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lodine was discovered in 1811 by the French

Il.4.1 Heptgm@des Ii 1667 chemist Curtois during the process of manufacturing
lll.4.2- Octaiodides Iy 1667 potassium nitrate, with which he supplied the Na-
lll.4.3 Undecaiodides 11>~ 1667 poleon armies.* While washing seaweed ashes (used
lIl.4.4 Tridecaiodides l15*~ 1667 to conserve potash in the process) with sulfuric acid,
.45 Hexacosaiodides s>~ 1667 he noticed violet fumes that condensed on his copper
l11.4.6 Nonacosaiodides I~ 1668 equipment and caused corrosion. Later, Gay-Lussac
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and Davy recognized it as a new element and named
it after the Greek word for violet (Greek: wwdrnq).?
Shortly after, polyiodide chemistry was discovered
when Pelletier and Caventou showed that the addi-
tion of iodine to strychnine resulted in the crystalline
compound strychnine triiodide, which they named
"hydroiodure ioduré”.® The reaction between metal
halides and iodine, as well as the increased solubility
of iodine in different solvents on the addition of
potassium iodide also attracted early attention. Sev-
eral investigators considered the increase in solubil-
ity a consequence of the formation of triiodide ions.
However, many researchers were reluctant to accept
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Figure 1. Tincture of iodine.

this explanation. The first systematic investigation
was initiated in 1839 by Joérgensen.* He proposed
that polyiodide alkaloids contain iodide as well as
iodine.

Even at an early stage in their history, polyiodides
found applications in several areas. The blue starch—
iodine complex (believed to consist of polyiodide
fragments®) was discovered already in 1814, and in
that same year was employed as a sensitive analyti-
cal test for iodine.® A more unusual application for
polyiodides was found during the extermination of
stray dogs undertaken by the Paris police in 1830.47
They used strychnine-containing derivatives, and it
was not long before an antidote was requested. Donne
found that a solution of iodine in potassium iodide
(potassium triiodide) was an appropriate antidote for
the poisoning.” The same mixture (tincture of iodine;
Figure 1) has also been applied to the treatment of
goiter.®

Polyiodides have earned much deserved attention
because of their fascinating structural chemistry.
Examples of everything from very simple discrete
units to one-dimensional chains and complicated two-
and three-dimensional networks all occur. Already
in 1933, the first complete structural determination
of a polyiodide, ammonium triiodide [(NH,)ls], was
reported.® Up until now, a large number of polyiodide
ions have been structurally characterized and anions
in the range from 1.~ to I,6°~ have been established.
The great variety of possible polyiodide structures is
a consequence of the ability of iodine to catenate
through donor—acceptor interactions combined with
the influence of counterions. These features have
been rationalized and utilized in template synthesis,
as well as in molecular and crystal engineering,
where different cations are used to achieve special
structural features.’® Apart from cation variation, it
is also possible to substitute the polyiodide building
blocks for other donor and acceptor species in order
to modify the structural properties.! Polyiodides are
hypervalent, and many large polyiodide structures
cannot be explained by simple covalent bonding
models. The nature of the bonding in polyiodides has
therefore been the object of much theoretical specula-
tion.’? The interest in polyiodides has also been
focused on mixed-valence, donor—acceptor materials
(organic metals) where iodine is used as the acceptor.
These materials often exhibit unusually high electri-
cal conductivity.'® Several of these mixed-valence
compounds have been found to be superconductors
with a T, typically at 2—8 K.'* The use of iodine to
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dope conjugated polymers (where polyiodides are
formed via charge transfer) to form conducting
polymers has been an area of great interest, and the
2000 Nobel Prize in Chemistry to A. J. Heeger, A. G.
MacDiarmid, and H. Shirakawa was awarded for
research in this area.'®

Room-temperature, molten polyiodides show high
electrical conductivity, and the reason for this be-
havior has been the subject of several investiga-
tions.’® A mechanism of conductivity similar to the
Grotthus one for protons in water has been sug-
gested.!’

Many of the properties mentioned above suggest
potential technical applications in a great variety of
areas. Indeed, polyiodides have found such applica-
tions in electronics, fuel cells, batteries, solar cells,
optical devices, etc.'®

Il. Synthesis and Characterization

Even though the number of known polyiodides is
large, it is possible to rationalize their synthesis and
chemical properties. This section covers the general
principles of synthesis and characterization of poly-
iodides.

[I.1 General Considerations

The Lewis acid acceptor iodine and the Lewis base
donors I~ or I3~ can be regarded as the fundamental
“building blocks” of polyiodides. However, as will be
described later, there also exist “guest” building
blocks (e.g., metal iodides and donor species of
Groups 15 and 16). The building blocks catenate
easily and a large variety of polyiodides can be
synthesized (e.g., 1427, Is~, and I;7; see Figure 2) with
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Figure 2. Construction of 1,27, Is7, and ;- ions from the
polyiodide building blocks.

geometric features such as linear chains *.[17:1],
quadratic networks 2,[17:15] or 3.[17:15] cubic 3D
networks.132519 Since polyiodides are usually dia-
magnetic, the possible combinations of the building
blocks can be described by the following formulas
(Scheme 1 and Figure 2). For the rationalization of

Scheme 1

mh+nl —>1,,.," (mand n integers >0, n=1 - 4)
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the formal composition in some extended polyiodides
also noninteger values of n may be employed.

The variable m is equal to the number of iodine
molecules, and n is equal to the number of iodide
ions. The upper limit of n is set to 4, since this is
the highest charge presently known for polyiodides.
The formula does not contain the triiodide as a
variable but it is included indirectly since the triio-
dide is formed from an iodide ion and an iodine
molecule. A less general polyiodide classification
according to 1710505k (Where i, j, and k integers, 0 <
i, 0 < j =< k, k = ionic charge) has also been
proposed.?® Under special conditions it is possible to
form ions such as 1,7, 1,7, and ls~ as well as poly-
iodonium cations (e.g., I>*, I3%, 1,27, and Is*) by
violating the formula in Scheme 1.2* Generally, the
stability of polyiodides is very dependent on the size,
shape, charge, and symmetry of the cation used.
Large cations with a high symmetry can be employed
to obtain large and thermally stable polyiodides. 32019
In general, an increase in iodine content destabilizes
the resulting polyiodide. Polyvalent cations usually
lead to significant increase in triiodide asym-
metry.13a-b19.22.23 Recently, the polyvalent complex
crown ether cations have been shown to be useful in
the synthesis of polyiodides.12~9 Evidence has been
found for the presence of polyiodides in solution, with
the triiodide ion the predominant species in water
(Scheme 2).24 However, higher polyiodides (e.g., 1,2~

Scheme 2
I.(s) + I'(aq) —> I(aq) K =723+10 (25°C)

and 1s7) have also been reported in solution.?*2°
Recent investigations indicate that Is~ is the only
isolated polyiodide that exists in aqueous solution,
whereas larger polyiodide species are stabilized by
H* ions.?6 In most nonaqueous solvents, polyiodides
show a dramatic increase in stability.1?® Polyiodides
are readily soluble in solvents such as acetone and
ethanol.

All polyiodides decompose to some extent into
iodine and iodide at room or higher temperatures.
The color of polyiodides is a direct function of the
amount of iodine present. As the iodine content
increases, the color becomes darker and darker.
Higher polyiodides usually exhibit a characteristic
metallic luