonable
agreement with the gas-phase data. An interesting
aspect of these studies is the bent NiCl, molecule in
an N, matrix, just as observed before (vide supra).

c. Dimers. The presence of dimers in the vapors
of these dihalides has been indicated by mass spec-
trometry and other spectroscopic studies, as well as
by ED. Several dimer bands have been identified for
F62C|4,263a‘b’d C02C|4 and Ni2C|4,263a’b CU2C|4,263a Co,-
Br4,2%% Cryly and Fels,?%® and Mnyl,.2%% A new
combined quadruple mass spectrometric and ED
study of a series of dichlorides and dibromides (from
Mn to Ni) identified dimers in most cases.’® The
structure of these dimers is compatible with a Dy,-
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symmetry equilibrium structure, with double halogen
bridges (see 1 in Figure 16). The terminal bond length
of these dimers is about the same as the bond length
in the monomers, with an about 0.2 A longer bridging
bond. Due to the small amount of these dimers in
the vapor phase, their detailed geometry could not
be determined.

2. Second-Row Transition Metal Dihalides

Structural information is scarce about these sys-
tems. Only one computational study is mentioned
here, reporting the bond lengths of all MX; molecules
in this series,?®® quoted in Table 15.

Table 15. Geometrical Parameters of Second-Row
Transition Metal Dihalides from Computation?8

M-F, F—-M-F, M-CI, CI-M-Cl,

M electronic state A deg A deg

Y 2A; 2.02 121.7 2.54 155.3
Zr 3Aq 1.99 180.0 2.47 180.0
Nb 4Zg’ 1.95 180.0 2.43 180.0
Mo 5B, 1.96 140.1 2.43 142.3
Tc GEJ 1.99 180.0 2.46 180.0
Ru SAg 1.96 180.0 2.42 180.0
Rh Py 1.93 180.0 2.38 180.0
Pd 3T, 1.94 180.0 2.302 98.4

a Electronic state of PdCl, is 1A;.

3. Lanthanide Dihalides

The dihalides of all lanthanides and actinides are
predicted to be bent, based on the polarizability
model, due to their large and easily polarizable
central atom.?® There have been a few spectroscopic
studies of such molecules. The difluorides and dichlo-
rides of Sm, Eu, and Yb and UCI, were found to be
bent.?87.288 The ED study of Sml, (at about 1100 K)
resulted in the following parameters: ry = 3.004(6)
A and O = 127(2)°.289

F. Vibrational Frequencies of Linear Dihalides

All dihalides have been extensively studied by
spectroscopic methods, and a large body of informa-
tion is available about their vibrational frequencies.
Due to their low volatility, these dihalides have been
studied either by high-temperature gas-phase spec-
troscopy or by matrix isolation techniques. The
problems of interpretation were discussed in section
1.C.1.

The bond lengths and vibrational frequencies of
linear MX; metal dihalides can be correlated by the
following expression?®

v, = b(rymy) ™"

where my is the mass of the halogen atom and b is
an arbitrary constant. The same equation applies to
planar D3, metal trihalides, tetrahedral tetrahalides,
and octahedral octahalides and is independent of the
place of the metal in the periodic table. Naturally,
different constants apply to different stochiometries.
Therefore, alkaline earth dihalides, group 12 diha-
lides, and transition metal dihalides are treated
together in Figure 26. It was also interesting to check
whether computed frequencies can be used in this
correlation. The largest set of computed frequencies
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Figure 26. Correlation between the symmetric stretching
frequencies and the bond lengths of linear metal diha-
lides: (—) experimental data, (— — —) computations. The
relationship refers to the experimental data only.

is available for the alkaline earth dihalides. As Figure
26 shows, they appear consistently shifted from the
experimental values; therefore, the computed fre-
guencies were not considered in establishing the
correlation. Matrix isolation frequencies were not
used either, because they tend to be lower than the
gas-phase values. Whenever there were enough
matrix data available, the gas-phase frequency was
estimated from them based on the different polariz-
abilities of the matrices.3! These estimated gas-phase
values were also used in establishing the correlation
in Figure 26. For the bond lengths, experimental
equilibrium bond lengths were used. On the basis of
this correlation, gas-phase symmetric stretching
frequencies were estimated for all molecules for
which the bond length is known. This estimation
provides important information for thermodynamic
calculations.®® On the other hand, the same relation-
ship is not applicable for the estimation of reliable
bond lengths from frequencies.

1. Alkaline Earth Dihalides

The vibrational spectroscopic data and force con-
stants of alkaline earth dihalides have been re-
viewed 2127152290 A few additional experimental stud-
ies have appeared on all calcium halides'®! and
CaF,,' both by matrix isolation spectroscopy, and
on Cal,?* and Srl,,2%? in the gas phase. Table 16 lists
measured as well as computed frequencies for this
group of molecules. There are no measured gas-phase
symmetric stretching frequencies in the literature.
There is consistency between measured and com-
puted antisymmetric stretching frequencies, with the
computed frequencies being slightly larger than the
experimental gas-phase values. Comparison with
matrix isolation frequencies suffers from possible
matrix effects. Besides, the extremely floppy quasi-
linear molecules can be easily distorted in the matrix
by ion-induced interactions.°® The matrix bending
frequencies may be considerably higher than the gas-
phase values. On the other hand, the computed
bending frequencies may be much too low and unreli-
able due to the very flat bending potentials. Several
difluorides display very large differences in the
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computed and measured matrix isolation bending
frequencies, while the agreement between the cor-
responding stretching frequencies is good. For CaF;
the v, value, even from the best computations, is
around 80—90 cm™%, around 160 cm~! from matrix
isolation spectra, and 120(5) cm™! in the gas-phase
(for references, see Table 16). The situation is similar
for another quasilinear molecule, SrCl, (see Table
16). MgF; presents a puzzling discrepancy. It is not
even a floppy molecule, yet its matrix isolation
bending frequency, v,, from different sources, is
around 230—250 cm™?, while in the gas-phase it is
160(3) cm™%, in good agreement with the computed
value of 150—160 cm™1,

For BaF,, the matrix isolation stretching frequen-
cies from two sources are assigned differently.4.1582
The available computational results show similar
confusion. The computed infrared intensity of the
symmetric stretching frequency is about one-third of
that of the asymmetric stretching in ref 180, which
lends preference to the relationship v, > v3 as
suggested in ref 49.

A recent multiple-collision relaxed chemilumines-
cence and laser-induced fluorescent spectroscopic
study of alkaline earth dihalides determined the
vibrational frequencies of different excited states, and
thus of different geometrical arrangements, of these
molecules and compared them to the ground-state
frequencies.*

2. Group 12 Dihalides

The vibrational frequencies and force constants
have been collected and discussed by Bowmaker.1%3
The frequencies of group 12 dihalides are given in
Table 17. Most of them refer to gas-phase studies.
Matrix isolation data are included when no gas-phase
data are available. The estimated frequencies were
obtained by the methods described above. All these
values were used to establish the correlation in
Figure 26.

3. Transition Metal Dihalides

Transition metal dihalides have been studied less
than the other two groups of metal dihalides, espe-
cially the number of available gas-phase frequencies
is limited. Table 18 lists all experimental frequencies
as well as the gas-phase frequencies that we esti-
mated by using the method based on matrix polar-
izabilities®* and on the relationship in Figure 26.

IV. Trihalides
A. Group 13 Trihalides

1. Vapor Composition

There is a distinct difference between the trifluo-
rides and the other trihalides in both their crystal
structure and their vapor composition. The fluorides
have very low volatility and their vapor phase
consists mostly of monomers.2% The other trihalides
evaporate at relatively low temperatures as dimeric
molecules.

Special evaporation techniques are needed for the
gas-phase study of the monomeric molecules. A so-
called double-oven technique was first used for the
monomers of aluminum trichloride and iron trichlo-
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Table 16. Vibrational Frequencies (in cm™!) of Alkaline Earth Dihalides from Experiment and Computation?

MX; method 21 2 V3 ref
BeF, gas-phase 3457 293
gas-phase [825]° 1520 169
est. gas-phase 760(14)° 3344 15444 this work
est. gas-phase 354(27)° 170
est. gas-phase 345 1555 49
MI(Ne)-IR 330 1542 49
MI(Ar)-IR 309 1528 49
MI(Kn)-IR 302 1524 49
MP2 728 338 1573 174
MP2 735 329 1622 173
HF 740 371 1601 16
HF 769 350 1686 172
BeCl, gas-phase [482]° 1113 169
est. gas-phase 426(14)° 11264 this work
est. gas-phase 256(12)¢ 149
est. gas-phase 250 1135 175
MI(Ne)-IR 1122 49
MI(AD)-IR 1108 49
MI(Kr)-IR 1100 49
MI(Ne)-IR 238 1122 175
MP2 420 234 1194 173
HF 407 258 1153 16
BeBr, est. gas-phase 9964 this work
est. gas-phase 220 1010 175
MI(Ne)-IR 207 993 175
MI(AD)-IR 985 175
HF 245 223 1014 16
Bel, est. gas-phase 8744 this work
est. gas-phase 873 175
MI(Ne)-IR 872 175
MI(Ar)-IR 867 175
HF 169 185 880 16
MgF2 gas-phase 160(3) 825(10) 290,293
est. gas-phase? 561 257 864 this work
est. gas-phase 598(14)° this work
est. gas-phase 270 875 49
MI(Ne)-IR 254 862 49
MI(Ar)-IR 243 840 49
MI(Kr)-IR 238 834 49
MI(Kr)-IR 242 837 294
MI(Ar)—(Ra+IR) 550 249 842 176
MI(Kr)—(Ra+IR) 544.5 242 837 176
MP2 568 151 883 174
MP2 587 150 920 173
MP2 587 150 907 178
HF 580 155 912 16
HF 604 165 949 172
HF 579 151 927 154
MgCl, gas-phase [295]° 597 169
gas-phase 588 295
est. gas-phase 353(14)¢ 1034 6234 this work
MI(Ar)—(Ra+IR) 326.5 93 601 176
MI(Kr)—(Ra+IR) 88 590 158¢c
MP2 327 109 630 151
MP2 329 112 636 178
MP2 330 112 639 173
HF 328 123 631 16
HF 292 105 577 154
MgBr; gas-phase 490 295
MI(Ar)—(Ra+IR) 198 81.5 497 176
HF 196 104 537 16
HF 190 80 522 154
Mgl, MI(Ar)—(Ra+IR) 148 56 445 176
HF 133 86 470 16
HF 132 78 447 154
CaF; gas-phase 120(5) 575(10) 290,293
est. gas-phased 505 584 this work
est. gas-phase 520 595 49
MI(Ne)-IR 504 581 49
MI(Ar)-IR 489 561 49
MI(Kr)-IR 487 555 49
MI(Kr)-IR 485 164 554 158a
MI(ADR)-IR 488 157 560 179
MI(Kr)-IR 486 164 554 191
B3LYP 524 88 598 180
MP2 482 81 551 164
CIsC 479 90 549 164
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Table 16. Continued

MXz method 21 2 V3 ref
CaF; MP2 524 30 628 174
HF 494 65 609 16
HF 506 53 631 172
CacCl; gas-phase 395(7) 290
est. gas-phase 310(14)° 86¢ this work
est. gas-phase 69(10)9 150
MI(Kr)-IR (243) 64 402 158¢c
MI(Ar)-IR 72 397 191
MI(Kr)-IR 66 403 191
MI(Ne)-IR 414 296
MI(Ar)-IR 394 296
B3LYP 279 18 418 180
HF 275 48 420 16
HF 265 50 442 154
CaBr; gas-phase 330(5) 290
est. gas-phase 195(14)° 79 3574 this work
est. gas-phase 72(10)9 150
MI(Ar)-IR 67 335 191
MI(Kr)-IR 61 324 191
HF 170 44 350 16
HF 171 33 382 154
Cal, gas-phase 290(5) 290
gas-phase 43 292 291
est. gas-phase 142(14)° this work
est. gas-phase 50(10)¢ 150
MI(Ar)-IR 299 191
HF 121 42 308 16
HF 117 34 316 154
SrF; gas-phase 105(5) 455(7) 293,290
est. gas-phased 472 475 this work
est. gas-phase 485 490 49
MI(Ne)-IR 468 471 49
MI(Ar)-IR 447 450 49
MI(Kr)-IR 439 443 49
MI(Kr)-IR 442 82 443 158a
B3LYP 480 91 482 180
HF 465 77 480 16
HF 440 76 509 154
SrCl, gas-phase 300(7) 290
est. gas-phase? 287 324 this work
est. gas-phase 292(14) this work
est. gas-phase 285(10) 318(10) 296
MI(Ar)-IR 275 308 296
MI(Kr)-IR 269 44 300 158¢c
B3LYP 264 16 311 180
MP2 279 24 330 168
B3LYP 266 28 311 168
HF 256 20 307 16
SrBr; est. gas-phase 184(14)° this work
HF 152 11 242 16
HF 160 13 267 154
Srl, gas-phase 200 291
est. gas-phase 134(14)° this work
HF 113 17 205 16
HF 110 9 217 154
BaF, gas-phase 100(5) 415(7) 293
est. gas-phased 440 416 this work
est. gas-phase 450 430 49
MI(Ne)-IR 437 413 49
MI(Ar)-IR 421 398 49
MI(Kr)-IR 416 392 49
MI(Kr)-IR" [390] [413] 158a
B3LYP 450 95 432 180
HF 421 87 432 16
HF 406 77 436 154
BaCl, gas-phase 265(5) 290
est. gas-phase? 263 270 this work
MI(Kr)-IR 255 260 158¢c
MI(Ar)-IR! 226 61 234 296
MI(Ne)-IR 262 62 268 296
B3LYP 260 47 267 180
HF 245 38 258 16
HF 233 36 275 154
BaBr; est. gas-phase 175(14)¢ this work
est. gas-phase 38(8)¢ 185
HF 154 24 189 16

HF 154 25 211 154
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Table 16. Continued
MX> method V1 V2 V3 ref
Bal; est. gas-phase 128(14)¢ this work
est. gas-phase 16® 186
HF 110 15 158 16
HF 105 18 154

a Estimated values in italics. ® The v, frequency determined in this work is obviously a misassignment (probably a dimer band).
¢ Estimated based on Figure 26 and using experimental equilibrium bond lengths, see text. Standard error indicated in parentheses.
d Estimated based on matrix polarizabilities, see text. ¢ From joint ED/SP analysis. f The v; value determined here seems to be
wrong (based on assuming the molecule to be bent). ¢ Estimated from the electron diffraction shrinkage. " The v; and v3 frequencies

are probably misassigned, see text. ' Not used in estimation.

Table 17. Gas-Phase Vibrational Frequencies (in
cm™1) of Group 12 Metal Dihalides from Experiment?

MX, method V1 Vv V3 ref

ZnF, est. gas-phase 604(14)° this work
est. gas-phase 785¢ this work
est. gas-phase 160d 202
MI(Kr)-Ra  595.5 214
MI(Kr)-IR 150 758 214
MI(Ar)-IR 763.0 253
MI(Ne)-IR 7815 253

ZnCl, gas-Ra 361 297
gas-IR 516 298
est. gas-phase 120(15)° 206
MI(Kr)-IR 103 508.5 299

ZnBr, gas-Ra 230 297
gas-IR 80 300
gas-IR 413 298
gas-IR 400 301
est. gas-phase 86(8)° 206

Znl, gas-Ra 168 297
gas-IR 66 300
gas-IR 67.6 3375 266
gas-IR 340 298
est. gas-phase 67(4)° 206

CdF, est. gas-phase 543(14)° this work
MI(Kr)-Ra  555.0(4) 214
MI(Kr)-IR 121(5) 661.7(2) 214

CdCl, est. gas-phase 337(14)° this work
gas-IR 83 300, 302
gas-IR 427 298
est. gas-phase 72(15)¢ 198b
MI(Kr)-Ra  329.8 303

CdBr, est. gas-phase 212(14)° this work
gas-IR 60 302
gas-IR 315 298
est. gas-phase 57(13)¢ 208
MI(Kr)-Ra 209.1 303

Cdl, gas-Ra 153 304
gas-IR 50 300, 302
gas-IR 51 261.3 305
gas-IR 265 298
est. gas-phase 52(2)4 199

HgF. est. gas-phase 542(14)° this work
MI(Kr)-Ra 567.6(3) 214
MI(Kr)-IR 170(5) 641.7(2) 214

HgCl, gas-Ra 358 297, 306
gas-IR 413 307

HgBr, gas-Ra 221.8 297, 306
gas-IR 68 300
gas-IR 293 307

Hgl, gas-Ra 158.4 306
gas-IR 51 300
gas-IR 237 298

a Estimated values in italics. ° Estimated based on Figure
26 and using experimental equilibrium bond lengths, see text.
Standard error indicated in parentheses. ¢ Estimated based on
matrix polarizabilities, see text. ¢ From joint ED/SP analysis.
¢ Estimated from the electron diffraction shrinkage.

ride back in 1964 at Moscow State University.3° An
improved version of this nozzle has been used in the

Budapest laboratory to study such systems.3!! Unless
the vapor composition is optimized by choosing ap-
propriate experimental conditions, both monomers
and dimers may be present, hindering the accurate
determination of their geometries due to increased
correlation among the parameters. Two recent stud-
ies of aluminum tribromide are a case in point, in
one experiment, at 603 K, the vapor contained about
92% monomers with the rest being dimers,3!? while
in another experiment, at 830 K, the vapor was
monomers only.313

2. Monomers

a. Shape. Although one might anticipate the
structure of such molecules as the aluminum triha-
lides to be unambiguously determined, a controversy
developed over it some years ago in the literature.
Aluminum trichloride was the case in point.

The confusion started when an infrared spectro-
scopic study of AICI33* suggested a pyramidal con-
figuration, based on the assigned symmetric stretch-
ing frequency. At about the same time an ED study
of the AICI3-NH3 complex3®® reported 116.9(4)° for the
acceptor bond angle. The free acceptor obviously
could not have a smaller angle than that since
complex formation decreases the bond angles of both
the donor and the acceptor.3%® Later on it turned out
that the spectrum described in ref 314 could have
corresponded to a complex of AICI; and nitrogen,
which was the carrier gas in the original experi-
ment.3!” Yet another study3'® questioned the planar-
ity of AICI; as reported by an early ED work.3°
Overwhelming evidence, however, showed AICI; to
have a planar equilibrium configuration.

b. Bond Lengths. The experimental bond lengths
of monomeric molecules are collected in Table 19;
most of these data have been reported since the
previous review.’®> They include results on AlFs,
AICIs, AIBr3, All;, GaFs, GaCls, GaBr3, and InCls (for
references see the table). The best computational
results are also included in Table 19.

The ED experiments were carried out at different
temperatures for some molecules, and thus, the effect
of temperature on the thermal average distance could
be followed. As expected, the higher the experimental
temperature, the weaker the metal—halogen bonds,
and the bonds lengthen upon temperature increase.

The computational studies are especially important
for this class of compounds in helping to analyze the
ED data from complex vapor composition, as il-
lustrated by the study of AlX3/AlX6%2 and GaBrs/
GayBre.%?° They provide differences of bond lengths
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Table 18. Vibrational Frequencies (in cm™) of First-Row Transition Metal Dihalides from Experiment?

MXz method V1 V2 V3 ref

ScF; est. gas-phase 703 this work
MI(Ne)-IR 699.7 253b
MI(Ar)-IR 685 253b

TiF; est. gas-phase 178° this work
MI(Ne)-IR 176.2 253b
MI(Ar)-IR 171.2 253b

TiCl, est. gas-phase 491 this work
MI(Ar)-IR 122.0 458.1 296
MI(Ne)-IR 485.7 296
MI(Kr)-IR 4485 296

VF, est. gas-phase 746° this work
MI(Ne)-IR 158.0 742.8 253b
MI(Ar)-IR 733.2 253b

VCl, est. gas-phase 494b this work
MI(Ar)-IR 481.2 259
MI(Ar)-IR 481.0 296
MI(Ne)-IR 491.0 296

CrF; est. gas-phase® 593 688 this work
est. gas-phase 586(14)° this work
est. gas-phase 135(32)¢ 273
MI(Ne)- Ra 586 255
MI(Ar)- Ra 565 255
MI(Ne)-IR 151.1 679.6 253b
MI(Ar)-IR 155.4 654.5 253b

CrCl, MI(Ar)-IR 463.8 296
MI(Ar)-IR 493.5 263c

Crl, Gas-IR 37 319.7 265

MnF, est. gas-phase 581(14)° 134° 729° this work
est. gas-phase 1394 274
MI(Ne)-IR 132.0 722.1 253b
MI(Ar)-IR 124.8 700.1 253b

MnCl, gas-IR 467(5) 263a
est. gas-phase 349(14)° this work
est. gas-phase 96(3)¢ 13
MI(Ar)-IR 476.8 263c
MI(AN)-IR 4845 296
MI(Ar)-IR 83 476.8 263b

MnBr; est. gas-phase 218(14) this work
est. gas-phase 74(3)d 13

Mnl, Gas-IR 54.5 324.2 266
est. gas-phase 159(14)° this work

FeF, est. gas-phase 595(14)° 151° 760° this work
est. gas-phase 1614 274
MI(Ne)-IR 148.5 752.8 253b
MI(Ar)-IR 141.0 731.3 253b

FeCl, gas-IR 492(10) 263a
gas-Ra 350 308
est. gas-phase 92(4) 13
MI(Ar)-IR 494 263d
MI(Ar)-IR 88 493.9 263b
MI(Ar)-IR 493.8 296
MI(Ar)-IR 493.2 263c

FeBr, est. gas-phase 223(14)¢ this work
est. gas-phase 71(3)¢ 13

Fel, Gas-IR 53 335.2 265

CoF; est. gas-phase® 608 160 753 this work
est. gas-phase 600(14)° this work
est. gas-phase 1544 274
MI(Ne)-IR 745.7 253a
MI(Ar)-IR 723.1 253a
MI(Ne)-Ra 603 255
MI(Ar)-Ra 587 255
MI(Ne)-IR 157.6 745.8 253b
MI(Ar)-IR 151.0 7235 253b

CoCl, gas-Ra 359 88.5 308
gas-IR 493(10) 263a
est. gas-phase 496° this work
est. gas-phase 97(3)¢ 13
MI(Ar)-IR 492.2 263b
MI(Ar)-IR 493.4 263c
MI(KD)-IR 94.5 484.1 263b
MI(Xe)-IR 468.3 263b

CoBr; gas-IR 396(10) 263a
est. gas-phase 228(14) this work
est. gas-phase 76(3)4 13
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Table 18. Continued
MX; method V1 2 V3 ref
NiF, est. gas-phase® 616 144 807 this work
est gas-phase® 609(14) this work
est. gas-phase 1544 274
MI(Ar)-IR 780.0 253a
MI(Ne)-IR 800.7 253a
MI(Ne)-Ra 612 255
MI(Ar)-Ra 601 255
MI(Ne)-IR 143.0 253b
MI(AN)-IR 139.7 253b
NiCl, gas-Ra 362 85 308
gas-IR 515(15) 263a
est. gas-phase 96(5)¢ 13
MI(Ar)-IR 520.6 263c
MI(Ar)-IR 85 520.8 263b
MI(Ar)-IR 520.9 296
NiBr; est. gas-phase 233(14)° this work
est. gas-phase 82(3) 13
MI(Ar)-IR 69 414.2 263b
Nil, gas-IR 52 343.0 265
CuF, est. gas-phase 615(14)° 189° 7745 this work
MI(Ne)-IR 766.5 253a
MI(Ar)-IR 743.9 253a
MI(Ne)-IR 187.7 253b
MI(Ar)-IR 183.0 253b
CuCl, gas-IR 496(20) 263a
gas-Ra 370 130 503 308
gas-FTIR 371.69 95.81 525.90 281

a Estimated values in italics. ® Estimated based on matrix polarizabilities, see text. ¢ Estimated based on Figure 26 and using
experimental equilibrium bond lengths, see text. Standard errors indicated in parentheses. ¢ From joint ED/SP analysis.

Table 19. Bond Lengths of Group 13 Trihalide Monomers from Experiment and Computation

MXs re, A monomer (%) T, K2 re, A method ref

AlF; 1.630(3) 100 1300(10) 1.627(4) ED 322
1.633(3) 100 1103(10) 1.626(3)° ED, ED/SP 323
1.620 RHF 324

1.645 MP2 324,135
1.612 HF 313
1.615 HF 137
AICI; 2.074(4) d 1410 ED 326
2.068(4) d 1150 ED 326
2.063(3) 71(3) 673 ED 312

2.069 MP2 324,135
AlIBrs 2.231(5) 100 830 2.214(7) ED 313
2.221(3) 92(4) 603 ED 312
2.238 MP2 135
Al 2.461(5) 94(5) 573 ED 312
GaF; 1.725(4) 100 913(10) 1.713(4)° ED, ED/SP 323
1.709 HF 137

GaCls 2.110(3) 91(6)° 656(6) 2.101(2)¢ ED, ED/SP 327,328
2.095 MRSDCI 136
GaBrs 2.249(5) 100 638 2.224(8)° ED 320
2.239(7) 42.1(12) 357 2.225(8) ED 320
2.265 MRSDCI 136
Gals 2.458(5) 100 525 ED 329
2.474 MRSDCI 136
InF3 1.923 MP2 134
INCls 2.274(5) 91.2¢ 611(5) ED 330

2.291(5) 41(5) 753(6) 2.275(3)¢ ED, ED/SP 327,328
2.284 HF 331
2.292 MP2 331
TIF; 1.958 MP2, R 138
2.002 MP2, NR 138
TICIs 2.314 MP2, R 138
2.357 MP2, NR 138
TIBr3 2.468 MP2, R 138
2.520 MP2, NR 138
Tl 2.686 MP2, R 138
2.744 MP2, NR 138

a Temperature of the ED experiment. ° r, calculated by us using Morse-type anharmonic corrections. ¢ Harmonic equilibrium
distance from joint ED/SP analysis. ¢ The presence of other species, such as AICI, AICI,, Cl,, was found to be negligible. ¢ Mole

fraction of monomer, %.
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Figure 27. The less stable Cs-symmetry structure of the
gas-phase Tll; molecule and part of its crystal, the latter
after ref 321.

and puckering potentials in order to carry out so-
called dynamic ED analyses.3'?

Another benefit of the computational studies is the
structural information on experimentally not yet
observed species, such as, e.g., the thallium trihalide
molecules. All four TIX; molecules have been com-
puted and their structures and properties compared
with those of the more common thallium monohalides
(see also the discussion in section I1.E.1 and Figure
12).138 They are all thermodynamically stable in the
gas phase in their Dg,-symmetry trigonal planar
form, and their stability decreases from the trifluo-
ride to the triiodide. The latter exists in the crystal
as a TI"l3~ compound. For the gas-phase molecule
the trigonal planar Dgp, structure is more stable than
the bent arrangement containing a linear I3~ unit and
a TI* ion, by about 95 kJ/mol at the relativistic MP2
level of theory. As mentioned before (section 11.E.1),
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Figure 28. Dgyy-symmetry dimer structure of group 3
metal trihalides.

solid-state effects may also contribute to the stabili-
zation of the low valence state of thallium halides.
Figure 27 compares the computed gas-phase Cs-
symmetry structure with the crystal structure of
TH3.%% The TI-1-1 bond angle is 66.7° (MP2) vs 56.8°
(crystal), the I—1 distances are 2.901 and 3.245 (MP2)
vs 2.826 and 3.063 A (crystal), and the TI—1 distance
is 3.039 (MP2) vs 3.544 A (crystal). The agreement
is acceptable, except for the TI—1 bond length, and
that can be explained by additional interactions in
the crystal and the deficiencies of the computational
level.

3. Dimers

Some of the group 13 trihalides evaporate predomi-
nantly as dimers at lower temperatures. They have
a halogen-bridged D,h,-symmetry structure (Figure
28). The geometrical parameters are given in Table
20. The most typical feature of these structures is
the 0.2 A difference between the terminal and bridg-
ing bond lengths. The coordination of the metals is
distorted tetrahedral, with a ca. 90° endocyclic angle
and a ca. 120° angle between the terminal bonds. The
endocyclic angle increases for the same metal when
going from the fluoride to the iodide, while the outer
Xi—M—X; angle decreases.

B. Group 15 Trihalides

From among the trihalides belonging to this group,
only the data on antimony and bismuth trihalide
geometries are listed in Table 21. Some of the ED
studies are quite recent, such as all bismuth triha-

Table 20. Geometrical Parameters of Group 13 Dimeric Trihalides?

bond lengths, A

bond angles, deg

M, XgP M—Xq, M—Xp, Xp—M—Xp Xi—M—X¢ mol. fr. % method® ref
AlxFe Ie 1.621 1.795 80.0 123.4 HF 324
Ie 1.645 1.816 81.2 123.3 MP2 324
Al,Clg rg 2.061(2) 2.250(3) 90.0(8) 122.1(31) 100 ED 312
Ie 2.077 2.278 89.3 121.8 HF 312
Ie 2.083 2.288 89.2 121.7 HF 324, 333
AlBrg rg 2.227(5) 2.421(5) 93.3(2) 119.6(7) 100 ED 313
rg 2.234(4) 2.433(7) 91.6(6) 122.1(31) 100 ED 312
re 2.246 2.454 91.4 120.7 HF 312
Ie 2.248 2.459 91.4 120.8 HF 333
r, melt 2.21 2.37 97.3 122.2 ND 334
Ga,Clg Iy 2.116(5) 2.305(6) 90(1) 124.5(1) 79 ED 335
Ie 2.098 2.316 88.9 123.1 HF 336
Ga,Bred ry 2.250(6) 2.453(5) 92.7(3) 123.1(14) 57.9(12) ED 320
re 2.286 2.503 90.7 122.1 HF 333
r, melt 2.26 2.42 97.2 121.7 ND 334
Gazlg r, melt 2.45 2.63 102.8 131.6 ND 334

a The results of the ED studies on the indium trichloride33°332 and triiodide?!® dimers are not included, since they are rather
uncertain due to the complicated vapor composition and the many unchecked assumptions in the structure refinement. ® X; =
terminal, X, = bridging halogen, see Figure 28. ¢ Temperatures of the ED experiments (K): Al.Clg = 423, Al,Bre = 360 (ref 313),
440 (ref 312), GaCls = 322, Ga,Brs = 357. 9 Dimer content 57.9(12)%.
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Table 21. Geometrical Parameters of Group 15 Tri-
halides from Electron Diffraction and Computation
bond lengths, A
MXs rg? re

X—M—X, deg method ref

SbF;  1.880(4) 94.9(2) ED 338
1.834 94.4 HF 339
1.903 94.9 MP2  337a

SbCl;  2.333(3) 97.2(9) ED 340

2.334(4) 97.1(10) ED 341

2.3232(1)  97.09(1) MW 342

2.342 97 HFE 339

2.333 97.3 MP2  337a

SbBrs 2.490(3) 98.2(6) ED 343
2.522 98.3 HF 339

2.497 98.5 MP2  337a

Sbl;  2.721(5) 99.0(3) ED 344
2.739 99.5 HF 339

2.737 99.8 MP2 337a

BiFs  1.987(4) 96.1(6) ED 338
1.904 94.7 HF 339

2.038 96.4 MP2  337a

BiCls 2.424(5) 97.5(2) ED 345
2.425(5) 97.3(2) ED 346
2.417 97.9 HF 339

2.453 98.5 MP2  337a

BiBrs 2.577(5) 98.6(2) ED 347
2.589 99.1 HFE 339

2.610 99.4 MP2  337a

Bil;  2.807(6) 99.5(3) ED 344
2.804 100.0 HFE 339

2.842 100.6 MP2  337a

a Temperatures of the ED experiments (K): SbF; = 439,
SbCl; = 343, SbBr; = 373, Sbl; = 433, BiF; = 916, BiCl; =
456, BiBr; = 484, Bil; = 563.
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Figure 29. Bond angle variation of group 15 trihalides
from experiment (O,) and computation (O¢). Data from
Table 21 and refs 18 and 337a.

lides and antimony trifluoride (for references, see the
table). However, in the discussion of bond length and
angle variation within the group, data on other
members are also considered.

These molecules have a pyramidal geometry as
predicted by the VSEPR model.’®® The bond angle
variation within the whole group is shown in Figure
29. For the same central atom the angles open with
increasing size and decreasing electronegativity of

Hargittai

the halogen ligand. For the same halogen, the bond
angle decreases with increasing size and decreasing
electronegativity of the central atom. This is observed
through the antimony trihalides. The bismuth tri-
halides have the same bond angle or even slightly
larger than the corresponding antimony trihalides.
The computed bond angles follow the same trends.
There are alternative explanations for this behavior.
The increasing nonbonded repulsions of the halogen
ligands with decreasing bond angles may at one point
prevent further decrease of the bond angles for the
bismuth trihalides. It may also be that the increasing
Coulombic repulsion between the halogen ligands
with decreasing bond angles becomes the limiting
factor, preventing further decrease of the bond angle.
The former explanation is more appealing for the
bromides and iodides while the latter is for the
fluorides. Yet another explanation involves relativ-
istic effects in the bismuth trihalides; due to this
effect, the 6s orbital of the metal shrinks and may
cause the bond angles to increase. A similar trend
was observed for group 14 dihalides (see section I11.D)

Computational studies have dealt with the inver-
sion processes of group 15 trihalides.®*” It has been
concluded that the trihydrides and the nitrogen
trihalides invert through a D3y, trigonal planar tran-
sition state following a characteristic umbrella mo-
tion. The heavier halides perform inversion in a
different way. In these molecules the a,” HOMO and
the a;"" LUMO interchange, and thus, the E' excited
state can couple with the *A;' ground state, leading,
through a second-order Jahn—Teller distortion, to a
lower-lying T-shape transition state of C,, symmetry.
For the bismuth halides, the second-order Jahn—
Teller distortion is small, the potential energy surface
is shallow, and it is difficult to determine the sym-
metry of the inversion transition state.3%72

C. Transition Metal Trihalides
1. First- and Second-Row Trihalides

a. Vapor Composition. Mass spectrometric and
other spectroscopic studies have indicated the vapors
of transition metal trihalides to be very complex.
Titanium trihalides are unstable, and their direct
heating leads to disproportionation to TiCl,(g) and
TiCly(s),3*® with the vapor composition strongly de-
pending on its temperature. It has been shown?* that
the IR spectra, attributed earlier to TiF; and TiF;
species,?® were, in fact, due to TiF; and TiFs,
respectively. The evaporation of chromium trichloride
produces tetra-, tri-, and dihalides in the vapor,
depending on the temperature,?38:349.3% gand the situ-
ation is similar for chromium tribromide, for which
even a small amount of Cr,Brg was also detected in
the vapor.2510:351

b. Monomers. 1. Molecular Shape. There is con-
flicting information in the literature about the shape
of these molecules, just as for the transition metal
dihalides. ScF3 was found to be pyramidal by molec-
ular beam deflection,3? planar by matrix isolation
IR,3%% and also planar by quantum chemical calcula-
tions.3%73% Chromium trifluoride is planar according
to ESR,%7252 |R, and Raman spectroscopy?®® and a
recent quantum chemical calculation,3® while it is
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pyramidal by other quantum chemical studies.354:356
Both CrCl; and CrBr; are found to be planar by some
spectroscopic studies,®831 while a gas-phase IR
study of CrCl; suggests a pyramidal geometry.350
Another controversy concerns the shape of iron
trichloride, which was found to be planar by an IR
spectroscopic study?%3¢ and pyramidal by a matrix
isolation Raman study.3>° Most other trihalides are
found to be planar, either by spectroscopy or by
computation, except YFs, which is found to be pyra-
midal by molecular beam deflection.?? YCI; was
reported to be pyramidal by gas-phase IR spectros-
copy?® but planar by computation®¢! and by a joint
ED/computational study.®%? The computed infrared
intensities point to a problem in the deconvolution
used for the interpretation of the broad lines in the
vapor-phase spectra.3¢°

Considering the structure of CrF;, both the early
work®* and the recent HF computation®*® gave a
pyramidal geometry with a bond angle of 117°.
However, the solution of the HF problem was not
stable, and higher-level computations were sug-
gested. Later calculations®® by the same authors,
including electron correlation, led to a planar ground-
state geometry for CrF;. Figure 30 shows the pucker-
ing potential of CrF; from HF (a) and SOCI/CASSCF
level computations (b).

NiF3; was found to have a quasiplanar structures3®
with a rather anharmonic puckering potential. Higher
level calculations are warranted for these molecules
both for determining their shapes and the energy
aspects of their electronic states.

Some molecules, such as MnFj;, VF;, and CuFs,
were found to exhibit Jahn—Teller distortions and
thus have a lower than Dz,-symmetry geometry (vide
infra).

2. Bond Lengths. Table 22 gives the geometrical
parameters of monomeric transition metal trihalides
from experiments and computations. In an at-
tempt355:3%6.358 tg provide calculated thermal-average
distances for some trifluorides, a harmonic perpen-
dicular correction term happened to be overestimated
by several hundredths of an angstrom. Thus, the
criticism offered in these studies with respect to
previous ED3%* work has very limited validity. The
data on Sclz and Y13%7%%72 are not quoted here because
of the inadequate quality of the ED experiments and
the extensive assumptions used in the analysis.

Two independent ED studies of FeF; resulted in
rather different bond lengths, 1.763(4)3?? and 1.780-
(5) A.373 Earlier mass spectrometric studies3’* indi-
cated partial dissociation to FeF, with the usual
nozzle materials at the experimental temperatures
of around 1000 K. One of the ED studies®?? was
carried out from a specially constructed nozzle with
a platinum foil,*”> while the other study®”3 used a
nickel nozzle. In our experiment,3?? the vapor con-
tained only monomeric FeFs species. In the other
study,®”® a complex vapor composition was detected
with about 70% FeF3; and 30% FeF,. We found?®?? the
bond length of FeF; to be about the same as in FeF;:
274 1.763(4) vs 1.769(4) A, respectively. A recent MI—
IR spectroscopic study?®7® of the reaction products of
fluorine with chromium and iron at high tempera-
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Figure 30. Puckering potential of CrF; from (a) HF level
and (b) correlated (SOCI/CASSCF) level computations.
(Adapted from ref 358. Courtesy of Dr. V. G. Solomonik.)

tures corroborated our results as they found that
while the antisymmetric stretching frequencies of the
two chromium fluorides are about 100 cm™! apart,
the antisymmetric stretching frequencies of the two
iron fluorides are practically the same.3"”

In view of the unexpected computational results on
transition metal dihalides concerning the electronic
configurations of the ground electronic state, it is
surprising that not much has been done yet for the
trihalides. An early publication3** pursued this ques-
tion. They investigated several electronic states for
the first-row MF3; molecules, and in all cases the high-
spin states were found to be the ground states.
Recent calculations were restricted to these electronic
states,355:356.358 except for the JT-distorted molecules
(vide infra).

The bond length variation of first-row transition
metal trihalides was interpreted earlier using simple
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Table 22. Bond Lengths of Trigonal Planar Transition
Metal Trihalides from Experiment and Computation?

MXs rg, A T, Kb re, A method ref
ScF  1.847(2)  1750(30) ED 364
1.70 HF 365

1.860 HF 356

1.869 Cl 355

ScCl?  2.291(3)  900(10) ED 366
2.24 HF 365

2.285 DFT 366

YCI3® 2.437(6) 1310 ED 362
2.432 MP2 362

2.454 B3LYP 362

2.467 HF 361

YBr3 2.620 MP2 367
Y4 2.817(7) 1260 ED 45
2.829 MP2 45

TiFs 1.798 HF 356
TiCl;  2.203(5)  978(20) ED 368
2.208(3) 1100 ED 369

Tils 2.568(6)  976(20) ED 368
VFs 1.751(3)  1220(30) ED 364
1.778 HF 356

CrFs  1.732(5)  1220(30) ED 364
1.740 HF 356

1.740 HF 358

1.742 SOCI 358

FeF; 1.763(4) 1260 ED 322
1.765 HF 356

CoFs  1.732(4)  812(20) ED 370
1.732 HF 356

NiF3 1.713 HF 356

a Experimental data that are judged to be unreliable and
computational results that are far off their experimental
counterparts are not included. ® Temperature of the ED ex-
periment. ¢ For ScF; an earlier ED work?3%® determined a bond
length that is 0.08 A longer than in ref 364. The difference of
experimental M—F bond lengths in MF; molecules (not count-
ing ScF3) and the octahedral ionic M3* radii is fairly constant,
0.977 A, and this value agrees well with ref 364, while the
bond length in ref 363 is off 0.06 A. ¢ Monomer mole fraction
93(3)%. ¢ Monomer content 83(3)%. f Monomer content 75(5)%.

ligand field arguments.?®** However, in light of the
recent computations on the first-row transition metal
dichlorides, it is possible that the ground state of
these molecules is not the high-spin state as assumed
and, consequently, these simple arguments may not
apply. A recent computation on VF; indicated the
situation to be as complicated for these molecules as
for the dihalides.®”® The ground state of VF3 is not
the 3A,' state, as having been supposed, but the 3E"
state, by about 1300 cm™! below the previous one.
This state is subject to Jahn—Teller effect, but the
Jahn—Teller stabilization energy is only about 270
cm~! and the difference between the ground-state and
transition-state C,,-symmetry structures is a mere
24 cm~1. Thus, the molecule is extremely floppy and
at the high-temperature experimental conditions it
should appear to be an undistorted trigonal planar
structure on average.

Manganese trifluoride has a metal with a d*
electronic configuration, and as such, it is subject to
Jahn—Teller effect. Here only the actual geometrical
parameters will be commented upon, whereas the
Jahn—Teller effect will be discussed in a separate
section (section X). Earlier Charkin®™ used a simple
hybridization model and suggested C,, symmetry for
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the molecule in its ground state. An infrared spec-
troscopic study®® of MnF; indicated a distortion from
Dsn symmetry, but no assignment of the measured
frequencies was made. Similarly, an ED study3®!
indicated a distortion from Dz, symmetry, but models
of Cszy and C,, symmetry could not be distinguished.
Our ED study,®®? augmented with high-level compu-
tations, proved beyond doubt the distorted ground-
state geometry of the molecule (see Figure 31). The

GS TS
Figure 31. Jahn—Teller-distorted ground-state (GS) and
transition-state (TS) structures of MX; molecules. The
numbering of ligands develops counterclockwise, starting
at the top.

geometrical parameters are given in Table 23. CASS-
CF calculations identified the proper lower electronic
states of the molecule.¥238 The ground state is a
quintet state, 5A;, while the °B, state is a transition
state with one negative frequency, separated by
about 8 kJ/mol from the ground state. The undis-
torted Dsn-symmetry structure is about 25—30 kJ/
mol higher in energy than the ground state and is
not a stationary point on the potential energy surface.
CuF; (d®) also has a T-shaped structure according to
computation,®4 but the distortion of the bond lengths
is opposite of what was observed in MnF; (see Table
23).

c. Dimers. Very few geometrical data are available
for these systems; the ED study3®” of iron trichloride
at 463 K showed that the vapor consists entirely of
dimeric molecules. Their double-halogen-bridged shape
is the same as that of group 13 trihalide dimers (see
Figure 28). Similar structures have been found for
SC2C|6, Y2C|5, Y,Bre, and Yolg by both ED and
computations. The data and references are given in
Table 24.

2. Third-Row Transition Metal Trihalides

Mass spectrometry showed388 tungsten trichloride
to have a considerable amount of dimers and even
trimers in its vapors. It has been studied by ED as
well 3890 For the dimer, a Do,-symmetry structure
was suggested in accordance with the structure of
most other metal trihalide dimers. However, the
results are suspect for several reasons. The ED inten-
sity data were collected in a very short range only,
there were extensive assumptions in the analysis,
such as the monomer geometry (taken over from an
experiment at 200 °C higher temperature), and the
monomer content was not properly refined, just to
mention a few. A T-shaped structure was suggested
for the monomer.38%c

Rhenium trihalides have been shown to have
trimeric molecules in their crystals.?43% Mass spec-
trometric studies indicated that they vaporize almost
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Table 23. Geometrical Parameters of Jahn—Teller-Distorted Metal Trihalide Molecules from Experiment and

Computation

bond lengths, A

bond angles, deg

MX32 M—X1 M—X, X1—M—X> Xo—M—X3 method ref
Ground State
MnF3 5A re,? Og 1.728(14) 1.754(8) 106.4(9) 143.4(20) ED 382
re 1.734 1.755 106.6 146.8 B3LYP 382
Ie 1.726 1.752 105.7 148.6 MP2 382
Ie 1.735 1.753 107.4 145.2 HF 383
CuF; 1A, re 1.664 1.663 100.8 158.4 HF 384
re 1.695 1.702 93.4 173.2 MBPT(2) 384
AuF3 1A 1. O 1.893(12) 1.913(8) 102.5(19) 160.4(41) ED 113
Ie 1.890 1.910 94.3 171.4 B3LYP 113
re 1.846 1.881 92.8 174.4 MP2 113
e 1.901 R 1.918 93.0 174.0 HF 385
Ie 1.957 NR 1.970 93.8 172.4 HF 385
AuCl; 1A, re 2.265 2.281 96.9 166.2 B3LYP 386
Ie 2.260 2.272 95.8 168.4 MP2 386
Ie 2.288 2.295 95.7 168.6 QCISD(T) 386
re 2.322R 2.343 93.0 174.1 HF 385
Ie 2.428 NR 2.429 90.5 179.1 HF 385
Transition State
MnF; 5B, re 1.770 1.741 128.4 103.2 B3LYP 382
re 1.773 1.731 129.1 101.8 MP2 382
Ie 1.777 1.737 127.4 105.2 HF 383
AuF; 1A, Ie 1.915 1.895 139.3 81.4 B3LYP 113
re 1.880 1.861 140.2 79.6 MP2 113

a For numbering of atoms, see Figure 31. P Temperature of the ED experiment 1000 K. ¢ Temperature of the ED experiment

1094 K, monomer content 94.4(4.0)%.

Table 24. Geometrical Parameters of Transition Metal Trihalide Dimers from Experiment and Computation

bond lengths, A

bond angles, deg

M2Xe? M—X¢ M—X, Xp—M—Xp Xi—M—X¢ method ref
Sc,Clg re 2.260 2.475 86.6 114.9 DFT 366
Fe,Clg” rg 2.129(4) 2.329(5) 90.7(4) 124.3(7) ED 387
Y.Clg re 2.420 2.616 84.1 118.1 MP2 362

e 2.444 2.658 83.7 117.4 B3LYP 362
Y.Brs e 2.608 2.835 86.8 116.8 MP2 367
Yol rg 2.806(6) 3.023(7) 91.9d 116.7¢ ED 45
re 2.818 3.042 91.9 116.7 MP2 45

a X, = terminal, X, = bridging halogen, see Figure 28. ® Temperature of the ED experiment: 463 K. ¢ Temperature of the ED
experiment = 1260 K; dimer content 25(5)%. ¢ Taken over from MP2 computation.

exclusively as trimers.®*! Only ReBr; has been stud-
ied by ED,%%? and it was found to have the same type
of structure as in the crystals. The actual geometrical
parameters are not quoted here as they may consid-
erably suffer from inadequate scattering functions
and other assumptions used in this refinement.

D. Group 11 Trihalides

The geometry of gold trifuoride and gold trichloride
has been determined. Both have low volatility and
their ED study required special handling and prepa-
rations.'3 38 Both have been the subject of high-level
computations as wel|. 113 385, 386

1. Monomers

Since the gold trihalides evaporate primarily as
dimers, monomers can only be studied with special
overheating techniques. AuFs;, just as MnF;, turns
out to be a Jahn—Teller-distorted structure. The first
suggestion about an Au(lll) molecule, Au(CHjs)s,
having a T-shaped rather than Cg, symmetry was put
forward from Huckel-type calculations by Hoffmann
et al.3% It was later confirmed for the trihalides by
ab initio calculations.3®® The ED experiments, to-
gether with new high-level computations, supported
this prediction.'® The geometrical parameters of the

monomers are given in Table 23. The transition-state
structure of AuF; has a Y-shape, similar to MnF;,
while the Dsy-symmetry singlet and triplet are high
in energy and are not stable structures. The potential
energy surface of AuFs; has a typical Mexican hat
shape, as shown in Figure 32. There are three equal

E,. (kcal/mal)

]

7]

=

<F2'AU1'F3

Figure 32. Mexican-hat-type potential energy surface of
AuF;. (Reprinted with permission from ref 113. Copyright
2000. American Chemical Society.)
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minimum-energy positions corresponding to the per-
mutations of the three fluorine atoms and three
saddle points between them around the rim of the
hat. The saddle point structures are only 15 kJd/mol
higher in energy than the minima and correspond
to the transition-state structures. The undistorted
Dsn-symmetry configuration is in the middle of the
hat, with very high energy (176 kJ/mol higher than
the ground-state T-shaped structure). For more
details on the structure of this molecule, see section
X1. Monomeric gold trichloride is not stable enough
for gas-phase electron diffraction.

2. Dimers

The dimers of both gold trifluoride and gold trichlo-
ride have been studied by ED and computations;
geometrical parameters are given in Table 25. They
evaporate at relatively low temperature, and their
planar structure is different from the usual metal
trihalide dimer structures. Having a square planar
four-coordination is rather common with d® metals,
such as Ni(ll) or Pt(Il). Gold(lll) maintains this
coordination both in the crystal and the gas phase,
but there is some difference between the fluoride and
the chloride. While AuF; has a helical crystal struc-
ture consisting of AuF,4 units connected at cis fluorine
atoms,3%* the crystals of AuCl3%53% and of AuBr33%
consist of dimeric Au,Xs molecules. The two types of
crystal structures are depicted in Figure 33.

E. Vibrational Frequencies of Trigonal Planar
Metal Trihalides

Numerous spectroscopic studies have been per-
formed on the group 13 trihalides; for the earlier
works, see refs 15, 19, 21, and 22. More recent studies
include the vapor-phase IR studies of AlBrs, Allz, and
GacCl3,%" AICI3,%%8 and Inl3.3%° Most computational
works also have data on the vibrational frequencies
and force fields.

Transition metal trihalides have also been studied
by spectroscopy, witnessing sometimes complicated
vapor composition (vide supra). All measured fre-
guencies, both gas-phase and matrix-isolation data,
are collected in Table 26. Gas-phase frequencies were
estimated from matrix isolation values whenever
possible based on different matrix polarizabilities.3!
The variation of the symmetric stretching frequency
with the bond length is demonstrated in Figure 34.
Only measured and estimated gas-phase frequencies
were used to establish the trend.
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Figure 33. Crystal structure of (a) AuFs, consisting of
helical chains, in two representations (Adapted from ref 394)
and of (b) AuCl; (Adapted from ref 395) and (c) AuBrs3
(Adapted from ref 396), consisting of planar dimeric mol-
ecules.

Table 25. Geometrical Parameters of Dimeric Gold Trihalides from Experiment and Computation

bond lengths, A

bond angles, deg

My Xe? Au—X; Au—Xp Xp—Au—Xj Xi—Au—X; method ref
AusFs re® O 1.876(6) 2.033(7) 80.4(16) 92.1(10) ED 113
ro Oa 1.885(11) 2.055(14) ED 113
re 1.893 2.057 78.6 89.7 B3LYP 113
re 1.873 2.030 815 89.4 MP2 113
Ie 1.894 R 2.071 74.8 90 HF 385
Au,Clg Fod 0o 2.232(5) 2.358(5) 85.0(3) 92.8(10) ED 386
| 2.23 2.33 86 90 XR 385
Ie 2.367R 2.483 86.5 88.7 MP2 385
Ie 2.283 2.402 86.6 90.3 MP2 386
re 2.287 2.412 85.2 90.9 B3LYP 386

a X; = terminal, X, = bridging halogen. ? Conditions of the ED experiment: T = 600 K, dimer content = 100%. ¢ Conditions of
the ED experiment: T = 1094 K, dimer content = 5.6% (94.4(4.0)% AuFs). ¢ Conditions of the ED experiment: T = 457 K, dimer

content = 8% (92% Cly).
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Table 26. Vibrational Frequencies (in cm™) of Trigonal Planar Metal Trihalides from Experiment?
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MX3 method V1 Vo V3 Va ref

AlF3 gas-IR 297 935 263 309a
est. gas-phase 673(15)° this work
MI(Ar)-IR 286.2(5) 909.4 276.9 400

AICl; gas-Ra 371 146 401
gas-Ra 375 610 148 402
gas-IR 214 616 151 402
gas-IR 600 403
gas-IR 615 404
gas-IR 212.1 617.5 149.8 398
MI(Xe)-IR 174 142 405

AlBrs3 gas-Ra 228 93 401
gas-IR 176 503 83 397
gas-IR 107 95 404
MI(Xe)-IR 109 92 405

All; gas-Ra 156 64 401
gas-IR 147 427 66 397
gas-IR 77 65 404

GaFs est. gas-phase 636(15)° this work

GacCl; gas-Ra 382 457 128 401,406
gas-IR 143 464 131 397
gas-IR 145 450 128 404
MI(ArN)-IR 136.2 470.3 132.1 407
MI(Ar)-R 384 467 132 408

GaBr; gas-Ra 237 343 83 401, 297
gas-IR 95 404
MI(Xe)-IR 98 341 85 405

Gals gas-Ra 162 276 60 406
gas-Ra 147 275 50 401
gas-IR 63 54 404
MI(Ar)-R 292.7 407
MI(Xe)-IR 280 405

InCl; gas-Ra 350 94 401
gas-IR 110 394 95 404
MI(Kr)-IR 102 392 98 409
MI(Kr)-Ra 352 394 98.5 409
MI(Ar)-IR 400.5 408
MI(Ar)-Ra 359 400 119 408

INBr; gas-Ra 212 280 62 401
gas-IR 74 63 404

Inl3 gas-Ra 151 44 401
gas-IR 56 48 404
gas-IR 64.5 228.8 48.1 399
MI(Ar)-IR 236 399
MI(Xe)-IR 225 405

ScF3 est. gas-phase 593(15)° this work

ScCls gas-IR 477 410
est. gas-phase 344(15)° this work

ScBr3 gas-IR 378 410

Scls gas-IR 266 410

YCl; gas-IR 370 410
est. gas-phase 322(15)° this work

Yls est. gas-phase 139(15)° this work

TiCl; est. gas-phase 358(15)° this work

Tils est. gas-phase 154(15)° this work

VF3 est. gas-phase 627(15)° this work

CrFs MI(Ar)-IR 750 263e
est. gas-phase 634(15)° this work

CrCls gas-IR 435 411
gas-IR 430 444 350

CrBr; gas-IR 340 251b

FeF; est. gas-phase 622(15)° this work

FeCl; gas-Ra 370 308
MI(Ar)-IR 116 464.8 102 263d

CoFs est. gas-phase 634(15)° this work

a Estimated values in italics.  Estimated based on Figure 34 and using experimental bond lengths, see text. Standard error,

multiplied by 2, is indicated in parentheses.

F. Lanthanide and Actinide Trihalides

A large body of computational data has appeared
since the previous review'®> about the structure of
lanthanide trihalides (only a few of the most recent
references are given here, for earlier ones see these
papers).*2=418 Some of the ED data collected previ-
ously,*® and discussed in ref 15, have been reana-

lyzed using a joint ED/SP analysis.*?° New experi-
mental information on three lanthanide trifluorides
PrFs;, HoF3, and GdF3*?° and on Cel3,*?* DyCl3,%?? and
DyBr3z*?® have also been reported.

1. Vapor Composition
Most gas-phase ED studies*'%420 ignored the pos-
sibility of a complex vapor composition and the
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Figure 34. Correlation between the symmetric stretching
frequencies and bond lengths of trigonal planar MX; metal
trihalides.

analyses were based on the assumption that the
vapor consisted of monomeric molecules only. Mass
spectrometric studies of lanthanide trihalides, how-
ever, have shown that their vapors, especially those
of the iodides, contain noticeable amounts of dimers.*?*
The first ED study that took this into consideration
was that of Cels, and it found about 5% of dimers at
the ED experimental conditions.*?* The situation was
similar for DyCl;*? and DyBr3;*3 with larger amounts
of dimer.

2. Monomers

a. Shape. Some of the problems of the structure
analysis of the lanthanide trihalides are similar to
those discussed for the alkaline earth dihalides.
Possible shrinkage effects make the experimental
findings on the molecular shape uncertain. Joint ED/
SP analysis may be of great value, provided that
independent vibrational information is available.
Alas, the presence of dimers both in the IR and the
ED experiments remains a hindering factor. The
computational results are variant to the levels of
theory and basis sets applied.

Polarization and d or f orbital participation in
bonding may be responsible for the appearance of
pyramidal rather than planar geometries for the
lanthanide trihalides. This effect should be most
pronounced for the fluorides, and with increasing size
and decreasing polarizing power of the ligand, it
would decrease. Thus, the iodides should be most
likely planar. Cel; was found to be either planar or,
at most, quasiplanar by a joint ED/SP analysis.*?!

A model was proposed to account for the shapes of
these molecules, based on the asphericity of the 4f
electron shell, which, although buried deep beneath
the 5s5p shell, has a relatively large density.*?> Metal
polarizability and ligand size as well as electronega-
tivity were also considered, some of them having
competing impacts. The conclusion was that the
fluorides had a stronger tendency to have pyramidal
configuration than the larger halides.

Despite the large number of recent computational
studies, the overall picture remains rather confusing.
Most computational studies have been performed
with such pseudopotentials in which the f electrons
are not part of the valence shell, and it was indicated
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that the 4f orbitals have almost negligible contribu-
tions to the shape.*'® A recent study, however, used
such ECPs that explicitly treat the 4f electrons and
found that the shape of the molecule depended on
the angular shape of the f orbital involved with the
particular electronic state.**5® The importance of d
orbitals in determining the shape was recognized
long ago.#?® The inclusion of g polarization functions
seemed to increase the tendency toward pyramidal
structures, while the inclusion of higher order cor-
relation effects increased the tendency toward planar
structures. It has been suggested that the pyramidal
geometries might represent artifacts of MP2 calcu-
lations.*152

The fluorides of the first members of the lanthanide
series appear pyramidal in most studies (however,
see ref 412). For the heavier members of the series,
the results depend on the computational level; the
HF level tends to yield planar structures, while
correlated level computations lead to pyramidal geo-
metries. The chlorides are planar, although this may
strongly depend on the level of the basis set and com-
putation. Bromides and iodides have not been studied
much, but they were calculated to be planar.*’” A
DFT study of some of the lanthanide trihalides found
that the molecules formed by the lighter lanthanides
and halogens are pyramidal and the heavier ones are
planar.*® Most studies, however, agree that whatever
the shape of the equilibrium configuration, the out-
of-plane bending motion of all LnX3 molecules is soft
and so they must be fluxional with a very small
barrier to inversion in the gas phase.

A recent CASSCF computational study*? found the
D3 structures to be stable for the LnX; series (X =
F, Cl). The D3, symmetry was assumed in the calcu-
lation. All nondegenerate electronic states were
investigated and found to have similar energies and
the same bond lengths for most molecules. There
appears to be a significant amount of covalent char-
acter in the bonds involving the metal d orbitals. The
active space only contained the 4f orbitals, and the
basis sets had contracted d (and f) polarization func-
tions only. Considering the fact that the correct des-
cription of shape for alkaline earth dihalides requires
uncontracted d polarization functions, perhaps this
should be investigated for the lanthanides as well.
Polarization is expected to be important for lan-
thanides just as it is for the alkaline earth dihalides.

b. Bond Length. A large number of LnX3; mol-
ecules have been studied by ED. The bond lengths
are given in Table 27 together with the most recent
computational results. These substances have low
volatility, and their experiments require very high
temperatures, often over 1000 K. Therefore, the
measured thermal-average distances are expected to
be much larger than the equilibrium distances. The
computed values should be compared with the ex-
perimental equilibrium distance rather than with the
thermal average distance,? a fact generally ignored
in the comparisons. For example, Dolg et al.**8 found
their computed Ln—F bond lengths to be about 0.05
A shorter than the experimental values, whereas
their Ln—1 bond lengths were too long by about the
same amount, with the chlorides and bromides giving



Molecular Structure of Metal Halides Chemical Reviews, 2000, Vol. 100, No. 6 2277

Table 27. Geometrical Parameters of Lanthanide and Actinide Trihalides from Experiment and Computation?

MX3 rg, A T, KP re, A X—M—X,* deg method ref
LaFs 2.15 112.9 MP2 413
2.163 CISD 418

LaCls 2.589(5) 1250 ED 420
2.66 MP2 413

2.619 CISD 418

LaBr; 2.742(4) 1300 ED 420
2.776 CISD 418

Lals 3.019 CISD 418
CeFs 2.13 113.7 MP2 413
2.14 MCSCF 417

CeCl3 2.64 MP2 413
2.62 MCSCF 417

CeBrs; 2.77 MCSCF 417
2.797 MP2 367

Celd 2.948(9) 1274 qp° ED 421
3.00 MCSCF 417

3.009 MP2 367

Prfs 2.091(3) 1720 ED 364
2.12 1141 MP2 413

2.12 MCSCF 417

PrCls; 2.554(5) 1250 ED 420
2.62 MP2 413

2.61 MCSCF 417

PrBr3 2.75 MCSCF 417
Prls 2.901(4) 1050 ED 420
2.98 MCSCF 417

NdF3 2.10 114.6 MP2 413
2.11 MCSCF 417

NdCls 2.60 MP2 413
2.59 MCSCF 417

NdBr; 2.74 MCSCF 417
Ndls 2.879(4) ED 420
2.97 MCSCF 417

PmF; 2.09 1155 MP2 413
2.10 MCSCF 417

PmCl; 2.59 MP2 413
2.58 MCSCF 417

PmBr3 2.72 MCSCF 417
Pmls; 2.95 MCSCF 417
SmF; 2.08 116.3 MP2 413
2.08 MCSCF 417

SmCls 2.57 MP2 413
2.56 MCSCF 417

SmBr3 271 MCSCF 417
Smls 2.93 MCSCF 417
EuF; 2.06 118.3 MP2 413
2.07 MCSCF 417

EuCls 2.55 MP2 413
2.55 MCSCF 417

EuBr; 2.69 MCSCF 417
Eul; 2.92 MCSCF 417
GdF; 2.053(3) 1830 ED 364
2.06 117.8 MP2 413

2.06 MCSCF 417

GdCls 2.488(5) 1300—1350 ED 420
2.54 MP2 413

2.53 MCSCF 417

GdBrs; 2.641(4) 1150 ED 420
2.68 MCSCF 417

Gdls 2.840(4) 1060 ED 420
291 MCSCF 417

TbF; 2.05 119.1 MP2 413
2.05 MCSCF 417

ThCls 2.476(5) 1230 ED 420
2.52 MP2 413

2.52 MCSCF 417

TbBr3 2.67 MCSCF 417
Tbls 2.89 MCSCF 417
DyF; 2.04 MP2 413

2.04 MCSCF 417
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Table 27. Continued

MX3 re, A T, KP re, A X—M—X,¢ deg method ref
DyClf 2.461(8) 1270 ED 422
2.497 119.0 B3LYP 422

2.506 120.0 MP2 422

2.51 MP2 413

2.51 MCSCF 417

DyBrs9 2.609(8) 1168 ED 423
2.65 MCSCF 417

2.668 MP2 367

Dyls 2.88 MCSCF 417
2.878 MP2 367

HoF; 2.007(3) 1720 ED 364
2.02 MP2 413

2.03 MCSCF 417

HoCl3 2.462(5) 1250 ED 420
2.50 MP2 413

2.50 MCSCF 417

HoBr3 2.64 MCSCF 417
Hols 2.87 MCSCF 417
ErF; 2.01 MP2 413
2.02 MCSCF 417

ErCl; 2.48 MP2 413
2.48 MCSCF 417

ErBrs; 2.63 MCSCF 417
Erls 2.86 MCSCF 417
TmF; 2.00 MP2 413
2.01 MCSCF 417

TmCl3 2.47 MP2 413
2.47 MCSCF 417

TmBr; 2.62 MCSCF 417
Tmls 2.85 MCSCF 417
YbF3 1.99 MP2 413
2.00 MCSCF 417

YbCls 2.46 MP2 413
2.47 MCSCF 417

YbBr3 2.61 MCSCF 417
Ybl; 2.83 MCSCF 417
LuFs 1.98 MP2 413
2.00 MCSCF 417

1.965 CISD 418

LuCl; 2.417(6) 1250 ED 420
2.46 MP2 413

2.45 MCSCF 417

2.430 CISD 418

LuBrs; 2.557(4) 1100 ED 420
2.60 MCSCF 417

2.586 CISD 418

Luls 2.768(3) 1015 ED 420
2.83 MCSCF 417

2.821 CISD 418

UCl3 2.549(8) 783 ED 427
Uls 2.88(3) 1060 ED 428

aVapor composition not considered in ED experiment unless otherwise noted. » Temperature of the ED experiment. ¢ ED thermal-
average structures are mostly nonplanar. ¢ Monomer content 95%. ¢ Planar or quasiplanar. f Monomer content 90%. ¢ Monomer

content 80%.

excellent agreement. In reality, their values should
be compared with the estimated equilibrium bond
lengths rather than the thermal average ones, and
in that case even their computed fluoride values are
too long in addition to those of the chlorides and
bromides and, of course, most of all the iodides.
Figure 35 shows the variation of both thermal-
average experimental and computed equilibrium
bond lengths in LnX; molecules. They decrease
monotonically with increasing atomic number, due
to the lanthanide contraction. The trend has been
used to estimate yet unmeasured bond lengths.542°
These estimations are based on the relatively con-
stant difference between the bond lengths of a
trihalide and the corresponding octahedral ionic

radii. However, with improved experimental bond
lengths and given the great variation of the available
ionic radii for the lanthanides, this estimation has
lost its utility. There are series of bond lengths
available from computations. The differences between
the experimental and computed values display a
similar relationship to that observed for the alkaline
earth dihalides (see Figure 4). The computed bond
lengths are too large, even compared to the thermal
average distances let alone to the experimental
equilibrium distances. The latter has been estimated
in ref 420 using a harmonic approximation for the
vibrational corrections that is known to overestimate
the corrections. The true values must be somewhere
between these and the thermal average distances.
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Figure 35. Bond length variation of lanthanide trihalides
from experiment and computation (data from Table 27).
The variation of the crystal ionic radii is also given for
comparison.

c. Frequencies. Vibrational frequencies have been
measured for many of these molecules in the gas
phase and in inert gas matrices. For references to
earlier measurements, see, e.g., ref 425. There are
some new high-temperature IR results, on LaX3 (X
= Cl, Br, 1)*3° and on several LnCl; molecules.**! In
both cases the spectroscopic work was augmented by
ab initio calculations that were instrumental in
correcting prior erroneous assignments of the spectra.

3. Dimers

The presence of dimers has been detected in the
ED study of Cels, DyCls, and DyBrs;.*?2-423 Since their
amount in the vapor did not suffice for the complete
determination of their structure, ab initio calcula-
tions for both monomers and dimers aided the ED
analysis. Geometrical parameters from the computa-
tions are given in Table 28.

G. Comparison with Condensed-Phase Structures

There is great diversity in the crystal structures
of group 13 metal trihalides. AlF3, for example, has
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Figure 36. Crystal structure of aluminum tribromide,
consisting of Al,Brg structural units. (Adapted from ref
433.)

a typical three-dimensional ionic crystal,8 while
AICI; has a layer structure,® with octahedral coor-
dination of the metal in both of them. On the other
hand, AlIBr; forms a molecular crystal in the solid
with four-coordination around Al, consisting of dimer-
ic Al,Brs units just as in the low-temperature gas
phase.*32433 Figure 36 shows the crystal structure of
Al,Brg. A recent neutron diffraction study of the melts
of AIBr3;, GaBrs, and Gals showed that all three
systems contain the same type of dimeric units in
their melts.3®* The geometrical parameters were
given in Table 20 together with the gas-phase dimer
data. There are, of course, slight differences in the
actual values of the geometrical parameters between
the solid and the gas that can be expected due to the
much closer nearest neighbors in the condensed
phases and their effect on the intramolecular geo-
metrical parameters. A Raman spectroscopic study
of the melts of these three trihalides also identified
the dimers.333

The melting of AICI; is especially interesting in
that the drastic structural change is accompanied by
a dramatic change in thermodynamic properties,
such as an 88% increase in specific volume and a
large increase in entropy (more than twice of that in
AlBr; or GaBr3).23* Apparently, while AICIl; has an
ionic layer structure in the crystal with six coordina-
tion of the metal, it becomes molecular in the melt,
consisting of Al,Cleg dimeric units.*** In contrast to
this, YCIls, which has the same type of crystal
structure as AlCl3, converts into ionic-type melts with
no drastic changes in properties.

Table 28. Geometrical Parameters of Dimeric Rare Earth Trihalides from Experiment and Computation

bond lengths, A

bond angles, deg

M, X2 M—X¢ M—X, Xp—M—X, Xi—M—X¢ method ref
Ce,Brg 2.781 3.013 83.9 117.0 MP2 367
Cezlg 2.993 3.220 88.5 116.7 MP2 367
Dy,Clg? 2.449(10) 2.680(10) 84.1(34) 116.1¢ ED 422

2.497 2.711 116.1 B3LYP 422
Dy:Brg¢ 2.594(8) 2.811(9) 91.7(17) 118.6¢ ED 423
2.654 2.872 86.8 117.9 MP2 367
Dyl 2.866 3.076 91.1 117.6 MP2 367

a Structure is shown in Figure 28. X; = terminal, X, = bridging halogen. ® Dimer content 10%. ¢ Taken over from computation.

d Dimer content 20%.
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Recent studies classified the trivalent metal chlo-
rides into three groups according to their behavior
upon melting*®®43 and found that the melting mech-
anism correlates with the nature of their chemical
bond. YCIl; as well as probably most lanthanide
trichlorides melts from an ionic crystal into an ionic
liquid with loose network structures. The second
class, of which AICI; and FeCl; are examples, melts
from an essentially ionic layer structure into a liquid
of molecular dimers with strong intermolecular cor-
relations. Finally, the third group melts from a
molecular crystal into molecular liquid in which,
however, considerable intermolecular correlations are
retained. Examples of this type are GaCl; and SbCl;
and other group 13 and 15 metal trihalides.

V. Tetrahalides
A. Group 4 Tetrahalides

All tetrahalides of the titanium group have been
extensively studied by ED and spectroscopy (for
references, see Tables 29 and 30) and were found to
be regular tetrahedral. The latest ED works also
performed a joint ED/SP analysis and estimated the
force constants and not yet measured frequencies.
The bond lengths are given in Table 29.

B. Group 5 Tetrahalides

Some of the vanadium tetrahalides and niobium
tetrahalides have been studied by ED. The metal
atom has a d? electronic configuration, and thus, the
molecules are subject to Jahn—Teller distortion (see
section X). An elegant study of VCl, by Morino and
Uehara*3® from 1966 deserves special mention. They
used gas-phase ED augmented by IR spectroscopy
and normal coordinate analysis to probe the Jahn—
Teller effect in the molecule but could not establish
it. Details of this work will be given in section X.
Several computational studies have appeared on the
JT effect in this molecule.*%® A recent computational
study of VCI,*%® indicated Jahn—Teller distortion, and
a JT stabilization energy of 0.6 and 0.5 kJ/mol was
suggested for a flattened and elongated tetrahedron,
respectively. The bond length (2.113 A) was consis-
tent with the experimental value (see Table 29), and
a 0.08 A JT distortion was predicted. VBr; was also
studied by ED,**® and the dynamic JT effect was
suspected. All bond lengths are given in Table 29.

Two ED investigations were published recently on
NbBr;*7 and Nbl,,*8 both coupled with mass spec-
trometric measurements. In addition to the halides,
the vapors contained 23% NbOBr; and 3% NbOI; +
32% I, respectively. The authors concluded that both
NbBr, and Nbl, have a regular tetrahedral geometry,
but these conclusions were based on limited experi-
mental information about the complex system under
study.

C. Group 6 Tetrahalides

There is some controversy about the shape of these
molecules in the literature. The first studies of
molybdenum tetrahalides, in the 1960s, suggested a
regular tetrahedral geometry.*®° Similarly, the ma-
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Table 29. Bond Lengths of Tetrahedral Metal
Tetrahalides from Electron Diffraction and
Computation
MX, r, A T,Ka re, A method ref
TiF, 1.756(3) 689 ED 437
TiCl, 2.170(2) 293 ED 438
TiBry 2.339(5) 300 ED 439
Tily 2.546(4) 403 ED 439
ZrF, 1.902(4) 973 ED 440
ZrCly 2.328(5) 403 ED 441
2.36 DHF, R 442
ZrBry,  2.465(4) 473 ED 439
Zrly 2.660(10) 493 ED 439
HfF,4 1.909(5) 1023 ED 440
HfCl, 2.316(5) 470 ED 443
2.32 DHF, R 442
HfBr,  2.450(4) 473 ED 439
Hfly, 2.662(8) 543 ED 439
RfF, 1.96 DHF, R 442
RfCl, 2.32—2.40° DHF,R 442, 444
VCl, 2.138(2) 293 ED 438
VBr, 2.276(4)° 663 ED 445
NbCl, 2.279(5) 862 ED 446
CrFy 1.706(2) 480 ED 447
1.71 HF 448
1.704 DFT 449
1.705 HF 450
1.712 HF 451
MoF,  1.851(4) 943 ED 452
GeF4 1.689 HF 241
GeCl,  2.113(3) 293 ED 453
2.129 HF 241
2.115 HF 454
GeBr, 2.272(1) 393 ED 455
2.296 HF 241
Gely 2.515(5) 350 ED 456
2.547 HF 241
SnF, 1.859 HF 241
SnCl,  2.281(4) 291 ED 457
2.301 HF 241
2.279 HF 454
SnBry 2.458 HF 241
Snly 2.699 HF 241
PbF, 1.924 HF 223
1.916 HF 241
1.972 MP2 134
PbCl,  2.369(2) 293 ED 327
2.381 HF 223
2.325 HF 454
PbBr4 2.541 HF 241
Pbl, 2.779 HF 241
(114)F, 2.14 CCSD(T) 458
CeFy 2.036(5) 1180 ED 459
2.024 MP2 460
2.041 MP2 460
CeCl, 2.449 MP2 460
2.470 MP2 460
ThF, 2.124(5) 1370 ED 461
ThCl, 2.567(7) 853 ED 462
UF, 2.059(5) 1300 ED 463
UCl, 2.506(3) 900 ED 464

a Temperature of the ED experiment. ® Depending on the
basis set. °rq.

trix isolation IR spectrum of CrCl,; was interpreted
with T4 symmetry.?%® No deviation from ideal tetra-
hedral symmetry was found in the ED study*’ of
CrF4 and later computational studies corroborated
this.*844° MoF, was studied recently by ED*? and
was found to be regular tetrahedral; for bond lengths,
see Table 29.
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Table 30. Vibrational Frequencies of Tetrahedral Tetrahalides (cm™1)2
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MX4 method V1 Vo V3 Va ref
TiF, gas-Ra 712 185 793 209 490
TiCl4 gas-Ra 389 114 498 136 491

gas-Ra 388 118 497 139 438
gas-IR 502 348
TiBr, gas-Ra 2315 68.5 393 88 491
Tily gas-Ra 162 51 323 67 491
ZrFa gas-IR 668 178.6 492
est. gas-phase 630(15)° this work
ZrCly gas-Ra 377 98 418 113 491
ZrBra gas-Ra 225.5 60 315 72 491
Zrly gas-Ra 158 43 254 55 491
HfF, est. gas-phase 628(15)° this work
HfCl,4 gas-Ra 382 101.5 390 112 491
HfBr, gas-Ra 235.5 63 273 71 491
Hfls gas-Ra 158 55 224 63 491
VCly gas-IR 390 488 130 438
VBr, est. gas-phase 238(15)° this work
NbCl, est. gas-phase 373(15)° this work
CrF,4 gas-Ra 717 790 201 493
CrCly gas-Ra 373 116 486 126 494
CrBry gas-Ra 224 60 368 71 494
MoF, est. gas-phase 648(15)° this work
GeF, gas-Ra 738 205 800 260 495
gas-Ra 735 203 800 273 496
GeCly gas-Ra 396.9 125.0 459.1 171.0 497
GeBry gas-Ra 235.7 74.7 332.0 111.1 497
Gely gas-Ra 156.0 51.6 273.0 77.3 497
SnCl, gas-Ra 369.1 95.2 408.2 126.1 497b
SnBry gas-Ra 222.1 59.4 284.0 85.9 497b
Snly gas-Ra 147.7 42.4 210 63.0 497b
PbCl, est. gas-phase 357(15)° this work
CeF4 MI(Ne)-IR, Ra 608 134 563.4 134 498
MI(Ar)-IR, Ra 601 133 551.2 133 498
ThF, gas-IR 520(3) 499
est. gas-phase 561(15)° this work
gas-IR 116(3) 500
ThCl, gas-IR 335(3) 499
est. gas-phase 327(15)° this work
UF, gas-IR 539(3) 114(3) 463
est. gas-phase 580(15)P this work
MI(Ne)-Ra 605 501
MI(Ar)-Ra 597 502
UCl, gas-IR 337(3) 72(3) 464
est. gas-phase 336(15)° this work
UBr, gas-IR 233(3) 503

a Estimated values in italics. ? Estimated based on Figure 37 and using experimental bond lengths, see text. Standard error

indicated in parentheses.

In contrast, the ED study of WCI,*"° and later of
MoBr4** concluded that both these molecules have
lower than regular tetrahedral symmetry. The au-
thors suggested a C,,-symmetry structure similar to
the well-known trigonal bipyramidal “seesaw” ar-
rangement of SF,, with two different types of bond
lengths and with close to a 180° angle of Clx—W—
Clax. Indeed, for a main group central atom, such as
sulfur, with a stereochemically active lone pair of
electrons in the valence shell, the VSEPR model is
applicable. However, lone pairs of electrons in the
valence shell of a transition metal are not necessarily
stereochemically active. The electron configuration
of tungsten in a tetrahalide is d?; the d electrons
may not even be considered to belong to the valence
shell, so their effect on the geometry cannot be
expected to be as strong as that of the s and p
electrons for a main group element. For a d?> metal
we cannot expect a Jahn—Teller distortion of the Ty
symmetry, unless the molecule is in a low-spin state.
Therefore, the findings of refs 470 and 471 are

suspect and a reinvestigation is warranted that
should include careful monitoring of the vapor com-
position.

D. Group 7 Tetrahalides

A recent study of ReF;*? revealed that the mol-
ecule is dimeric in the vapor with a triple Re—Re
bond. Several models were tested, among them a
model with two halogen bridges, and the final conclu-
sion was a structure of D4y, Symmetry and a Re—Re
bond of 2.269(5) A in r, representation. The Re—F
bond length is (r,) 1.830(4) A and the Re—Re—F angle
is 98.7(7)°. The barrier to internal rotation was
estimated to be 2.8(28) kJ/mol, which means free
rotation around the Re—Re bond, rather surprising
considering its triple bond character.

E. Group 12 Tetrahalides

Four-coordination is not typical for group 12 met-
als, and such molecules have not yet been detected
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experimentally. However, a recent computational
study found that while the existence of ZnF, and
CdF, is unlikely, HgF, may be stable and should be
experimentally observable.?%® This is due to relativ-
istic effects as will be discussed in more detail in
section XI. The calculated structure is square planar
of D4n symmetry, and the Hg—F bond length is 1.884
A at the relativistic QCISD level of theory.

F. Group 14 Tetrahalides

These are typical examples of regular tetrahedral
molecules; here only the metal/semimetal members
of the group will be considered. The two new ED
studies were on Gel,*® and PbCl,.%?” The bond
lengths from experiments are collected in Table 29,
with only a few of the computational data cited.

The edge-inversion process, through a Dg,-sym-
metry square-planar structure, was investigated for
group 14 tetrafluorides*”® and found to be the high-
energy motion of the T4 e bending mode for the
heavier tetrahalides but not for CF,4. This suggests
that the easy racemization of optically active tetra-
hedral germanium and tin compounds may be due
to an energetically accessible edge inversion pathway.
This inversion process is of the same type as the
inversion of group 15 trihalides through T-shape
structures (see section 1V.B).

G. Lanthanide, Actinide, and Transactinide
Tetrahalides

Several molecules belonging to this group have
been investigated repeatedly. Earlier ED studies
suggested that lanthanide and actinide tetrahalides
may have lower than T4 symmetry, such as C,y, Cay,
or Dyg, see CeF4,4"* ThCly,*™> UF,4,%78 UCI4,*"7 UBrg*7®
(references to earlier works can be found in these
papers). The notion of lower symmetry was based on
the disagreement between the experimental vibra-
tional amplitudes and the computed ones, the latter
based on spectroscopic frequencies. Eventual rein-
vestigations showed that the earlier suggestions of
symmetry lowering may have been erroneous due to
the inadequacy of the then used scattering functions
for the heavy metal atoms. As a consequence of
improved scattering amplitudes in the reanalyses of
some of these molecules—CeF,4,4"® ThCl,,%62 UF 40—
they are now considered to possess regular tetrahe-
dral structures. The revision of the model did not
change the bond lengths from the earlier studies
appreciably; for bond lengths, see Table 29.

It is an interesting situation when a wrong scat-
tering function may lead to wrong symmetry assign-
ment from ED. The scattering functions usually affect
the vibrational amplitudes, and an unexpected large
amplitude may imply a deviation from regular tet-
rahedral symmetry. Thus, all early studies must have
suffered from using nonrelativistic scattering func-
tions. The improved set of scattering functions led
to an improved set of vibrational amplitudes and,
ultimately, to the correct symmetry assignment.

The structure analysis of UCI, brought about some
controversies in the literature. Repeated ED analy-
ses*®! suggested a distorted tetrahedral geometry.

Hargittai

1000 -

800 -

E 600 -
5

400 1 y=5484x - 31.486
R*=0.9955
200 -
0 T ) T 1
0 0.05 0.1 0.15 0.2
(m 1/2)-1
x

Figure 37. Correlation between symmetric stretching
frequencies and bond lengths of tetrahedral tetrahalides.

Similarly, argon and krypton matrix-isolation IR
spectra of UCIl, and ThCl, were interpreted by C,,
symmetry.*82 However, a later neon matrix study*&3
in the same laboratory could be interpreted by
regular tetrahedral shape. The authors attributed the
argon and krypton matrix findings to matrix effects
and concluded that both UCI, and ThCl, should be
regular tetrahedral. Finally, a recent ED and vapor-
phase infrared study*6*48* confirmed the tetrahedral
geometry of UClI,.

The matrix isolation vibrational spectra of CeF,
and ThF, were consistent with T4 symmetry,*® just
as were the photoelectron spectra of ThFs, UF,,
ThC|4, and UC|4.486

Recently quantum chemical calculations have ap-
peared even for such heavy-atom molecules as CeF,
and CeCl4,*0 ThF,,%8" RfF4,%42 and RfCl,.#** All these
tetrahalides were interpreted by a regular tetrahe-
dral structure. Their bond lengths are collected in
Table 29. The importance of relativistic effects will
be discussed in section XI.

H. Vibrational Frequencies

The metal tetrahalides are among the more volatile
metal halides, and they have been studied exten-
sively over the years by spectroscopic methods. Of
the available compilations and reviews two are
mentioned here, in addition to the ones already
referred to!®2122 on the spectroscopy and thermody-
namic properties of ZrX, molecules*®® and actinide
tetrahalides.*®® Table 30 summarizes the vibrational
frequencies of tetrahedral tetrahalides from experi-
ment.

The relationship between the symmetric stretching
frequency and the bond length is shown in Figure
37. Lacking experimental equilibrium bond lengths,
the rq values were used, but as found for the linear
metal dihalides, this approximation hardly effects the
estimated vibrational frequencies.

VI. Pentahalides

A. Vapor Composition

Pentahalides are rather versatile in that they can
exist not only as monomers in the vapor phase, but
also as different polymeric species. Their crystal
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Figure 38. Dimeric units in the crystal of NbBrs. (Adapted
from ref 504.)

structures show diversity too. Thus, for example, VFs
is an infinite chain polymer, the pentafluorides of Nb
and Ta are tetramers, while their chlorides and
bromides are dimers.'3! A typical dimer structure is
shown in Figure 38.5%4 The axial bonds are usually
bent toward the ring because the bridging metal—
halogen bonds are longer and weaker. Dimers have
also been observed in the vapors of, for example,
AuFs,%% RuFs,5% and OsFs,%% but it is more frequent
to find trimeric species.

B. Group 5 Pentahalides

1. Monomers

For the monomeric molecules, the possibility of
having either a Dg, trigonal bipyramidal or C,
tetragonal pyramidal structure has been considered
and not only for the group 5 pentahalides. Generally,
the trigonal bipyramidal and tetragonal pyramidal
configurations are similar energetically, the trigonal
bipyramidal structure being somewhat favored. Re-
cently, it was suggested that matrix isolation IR
spectroscopy could be an ideal tool to distinguish
between these two geometries due to their different
characteristic isotope patterns.®®” The niobium and
tantalum pentachlorides and pentabromides were
found to adopt a square pyramidal shape in nitrogen
matrix and a variety of conformers in argon.>%

The earlier ED studies were described in ref 15. A
new ED study of TaCls5%° and of NbCls,5° augmented
by computations, determined a Dz,-symmetry equi-
librium structure.

The geometrical parameters of monomeric pen-
tahalides are collected in Table 31. All molecules have
the Dsy-symmetry trigonal bipyramidal geometry as
their ground-state structure. The axial bonds are
longer than the equatorial ones,!! just as predicted
by the VSEPR model.®® The difference between the
equatorial and axial bond lengths increases from the
fluorides to the bromides. This can be explained by
the greater eletronegativity of fluorine, thereby de-
pleting the electron density in the vicinity of the
central metal atom and its valence shell is thus less
crowded. With the diminishing ligand electronega-
tivity the valence shell of the central atom becomes

Chemical Reviews, 2000, Vol. 100, No. 6 2283

Table 31. Geometrical Parameters of Monomeric
Pentahalides with Dz, Symmetry?®

bond lengths, A

MXs M—Xeq M—Xa T,Kb method ref
VFs r, 1709(5) 1.736(7) 303 ED 517
re 1712 1.746 DFT 449

re 1.695 1.734 HF 450

NbCls r, 2276(4) 2307(5) 385 ED 510
re 2.270 2.307 MP2 510

re  2.259 2.322 ADF 510

r 2.305 2.356 HF 518

re 2.282 2.356 HF 518

TaCls r, 2.268(4) 2315(5) 404 ED 509
re 2277 2.354 DFT 509

r 2.326 2.369 HF 509

TaBrs r, 2.412(4) 2.473(8) 443  ED 516
WCls r, 2.243(5) 2293(4) 480 ED 509
ReCls r, 2238(7) 2.263(12) 448 ED 509
SbFs  r. 1.793 1.809 HF 339
SbCls r, 2277(5) 2.338(7) 298 ED 519
re 2.299 2.343 HF 339

SbBrs r. 2.491 2.557 HF 339
Sbls r. 2725 2.823 HF 339
BiFs r. 1.853 1.865 HF 339
BiCls r. 2.369 2.411 HF 339
BiBrs r. 2.558 2.622 HF 339
Bils r. 2795 2.886 HF 339

2 The results of the ED investigation of NbFs5%° performed
at two different temperatures are not listed. It is puzzling that
the bond lengths from the higher-temperature experiment
were reported to be shorter than those from the lower-
temperature experiment. Similarly, absent are the results of
an earlier ED study®% of NbCls and TaCls for which we find
the reported axial/equatorial bond length differences to be
unrealistic. ® Temperature of the ED experiment.

more crowded and the most crowded axial positions
are being increasingly pushed away from the central
atom.

The comparison of the trigonal bipyramidal and
tetragonal pyramidal structures brings up the ques-
tion of axial—equatorial exchange and whether it
goes through a Berry pseudorotation process.5*?
Several studies have shown that this is, indeed, the
case (for references, see, for example, refs 513 and
514). According to ref 514, the one negative frequency
of the C4-symmetry structure is of b, symmetry and
this is the vibration that brings the C,, structure into
the Dzy-symmetry one. The calculated or estimated
barrier to pseudorotation for VFs is about 2.9—8.4 kJ/
mol depending on the sources and levels of computa-
tion. For NbCls ADF computations gave 14 kJ/mol .50
For TaCls the barrier is about 6.3—7.1 kJd/mol, and
the molecule was found to be undergoing large
amplitude motion on an anharmonic potential energy
surface.5** The barrier to pseudorotation for TaBrs
was estimated from ED to be 5.4(2.5) kJ/mol.516

The C,4, structure was also calculated for VFs in
ref 449. The axial bond was significantly shorter than
the basal one, 1.692 vs 1.735 A, respectively, with a
bond angle of Fox—V—F¢q 105.4°.

2. Trimers

All four pentahalides of Nb and Ta are known but
with different structures.'3! The pentafluorides have
tetrameric units in the crystal, and their early ED
data were also interpreted in terms of such tetram-
ers.520 Later mass spectrometric studies showed that
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Table 32. Geometrical Parameters of Trimeric Metal Pentafluorides?
bond lengths, rg, A bond angles, (,, deg

(MFs)3 M—F, M—F, M—Fy FamM—F.  Fe—M—-F. F,—M—-F,  method T, K ref
(NbFs)s 1.831(20) 1.838(20) 2.055(6) 165.9(1.5) 101.1(2.8) 80.6(1.8) ED 333(5) 523
1.810(2)° 1.810(2)° 2.046(4)° 162.5(1.4) 102.9(1.2) 82.0(1.0) ED 333(3) 522
(TaFs)s 1.846(5)° 1.823(5)° 2.062(2)° 173.1(2.1) 96.4(1.5) 83.5(0.6) ED 318(5) 524
(MoFs)3 1.805(35) 1.822(30) 2.014(10) 160.1(1.0) 100.5(2.1) 79.4(1.1) ED 333(10) 526
(RUFs)¢d  1.853(4) 1.775(4) 2.008(6) 158.4(14) 92.2(27) 91.8(11) ED 396 506
(RuFs)s® 1.853(5) 1.776(5) 2.007(7) 158.0(18) 93.6(30) 92.7(13) ED 396 506
(OsFs)3df 1.839(14) 1.848(13) 2.022(5) 181.2(23) 91.0(30) 91.8(10) ED 393 506
(OsFs)s® 1.839(14) 1.847(13) 2.019(4) 179.8(21) 89.4(26) 91.7(11) ED 393 506
(SbFs)s3 1.811(2)b9 2.044(4) 161.6(17) 98.2(19) 81.5(15) ED 293 522

a For types of atoms, see Figure 39. ° r,. ¢ About 30—40% of dimers were also present. 9 Boat form. ¢ Chair form. f Small amount

of dimers were also present. 9 Mean value of Sb—F, and Sb—F-.

a e

Figure 39. Molecular structure of trimeric (MXs)s pen-
tahalides.

Figure 40. Jahn—Teller distortion of D3y-symmetry metal
pentahalides.

these molecules evaporate primarily as trimers,>?!
and subsequent ED reinvestigations confirmed
this.5?27524 On the other hand, a recent high-temper-
ature gas-phase infrared spectroscopic study, at the
same temperature range as the ED experiments,
concluded that the dimers were even more probable
than the trimers.5?®> The geometrical parameters of
trimeric pentahalides are collected in Table 32, and
their structures are shown in Figure 39, where the
different types of bonds are also indicated.

C. Group 6 Pentahalides

Two structural peculiarities can be expected in this
group, the Berry pseudorotation and the Jahn—Teller
effect, the latter due to the fact that these molecules
have a metal with d?* electronic configuration and as
such are subject to distortion. On the basis of sym-
metry considerations, the Jahn—Teller-active vibra-
tion is of ¢ symmetry and this carries these MXs
molecules into a C,-symmetry structure (see Figure
40 and also section X).

CrFs and the other higher halides of chromium
have received considerable attention due to some
controversies concerning the existence of CrFs species
in the vapors®?” and the very existence of CrFg in any
phase.*9%528 These questions were raised in spectro-

scopic studies. A further controversy referred to the
shape of CrF; (see the next section). The existence
of CrFs in the vapor seems to have been established,
and its infrared spectrum was found to be in agree-
ment with C,, symmetry. 493528

The first experimental ED study, suggesting the
possibility of the Jahn—Teller effect among this group
of molecules, was the study of CrFs by Hedberg and
co-workers.5?® They found that a C,,-symmetry ge-
ometry gave a better agreement with experiment
than the D3, structure. However, the observation was
based mostly on the vibrational amplitudes, an
evidence far from convincing, and the final details of
the structure were not settled. A later density
functional study**® found the same deformation in
this molecule. However, they also found the ground
state to be of 2A, symmetry at one level of computa-
tion and of 2B, at another level, with differences less
than 4 kJ/mol in energy between them in both cases.
Thus, the potential energy surface of the molecule is
flat and the transition can occur with very little
energy. The geometrical parameters are quoted in
Table 33.

MoCls has been studied repeatedly by ED and
found to have either D3, or C4, symmetry. Even the
presence of dimers with an Mo—Mo bond was sug-
gested (for discussion and references, see ref 15).
Finally, HF calculations indicated higher stability for
the D3y, structure than the C,, tetragonal pyramid,
by about 42—46 kJ/mol.53° Both computations and a
new ED study excluded pseudorotation by the Berry
mechanism.>® However, this molecule may also
undergo dynamic Jahn—Teller distortion into a Cyy-
symmetry structure, just as does CrFs. The Jahn—
Teller stabilization is very small, about 1.5 and 1.0
kJ/mol for the ?A, and 2B; electronic states, respec-
tively. Therefore, the molecule must have a very flat
potential energy surface. The ED data also indicated
a C,-symmetry structure (see Table 33). MoFs was
studied recently by ED®3 with similar results. An-
other, low-temperature ED study of MoFs indicated
the presence of trimeric molecules in the vapor; the
geometrical parameters are given in Table 32.5%6 A
matrix isolation IR study of MoCls indicated Cg,
symmetry in both argon and nitrogen matrices,>?
while WCIs and WBrs were found to be trigonal
bipyramidal with Ds, symmetry.5%® An earlier ED
study®3* described WCls as having Dz, symmetry, but
it was also suggested that the molecular symmetry
is probably C,, rather than D3, due to its degenerate
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Table 33. Geometrical Parameters of Metal Pentahalides with Dynamical Jahn—Teller Effect®

bond lengths, A

bond angles, deg

MXs electronic state M—X; M—X4 M—X, X1-M—X; X1-M—X4 method ref
CrFs Iy 1.695(6) 1.742 1.695(6) 115.9(9) 95.8(4) ED 529
2A° Ie 1.682 1.742 1.697 121.8 91.4 DFT 449

2B,¢ re 1.698 1.742 1.686 117.4 89.3 DFT 449

MoCls rg 2.223(5)° 2.280(7) 2.265(5)° 114.4(13) 95.9(5) ED 530
2A,d re 2.213 2.316 2.254 119.9 93.8 HF 530

2B, Ie 2.250 2.319 2.233 118.2 89.5 HF 530

a For numbering of atoms see Figure 40. ? Differences of bond lengths assumed at the ab initio values. ¢ Energy difference 3.8
kJ/mol at one level, —2.9 kJ/mol at another. ¢ Energy difference 0.46 kJ/mol with 2A, being more stable.

state. A later independent study,>*® however, found
that the D3y, structure unambiguously reproduces the
experimental data. This was interpreted by the
possibility that spin—orbit coupling quenched the
dynamic Jahn—Teller effect in this molecule (see also
section X).

D. Group 7 Pentahalides

The only molecule in this group whose gas-phase
structure has been determined is ReCls.5% It was
found to have D, symmetry. The geometrical pa-
rameters are given in Table 31.

E. Group 8 Pentahalides

The crystal of RuFs consists of tetramers.> Ac-
cording to ED the 400 K vapor contains mostly
trimeric molecules with a small amount of dimers.5%
Two different nonplanar structures, a boat and a
chair, agreed with the ED pattern, with about 30%
and 40% of dimers, respectively. The same study also
determined the structure of OsFs in the vapor phase
and found it, similarly, consisting mostly of trimers
of the boat and chair forms and a small amount of
dimers. The geometrical parameters of the trimers
are given in Table 32.

The structure of the monomers has not been
studied experimentally, but according to a recent
computation,>®® RuFs favors the C, arrangement
over the Dg;, structure, in both its doublet and quartet
states.

F. Group 11 Pentahalides

AuFs has been studied by ED>% and was found to
have a complicated vapor composition, about 82% of
dimers and 18% trimers, at about 500 K. Both forms
are halogen-bridged with three different types of
Au—F distances. For the geometrical parameters, see
the original reference or ref 15.

G. Group 15 Pentahalides

The stability of the higher oxidation state decreases
down group 15 and, for a given metal, strongly
decreases from the fluoride to the iodide; thus, only
SbFs, SbCls, and BiFs are known experimentally.3!
SbFs was found to be trimeric in the vapor phase;>??
its geometrical parameters are given in Table 32.
SbCls is monomeric (Table 31) according to its ED
study,®'® with a Dsy,-symmetry structure and a small
barrier (7.5(2.5) kJ/mol) to pseudorotation. All mon-
omeric pentahalides have been studied by computa-
tion;3%° the results are given in Table 31. The Cyn-

symmetry structures were also calculated and found
to be the transition state in the pseudorotation
mechanism, with the pseudorotation barrier decreas-
ing down the group from about 21 kJ/mol in the
phosphorus pentahalides to about 8.4 kJ/mol in the
bismuth pentahalides. Computations have shown?3*
that the tendency to eliminate X, in period 6 and
achieve a lower coordination number increases sharply
from Pb to Bi; thus, Bi(V) is a markedly stronger
oxidant than Pb(1V).

H. Actinide Pentahalides

The only pentahalide whose geometry has been
studied, both by spectroscopy and by computation,
is UFs. While earlier spectral studies®” indicated a
tetragonal pyramidal structure of C4, symmetry, later
computations, including relativistic effects, showed
the C4, and Ds, geometries to have about the same
energy.>®® Nonrelativistic calculations provided less
than one-half of the U—F bond overlap population of
that obtained by the relativistic ones. The D4, and
D3n structures are connected by a Cy-symmetry path
in such a way that the electronic structure remains
practically unchanged when moving along it. This
suggests that the molecule fluctuates between the D3y,
and C,, structures due to the wide angular shape of
the 5f orbitals which play a major role in the
bonding.53%82

VII. Hexahalides

Transition metal hexafluorides have important
industrial applications, such as in CVD of thin metal
layers on a substrate for integrated circuits (MoFg
and WFg) and anticorrosion layers (ReFg and IrFg)
and in isotope separation in the case of UFg, NpFg,
and PuFs.5% Thus, it is not surprising that their
experimental studies have started rather early by
both spectroscopic methods and ED. While the IR and
Raman spectra as well as dipole moment measure-
ments and thermodynamic data were all in agree-
ment with a regular octahedral geometry for all
molecules (for references to these works, see ref 540
and a comprehensive review®*!), the early ED data
showed deviations from that high symmetry (MoFs,
WFs and UF¢,%*? and UF>*%). However, this deviation
was interpreted later as being a consequence of the
failure of the first Born approximation used in these
early ED analyses. Later ED studies, applying com-
plex scattering factors, were consistent with regular
octahedral symmetry for all the above hexafluorides,
see MoFg and WF6,544 WFs, OsFsg, IrFs, UFs, NpFe,
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and PuFg,%%9 and UF,.5* Further spectroscopic stud-
ies came to the same conclusion (MoFg,5% WFg,54"
UF¢>¢). There has been an intriguing controversy
about the structure of chromium hexafluoride that
has been positively identified and studied only re-
cently (vide infra).

The real power of computation for molecular struc-
ture elucidation is well illustrated by the increasing
number of computational studies of these heavy
metal halides, especially the actinide and even trans-
actinide halides.

A. Group 6 Hexahalides

As mentioned above and in the section on pentaha-
lides, the structure of CrFs has generated consider-
able interest. While spectroscopic studies by Hope et
al.>?” concluded that CrFs is octahedral, others even
questioned the very existence of this molecule and
suggested®?® that the spectrum by Hope et al. was
due to CrFs. Another controversy occurred when a
computational study by Marsden and Wolynec*°
suggested that CrF is trigonal prismatic rather than
octahedral. Finally, a large number of subsequent
computations showed the structure to be octahedral.
It was suggested that the reason for the previous
differing results was that they are extremely depend-
ent on the basis sets and levels of computations. It
has been shown that f functions on Cr play a crucial
role just as do triple excitations.

The bond lengths of all octahedral hexahalides are
given in Table 34, including both ED and computa-
tional results. UFs has been a special target of high-
level computational studies. The shortest bond length,
1.986 A, was achieved by a calculation with an all
electron relativistic basis on U and a nonrelativistic
one on F.5 The fully relativistic calculations pro-
duced the best agreement with the experimental
bond length, viz. 1.9945% vs 1.999(3) and 1.996(8) A.

B. Group 7 Hexahalides

Gas-phase spectroscopic studies of TcFg and ReFg
showed a considerable broadening of the Jahn—
Teller-active fundamentals, and they were attributed
to Jahn—Teller coupling.541546 Crystal-phase spectra
of ReF¢ also indicated the splitting of some funda-
mentals due to this effect.%° ReFs is so far the only
molecule from this group whose geometry has been
determined. The first ED study®** reported octahedral
symmetry for the molecule, without any indication
of static Jahn—Teller distortion despite rhenium
having a d? electronic configuration. The possibility
of dynamic Jahn—Teller effect could not be ruled out.
Later, the ED data were reanalyzed®®! and, again,
no static distortion from Oy, symmetry was found. The
slightly enlarged amplitudes of vibration, compared
to the calculated values, suggested the presence of
dynamic Jahn—Teller effect, but the results were not
convincing. The authors estimated the Jahn—Teller
stabilization energy which is so small that the
nonobservance of static distortions is understandable.
It is also possible that spin—orbit coupling may
quench the Jahn—Teller effect as in some other
molecules with heavy central atoms (see section X).
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Table 34. Bond Lengths of Octahedral Metal
Hexahalides from Experiment and Computations

bond length, A

MXg Iy e method T, K& ref
CrFs 1.684 HF 511
1.676 HF 511

1.698 HF 450

1.673—1.706° HF 548

1.728 DFT 449

MoFs 1.821(3) ED 293 544
1.852 R HF 549

MoClg 2.34R DHF 442
WFg 1.834(8) ED c 540
1.833(3) ED 288 544

1.82R DHF 442

1.894 R HF 549

1.833 HF 550

1.868 MP2 550

1.855 SVWN 550

1.886 DFT 551

WCls 2.282(3) ED 441(4) 552
2.290(3)4 ED 553

231R DHF 442

SgFs 1.92R DHF 442
SgClg 2.38R DHF 442
SgBrs 2.30R DHF 442
ReFs  1.832(4) ED c 554
1.882 DFT 551

OsFs  1.832(8) ED 234 540
1.882 DFT 551

IrFe 1.831(8) ED 231 540
1.887 DFT 551

PtFs 1.903 DFT 551
UFs 1.997(8) ED c 540
2.000(3) ED 343 545

1.986 DFT/LDAX 555

1.994 DHF 556

2.014 B3LYP 557

2.000 SVWN 557

2.010 BLYP 558

2.053R HF 549

NpFs 1.982(8) ED 250 540
2.013 B3LYP 557

1.998 SVWN 557

1.996 BLYP 558

PuFes 1.972(10) ED 257 540
1.985 B3LYP 557

1.976 SVWN 557

1.981 BLYP 558

1.995 DFT 555

UCle  2.46(1) ED 363(3) 559

a Temperature of the ED experiment. P A series of values,
depending on the basis set. ¢ Not given. ¢ Value of ref 552
corrected for multiple scattering.

C. Group 8-10 Hexahalides

These hexahalides have d?, d3, and d* electronic
configurations. Of the d? and d?® cases, spectroscopic
studies have been carried out on OsF¢*%? and RuFg,>!
indicating a Jahn—Teller effect. The crystal-phase
Raman spectra of IrF¢®® also showed a certain
amount of vibronic coupling. Subsequent gas-phase
studies concluded otherwise for the X(G4') ground
state and invoked vibronic coupling for some excited
electronic states only.53954 This is similar to RhFs,
in which the electronic ground state is a spin quartet
with little orbital character. The study of the unstable
PtFe shows regular octahedral symmetry.5*t OsFg and
IrFe are the only two molecules of this group whose
geometries have been determined experimentally,
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both by ED,%° and found to be regular octahedral
with bond lengths given in Table 34.

D. Actinide and Transactinide Hexahalides

The interest in the study of actinides originates
from the key role of uranium and other actinide
elements in nuclear technology. The UFs molecule
has been studied especially extensively. It is volatile
and was studied by ED first in the 1930s. UF; is also
of great interest from the point of view of molecular
laser isotope separation.®65%66 Furthermore, it is a
prototype molecule to study the importance of rela-
tivistic effects in the electronic structure, geometry,
and bonding of actinide molecules (vide infra). Much
of the computational work on uranium hexafluoride
is related to this (see in section XI in more detail). A
large number of computational studies appeared on
the geometry of UFg>%575%8 and of other hexahalides,
such as NpFg>®75%8 and PuF.5%5557:558 \We consider
only the latest works here, for references to earlier
computations see, refs 555, 557, and 558. All three
molecules have a regular octahedral shape and the
bond lengths are given in Table 34. The BLYP
method with quasirelativistic pseudopotentials (ref
558) reproduces best the experimental trend of ac-
tinide contraction in the variation of their bond
lengths. The B3LYP method and the SVWN method
have had difficulties with the NpFs bond length,
which is about the same as that of UFs. Vibrational
frequencies for all three molecules were calculated
and compared with available experimental gas-phase
and matrix isolation values (experimental frequen-
cies: UF,539.567,568 NpFG’567,569,57O pu[:6567,569,571).

FTIR spectra of UFg clusters have been observed
in a supersonic Laval nozzle.%%® The importance of
this observation lies in the possible use of the
vibrational predissociation technique for the molec-
ular laser isotope separation of uranium. The struc-
ture of possible UF¢ clusters was also studied in this
experiment, and portions of their IR spectra were
calculated by intermolecular potential models and
matched with the experimental spectrum.®® The
geometries of the most stable isomers are shown in
Figure 41. It was concluded that the vibrational
predissociation technique can, indeed, be applied to
a high-UFs concentration reactor for the molecular
laser isotope separation of uranium. In another
paper,®% the dimer of UF¢ (and also that of PuFg) was
found to be very weakly bound, so weakly, in fact,
that the dimer may not be an intermediate in the
production of UO, ceramic nuclear fuel from UFg, as
had been suggested. However, only one orientation
was considered for the dimer in which the two
monomeric units point toward each other via one
fluorine atom on each monomer. The U—U distance
optimized for this arrangement is between 6.63 and
6.76 A, much longer than the 5.38 A distance
reported in ref 566, in which the two UFs monomers
have a different relative orientation (see Figure 41).

PuFs has an f? electronic configuration. Usually the
singlet, A4 state is supposed to be the ground state
for this molecule (see, for example, ref 558) with the
two f electrons in the ap, orbital. The high-spin
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Figure 41. Geometries of the most stable isomers of UF;
clusters. (Reprinted with permission from ref 566. Copy-
right 1997 Elsevier Science.)
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Figure 42. The 5f orbital energies of PuFs without and
with spin—orbit coupling taken into account. (Reprinted
with permission from ref 572. Copyright 1987 American
Institute of Physics.)

configuration would correspond to a 3T,4 state, and
that would be subject to Jahn—Teller distortion. Hay
and Martin>7calculated the energy of this state (with
the A4 optimized geometry and without taking into
account spin—orbit coupling) and found it to be lower
than that of the A4 state. Relaxing this structure
resulted in a Dsr-symmetry distorted structure with
four bond lengths of 2.027 and two of 2.031 A.
However, this only happens if spin—orbit coupling is
not considered. As discussed by Wadt,>"2 when spin—
orbit coupling is introduced, the picture changes
drastically as demonstrated in Figure 42. The energy
levels split considerably and the ground state will be
nondegenerate (1 I';g) and no longer distorted but
will be octahedral. It seems that spin—orbit coupling
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quenches the Jahn—Teller effect for this molecule
(see also WCls and the effect of spin—orbit coupling
on the Jahn—Teller effect in section X).

Of the transactinides, rutherfordium (Rf), dubnium
(Db), and seaborgium (Sg) have been shown to form
stable, volatile hexahalides, with monomeric mol-
ecules in the vapor phase.5% Most computations
have been performed with estimated bond lengths.
The results of Dirac—Fock relativistic calculations on
some of these molecules are presented in Table 34.44?

E. Comparison with Crystal Structures

A recent neutron powder diffraction study of WFe,
OsFe, and PtFs found all three molecules to have
octahedral bond configurations in their crystals.>”
However, while WFs and PtFg¢ can be considered to
be a regular octahedron (disregarding packing ef-
fects), the differences in bond lengths in OsFg are
considerable. After eliminating the crystal packing
effects based on comparison with the WF¢ structure,
the OsFg molecule (d? electronic configuration) was
found to be tetragonally Jahn—Teller distorted with
two longer and four shorter bonds.

VIIl. Heptahalides

The only known5"* metal heptahalide molecule is
ReF7, and its structure has been extensively studied.
The first determination was by ED,%® with a mean
Re—F bond length of 1.835(5) A. The molecule is a
pentagonal bipyramid, but it deviates from the ideal
Dsp-symmetry structure and is best described by
dynamic pseudorotation. The equatorial pseudorota-
tion of the molecule resembles that of cyclopentane—
the estimated frequency of pseudorotation is 4.4 cm™,
similar to that in cyclopentane—and the structure can
best be understood in terms of bond—bond repulsions
that push the equatorial atoms out of the plane
followed by an axial bend. The average structure
could also be described with a static model in which
the pentagonal bipyramid is distorted into C, or Cs
symmetry, but due to the very fluxional nature of the
molecule, the dynamic picture is more realistic.

A later low-temperature neutron diffraction study
of ReF-57¢ found a distorted structure, similar to the
static model, in the crystal at 1.5 K. The difference
between being in the gas phase and in a crystal for
such a molecule is eloquently expressed by a few lines
from the correspondence of the authors of the two
studies.>””

Dr. Bartell, the senior author of the gas-phase
study wrote to Dr. Fitch of the crystal structure
determination: “You state ‘A determination of the
crystal structure of a heptafluoride at low-tempera-
ture represents an opportunity to investigate the
arrangement of this unusual coordination number
without the problems posed by fluxionality.” Now, this
statement is like claiming that if you really want to
find out what a snake is like you should go to the
museum to see a stuffed specimen instead of going
to a reptile house or into the woods to see a living
creaturel...Remember that a twelve-fold barrier to
pseudorotation cannot be very high. And your poor
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Figure 43. Tetragonal antiprism structure of the OsFg
molecule. (Reprinted with permisson from ref 578. Copy-
right 1993 VCH Verlagsgesellschaft.)

snake is nailed to the board. Your structure is very
pretty, of course... But it does not resolve the basic
problem of how ReF; would like to behave if not
embalmed...” To which Dr. Fitch answered: “...Far
from being stuffed and nailed to the board, our snake
is simply sleeping. A little warmth will restore him
to full wriggling form.”

It would perhaps be as important to detach the
snake from the board (the perturbing field of the
crystal lattice) as to warm him.

[X. Octahalides

There is just one molecule belonging to this group
that has been studied: OsFg, by computation.5”® The
MP2 level calculation predicted a distorted antiprism
structure of D,g symmetry (see Figure 43) with two
different Os—F bond lengths, Os—F; = 1.869 A and
Os—F3=1.916 A, and the following bond angles F;—
Os—F, = 95.0°, F3—0Os—F, = 130.8°, and F1—0Os—Fs
= 76.2°. The Os—F bond in this molecule is much
weaker than that in OsFg (1.831 A),540 and it has been
concluded that it would be difficult to observe OsFg
experimentally.

X. Jahn—Teller Effect

The JT effect is one of the subtle effects of wide
occurrence in structural chemistry. There are many
conspicuous manifestations of this effect in metal
halide structures. In a recent review the original
paper published by Jahn and Teller®”® was called “one
of the most seminal papers in chemical physics”.580
Edward Teller himself described recently the story
and the circumstances of the formulation of the
discovery:®8! “This effect had something to do with
Lev Landau. | had a German student in Gottingen,
R. Renner, and he wrote a paper on degenerate
electronic states in the linear carbon dioxide mol-
ecule, assuming that the excited, degenerate state of
carbon dioxide is linear.

“In the year 1934 both Landau and | were in Niels
Bohr’s Institute in Copenhagen and we had many
discussions. He disagreed with Renner’s paper, he
disliked it. He said that if the molecule is in a
degenerate electronic state then its symmetry will
be destroyed and the molecule will no longer be
linear. Landau was wrong. | managed to convince
him and he agreed with me. This was probably the
only case when | won an argument with Landau.

“A little later | went to London, and met Jahn. |
told him about my discussion with Landau, and about
the problem in which I was convinced that Landau
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was wrong. But it bothered me that he was usually
not wrong. So maybe he is always right with the
exception of linear molecules. Jahn was a good group-
theorist, and we wrote this paper, the content of
which you know, that if a molecule has an electronic
state that is degenerate, then the symmetry of the
molecule will be destroyed. That is the Jahn—Teller
theorem.

“The Jahn—Teller theorem has a footnote: this is
always true with the only exception of linear mol-
ecules. So the amusing story of the Jahn—Teller effect
is that I first worked with my student, Renner, on a
paper that presented the only general exception to
the Jahn—Teller effect. It really should be the Lan-
dau—Jahn—Teller theorem because Landau was the
first one who expressed it, unfortunately using the
only exception where it was not valid.”

According to its original formulation, a nonlinear
symmetrical molecule with a partially filled set of
degenerate orbitals will be unstable with respect to
distortion and thus it will distort to a lower symmetry
geometry and thereby remove the electronic degen-
eracy.5”® There is another and more graphic way to
describe the JT effect: if a highly symmetrical
molecule has a partially filled set of degenerate
orbitals, the electron density distribution will have
a lower symmetry than the ensemble of the atomic
nuclei.%®? This will result in nonzero forces at some
of the atomic nuclei and lead to distortion of the
nuclear arrangement, to a decrease in the total
energy, and to a match between the symmetry of the
nuclear arrangement and that of the electron density
distribution.

From the above description it follows that the
magnitude of the JT effect will be larger for molecules
in which the relevant partially filled orbitals are
involved in the metal—ligand bonding as opposed to
the situation when these orbitals are mostly non-
bonding. Considering high-spin configurations, for
octahedral arrangements a d* electronic configuration
and for tetrahedral molecules a d® configuration can
be expected to show larger nuclear distortions than,
for example, a d* configuration.

An important aspect of the JT effect is that it
represents an exception to the Born—Oppenheimer
approximation since it involves the coupling of the
electronic and nuclear motions in the molecule—this
is why it was called “the quintessential example of
the breakdown of the Born—Oppenheimer approxi-
mation”.> Due to this mixing, a JT molecule is
expected to be basically dynamic.

Another aspect, important for molecules in which
spin—orbit coupling can occur, is that the JT effect
and spin—orbit coupling can partially or completely
quench each other.5® The JT effect involves the
coupling of the electronic orbital angular momentum
with the vibrational angular momentum, while the
spin—orbit coupling involves the coupling of the
electronic angular momentum with the spin angular
momentum. Thus, the two effects compete with each
other for the electronic angular momentum and the
result depends on their relative strength. Figure 44
shows two cases: in one (left) there is distortion but
the spin—orbit coupling is quenched, while in the
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Figure 44. Two different cases of spin—orbit and Jahn—
Teller coupling schemes (Adapted from ref 580). Slices
through one Jahn—Teller active mode are shown: a =
spin—orbit coupling constant; . = electronic angular
momentum; D = linear Jahn—Teller coupling constant; we
= equilibrium vibrational frequency.

other (right) the spin—orbit coupling quenches the
JT effect. WCls is an example of the latter case. It
was found to have an undistorted Dz,-symmetry
structure, in contrast to symmetry lowering in simi-
lar d* molecules, such as CrFs and MoFs (see section
VI1.C). Another example is PuFg (an 2 case), calcu-
lated to have O symmetry if spin—orbit coupling is
included in the computation (see section VII.D).

The dynamic nature of JT-active molecules makes
it often difficult to detect the effect. This is perhaps
the main reason why the JT effect is usually observed
in crystals where a static distortion may occur due
to the so-called JT cooperativity. Whether we con-
sider the JT effect in the solid state or in the gas
phase, there is one important question: is it abso-
lutely certain that the deviation from a higher
symmetry is, indeed, caused by the JT effect or may
it be due to some other circumstances? In crystals,
for example, before ascribing a distortion to electronic
effects at the metal center, other effects, such as
crystal packing or steric hindrance have to be con-
sidered.5®3 A classical approach is to compare the
structure of two crystals that are chemically as
similar as possible, except that one has a JT metal
center and the other does not. This approach was
used for crystals of Cu(ll) and zZn(l1) with identical
ligands and counterions; Cu(ll) is a JT center and
Zn(I1) is not.%®* Another example was mentioned in
section VILE.

The same principle can be used in ED studies, as
the investigation of VCI, examplifies.*3® Only a small
dynamic JT effect can be expected in this molecule
that could manifest itself in larger than usual vibra-
tional amplitudes for nonbonded distances. Since this
is not an unambiguous measure, the authors did a
parallel investigation of the closest possible molecule,
TiCl,, which is tetrahedral, but for which no JT effect
can be expected. Were the amplitudes of vibration
in the two molecules significantly different, that
would have been a good indication of the JT effect in
VCl,. Unfortunately, the results were not conclusive.

Unambiguous experimental detection of the effect
has difficulties for gas-phase molecules. This is so
much so that in a recent, excellent review of the JT
effect in coordination chemistry the author referred
to a “...hypothetical gaseous phase...” in which “a JT-
active molecule would be dynamic...” (italics added).585
In fact, the JT effect has been observed (or suspected
to be present) by spectroscopists as anomalies in the
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recorded gas-phase spectra, i.e., anomalies if a higher
symmetry structure could be supposed for the mol-
ecule. However, the interpretation of these spectra
was difficult and ambiguous and in cases even
controversial (see, for example, section VII1.B, ReFsg).
An important recent advance is the development of
high-resolution laser spectroscopy applied together
with cooling of supersonic jets making the observa-
tion of detailed features of the spectra possible.58
Similarly, the advances in computational possibilities
have opened a new and powerful route to study this
effect.

Changes in geometrical parameters attributed to
JT distortions have been observed in gaseous mol-
ecules by ED, although so far only in a few cases.
More often than not, only an indication rather than
a proof of the effect could be shown. Some examples
from among metal halide structures include the VX,
molecules and the group 6 pentahalides. In both cases
the metal has a d* electronic configuration, and thus,
only a relatively weak JT effect can be expected (vide
supra). Indeed, in all these cases the only indication
of the JT effect was the unusually large vibrational
amplitudes for some of the nonbonded distances.
When these amplitudes were kept at reasonable
values, the agreement between calculated and ex-
perimental distributions worsened and they could
only be improved by distorting the molecular geom-
etry. It could be argued that this indication suffices
to prove the presence of JT distortion. However, the
vibrational amplitudes can also be influenced by
other factors, such as atomic scattering factors (note
that for the heavy metals relativistic correction in the
calculation of atomic scattering is important), the
experimental background, the difficulty caused by the
large difference between atomic numbers of the
atoms in the molecule, and the rapidly diminishing
signal from contributions with large amplitude mo-
tion in the scattering pattern, and so on.

Molecules of transition metal trihalides have
proved to be the best suited to illustrate the JT effect
in the gas phase. MnF; is a typical JT molecule
both in the crystal and in the vapor. Manganese
has a d* electronic configuration for which a strong
JT effect can be expected (vide supra). There is a
strong tetragonal elongation in its octahedral crys-
tals.®” The trigonal planar Dan structure is not
stable in the vapor-phase either, according to quan-
tum chemical calculations.®8238 The JT- active vibra-
tion in this case is the e’ mode that causes a C,y,
distortion producing a molecule with either two
longer and one shorter bonds and one very large and
two smaller bond angles or with one longer and two
shorter bonds and two large and one small angle.
These two structures correspond to the ground-
state and transition-state structures as indicated in
Figure 31.

Manganese trifluoride was a fortunate case for ED
since the two different fluorine—fluorine nonbonded
distances are so far from each other that they appear
in separate peaks in the radial distribution curve,
and thus, they give a direct proof of the JT effect (see
Figure 45).
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Figure 45. Radial distribution curve of MnF; from its
electron diffraction study, indicating unambiguously the
Jahn—Teller distortion of the trigonal planar structure.
(Adapted from ref 382.)

The situation is similar for AuF; (see also in section
IV.D.1). Au(l11) has a d® electronic configuration and
is not expected to distort in its high-spin electronic
configuration. However, distortion can be expected
in the low-spin configuration, and the energy gain
with this distortion is so great that it offsets the
energy required for spin pairing. The JT stabilization
energy (the difference between the undistorted Dgpy-
symmetry structure and the minimum energy dis-
torted structure) for MnF; and AuF; is 40 and 176
kJ/mol, respectively, at CAS level. For other details
of this structure, see section 1V.D.1.

The JT effect was formulated over 60 years ago and
has remained the subject of active research. More-
over, there are several physical phenomena that have
great potentials for important industrial applications
that all depend on or are caused by the JT effect.
Examples are high-T. superconductors, very large
magnetoresistance in materials containing JT cen-
ters,® and the so-called ‘JT switch’, which is a
concerted change in the JT distortion within a single
crystalline system under pressure.58®

XI. Relativistic Effects

The importance of relativistic effects in chemistry
was recognized relatively late. Curiously, even such
giants as Dirac®®® tended to dismiss it. A recent
statement by another Nobel Laureate, Sheldon
Glashow, can also be referred to as an example.>°
By now, however, the development of computational
chemistry has brought about the recognition that
many electronic, structural, and chemical bonding
peculiarities can only be adequately explained and
described if relativistic effects are taken into account.

This recognition is mostly due to the pioneering
works of Grant, Desclaux, Pyykkd, and Pitzer in the
mid-1970s.5° The fast development of these studies
is reflected by the review papers, which appeared on
the subject during the past decade or so.54124.558,592,593
Only a few aspects of relativistic effects will be
discussed here.

Valence shell relativistic effects increase with Z2
for atomic electronic shells, so they have an especially
strong impact on the electronic structure of heavy
elements and to a lesser extent on that of the lighter
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Figure 46. Relativistic effects on molecular properties. (a)
Bond lengths of group 11 monofluorides. Data from Table
4 (Cu, Ag, Au) and ref 595 (111). (b) Bond lengths of group
12 diiodides. Experimental data from Table 10, computa-
tions by us.

elements. These effects manifest themselves in the
following three aspects: (a) Spatial contraction of the
s, and to a lesser extent p, orbitals of all shells,
including the valence shell (direct relativistic orbital
contraction); (b) As an indirect effect, due to the
larger screening of the nuclear charge by the con-
tracted s and p shells, the spatial expansion and
energetic destabilization of the d and f orbitals
(indirect relativistic orbital expansion); (c) Spin—orbit
coupling.

Various atomic and molecular properties are in-
fluenced by relativistic effects to different degrees.
The relativistic stabilization of the s orbitals in-
creases the first ionization energies and electrone-
gativities and decreases the polarizabilities of the s
elements.5** In parallel with this atomic trend, the
molecular properties that are most influenced by
relativistic effects are the bond lengths (they de-
crease) and force constants (increase), and also
influenced are the dissociation energies, dipole mo-
ments, dipole polarizabilities, etc. Figure 46 illus-
trates this with the bond lengths of group 11 mono-
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fluorides (data from Table 4 and ref 595) and group
12 diiodides (experimental data from Table 10,
computations by us). The apparently anomalous
trend in the experimental values can only be repro-
duced if relativistic effects are included in the com-
putation. Bond angles are much less influenced,
except when relativistic effects cause or enhance the
extent of such special effects as the Jahn—Teller
effect (see previous section).5%

The possibility of indirect relativistic orbital expan-
sion also has to be taken into account in assessing
the consequences of relativistic effects. Overall, it is
the balance of the relativistic s orbital contraction
and the d (and f) orbital expansion that determines
the outcome. Continuing with the example of gold
halides, while the monofluoride shows strong rela-
tivistic effects, they are much less pronounced in the
trihalides. This can be explained by the fact that in
the AuX molecules gold has a d'° electronic configu-
ration and the valence shell contains only the 6s
orbital, so its large relativistic contraction causes very
small bond lengths. On the other hand, in the
trihalides (d®) the d orbitals become part of the
valence shell and with their relativistic expansion the
contraction of the 6s shell is partially compensated,;
hence, the bond shortening is less pronounced. This
is shown unambiguously by quantum chemical cal-
culations when they are carried out with and without
taking the relativistic effects into account.®8 Suffice
it to mention the difference for the Au—F distance
in AuF is about 0.18 A 52 while for AuFs, only about
0.05 A appears for both types of Au—F distances38
in the two different calculations.

The thallium halides behave in the opposite way;
for them the relativistic effects are much more
pronounced in the trihalides than in the monohalides.
The reason is in their different electronic configura-
tion; TI®* is like Au™, for both of them the 6s orbitals
are involved in the bonding, which suffer a strong
relativistic contraction. On the other hand, for TIX
molecules only the 6p orbitals are involved in the
bonding and they do not have strong relativistic
contraction.

Another example of the direct and indirect rela-
tivistic effects compensating each other is offered by
the alkaline earth dihalides. Seijo et al.'>* showed
that the bond lengths in these molecules do not
change much due to relativistic effects. This can be
rationalized by considering the compensating effect
of the indirect relativistic orbital expansion. Here the
role of the inner core d orbitals in the bonding
increases as the atomic number of the central metal
atom increases and thus compensates for the rela-
tivistic bond length contraction. Thus, while the Mg
and Ca dihalides actually show a moderate decrease
in bond lengths when relativistic effects are taken
into account, this tends to cancel for Sr and Ba
dihalides in increasing extent toward the diiodides.
Eventually, for the fluorides the effect turns into a
net expansion. Previous studies®® of the dihydrides
of alkaline earth metals showed the same pattern.
Considering molecular shapes, it seems that relativ-
istic effects decrease the stabilization of bent struc-
tures as compared with the linear ones and decrease
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the barrier to linearity. This is, again, in line with
the destabilizing impact of the relativistic effects on
the d orbitals.*>

There is another way of looking at why the inclu-
sion of 5d orbitals diminishes the bond contraction.5%
Calculations on CaH and BaH™ suggest that this is
not a secondary effect due to their relativistic expan-
sion but rather it is a first-order effect that dimin-
ishes the too large contraction caused by the admix-
ture of the subvalence 5s orbital in the bonding MO.

A few examples illustrate here the importance of
relativistic effects on molecular structure. Thus,
Schwerdtfeger and co-workers3+5%7 and Pershina®®®
studied the impact of relativistic effects on the trends
in molecular properties in various groups of the
periodic table. This was illustrated above for group
11 (see Figure 46). They have also studied the
structure of the superheavy transactinide elements
and their molecules, starting with rutherfordium, Rf,
the element of atomic number 104. Computational
chemistry is especially demanding for these systems,
but it is the only technique available for studying
their properties. These systems have extremely short
lifetimes (sometimes in the millisecond range).

It has been shown that higher metal oxidation
states are stabilized by relativistic effects among the
group 11 elements. Considering their fluorides, gold
favors oxidation number 3 over 1 (in contrast to
copper and silver) and for element 111 oxidation state
+5 is the most stable.>®® The situation is similar for
group 12 halides. HgF4 was predicted to be a ther-
modynamically stable compound?®® and the super-
heavy element halide, (112)F4, even more so due to
relativistic effects and also due to a large metal d
orbital participation in the bonding. Therefore, ele-
ment 112 appears as a transition metal, referred
to also as “pseudotransition” element.’°° Coupled
cluster calculations of (112)F, gave bond lengths
(with the values calculated with taking spin—orbit
correction into account in parentheses) as (112)F
= 1.915(1.899) A and for the dihalide (112)F, =
1.912(1.892) A. At the same time, all-electron DHF
and HF calculations showed both HgF, and (112)F,
to be unbound.**? However, electron correlation ef-
fects, especially in high oxidation states, are impor-
tant for transition metals just as is the use of
sophisticated methods of calculation (such as coupled
cluster or CASPT2). Therefore, even if using all-
electron basis sets and taking relativistic effects into
account, single reference calculations as the ones in
ref 442 cannot be accurate for these systems.

It is increasingly apparent that among the group
13 halides there is no indication that higher oxidation
states would be stabilized by relativistic effects. As
is well-known, lower valencies are favored by the
heavier elements. Although relativity seems to be
important for thallium compounds, it does not change
the overall trend in the stability of group 13 ha-
lides.'38 A recent computational study dealt with the
chemistry of element 1135 and concluded that this
is a typical group 13 element, showing a continuation
of the periodic trends within the group. In line with
this, the +3 oxidation state is very unstable for
element 113. At the same time, a rather unusual
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structure was found for these trihalides when rela-
tivity was included in the computation. While the
nonrelativistic calculation gave the expected trigonal
planar geometry, the relativistic calculations resulted
in a T-shaped C,,-symmetry structure (see Figure
31). This is due to a large 6d electron involvement in
the bonding, which is the result of the 7s contraction
and 6d expansion due to relativity. The situation is
similar to the case of AuF3.11338 Again, element 113
also shows a “pseudotransition element” character.6°!

The stability of higher oxidation states decreases
down group 14 as well. A strong relativistic desta-
bilization of the oxidation state +4 was shown
recently in the superheavy element 114. None of the
studied compounds, viz. (114)X,4, with X = H, F, Cl,
is thermodynamically stable, even if the structures
are local minima.*>® The fact that the heavy elements,
TI, Pb, and Bi, tend to favor lower valencies than the
typical valency in their group has been mentioned
earlier (cf. discussion in sections I1.E.1 and I11.D).

Usually the decreasing radii of the lanthanide and
actinide elements and, consequently, the shortening
of their bonds along the series is explained by the
so-called lanthanide and actinide contraction, also
called the f-shell effect. Since relativistic effects also
cause bond shortening, it is an interesting question
how the contraction effect and the relativistic effect
relate to each other and which of them is more
important in causing the observed trend. A recent
study showed that relativistic and shell structure
effects are not simply additive and that the f-shell
effect itself is relativistically enhanced.®%? While the
lanthanide contraction is caused by both the shell
effects and the relativistic effect, the actinide con-
traction is caused mainly by relativity.

Another question discussed recently concerns the
role of electron correlation in calculation of molecular
structures with heavy atoms.5%° Both electron cor-
relation and relativistic effects have been shown to
be important, and neither of them should be ne-
glected for molecules of heavy atoms at the present
level of expected accuracy. Different properties are
influenced to different extents by these two effects.
Thus, for example, a study of AuF®2 showed that bond
lengths, force constants, and dipole moments are
more strongly influenced by relativistic effects, while
the dissociation energy is mostly affected by correla-
tion. The correlation and relativistic effects are not
additive either and the results depend on the order
in which these effects are treated.

UF; is one of the most studied heavy-atom mol-
ecules and a prime target for studying relativistic
effects. The relativistic contraction and expansion of
orbitals lead to a stronger and shorter U—F bond
compared to the nonrelativistic treatment. Similarly,
spin—orbit splitting is very pronounced.®® The rela-
tivistic effects are significant in bonding and lead to
about 50% increment in the predicted atomization
energy.5%®

Spin—orbit coupling, one of the appearances of the
relativistic effects, appears to be essential in deter-
mining the ground-state symmetries of molecules.
The importance of spin—orbit coupling was already
mentioned in the previous section in connection with
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the Jahn—Teller effect. Its manifestation at the
orbital levels often quenches the Jahn—Teller effect,
and an otherwise expected geometrical distortion
may not happen. However, this is not all. As the
pattern from high-level computations emerges, this
phenomenon often results in unexpected geometrical
arrangements, different ones from what similar
molecules of lighter central atoms would have. A
recent computational study of noble gas tetrafluo-
rides provides a nice illustration. Even though they
are not metal halides, their example is instructive
as a similar situation may be expected for superheavy
metal halides. XeF, is a square planar molecule, and
one of the success stories of the VSEPR model*® was
that it correctly predicted this structure based on the
AX4E; “coordination” of the central atom, with four
ligands and two lone electron pairs. Both experiments
and computations agree with this geometry. Com-
putational results give the same symmetry for the
heavier RnF, as well.®* On the other hand, when the
structure of the transactinide analogue of the noble
gases, (118)F,4 is computed, ignoring spin—orbit
coupling gives a D4y minimum structure while in-
cluding spin—orbit coupling results in a regular
tetrahedral arrangement of somewhat lower energy
than the Dy, structure. Another example is the
already discussed structure of PuF; (see the previous
section).5"?

In conclusion, the computational study of the
transactinide molecules has proved to be useful in
bringing out interesting effects in a conspicuous way.
These findings are an important contribution to the
study of their less esoteric, lighter congeners.

XIl. Concluding Remarks

Metal halide structural chemistry shows many of
the diverse features of inorganic chemistry both in
chemical bonding and in properties. For structure
determination, this is one of the most difficult
compound classes. The increasing availability of high-
level computations has greatly enhanced our knowl-
edge of metal halide molecular structures. At the
same time, computations emerge as a partner rather
then replacement for the experimental techniques.
An important feature of metal halide structural
chemistry is the interdependence of motion and
geometry, and for this reason especially, a critical
approach to the published information is especially
important.
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XIV. Abbreviations

ADF Amsterdam density functional program

B3LYP

BP
BPW91

BSSE
CASPT2

CASSCF

CcsD
CCSD(T)
Cl

CIsC
CISD

CVvD
DFT
DFT/LDAX

DHF
ECP
ED
ED/SP

ES
FTIR
HF
IR
JT
LDF
LIF

MBPT(2)
MCSCF

Ml
MMW
MP

MP2

MP3
MRSDCI

MRSDCI-
(+Q)
MW

ND
NR
QCISD
QCISD(T)
QR

R

Ra

RHF
sDCI
SDCI(+Q)

SOCI
SVWN

VWN

XAFS
XR
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Becke's three-parameter hybrid method with
the LYP (Lee, Yang, and Parr) correlation
functional

Becke's exchange functional with Perdew's
correlation functional

Becke's exchange funtional with Perdew/
Wang 91 correlation functional

basis set superposition error

complete active space plus second-order
perturbation theory

complete active space multiconfiguration
SCF

coupled cluster singles and doubles

as above, including triple excitations

configuration interaction

size-consistent configuration interaction

configuration interaction with all single and
double excitations

chemical vapor deposition

density functional theory

DFT computation with the LDAX exchange
functional

Dirac—Hartree—Fock (fully relativistic)

effective core potential

electron diffraction

joint electron diffraction and vibrational
spectroscopic analysis

electron spectroscopy

Fourier-transform infrared spectroscopy

Hartree—Fock level computation

infrared spectroscopy

Jahn—Teller

local density functional calculation

laser-induced fluorescence spectrum in ro-
tational resolution

second-order many-body perturbation theory

multiconfigurational self-consistent field com-
putation

matrix isolation spectroscopy

millimeter wave

correlated calculation at the Moller—Plesset
level

MP calculation truncated at second order

MP calculation truncated at third order

multireference single and double configura-
tion interaction method

as above, including the multireference David-
son correction

microwave spectroscopy

neutron diffraction

nonrelativistic

quadratic configuration interaction calcula-
tion including single and double substitu-
tions

as above, with triple contributions to the
energy

quasirelativistic

relativistic

Raman spectroscopy

restricted Hartree—Fock computation

singles and doubles configuration interac-
tion

singles and doubles configuration interac-
tion with Davidson correction

second-order configuration interaction

local density function with Slater exchange
(DFT)

Vosko—Wilk—Nusair LSD approximation
(DFT)

X-ray absorption fine structure spectroscopy

X-ray diffraction
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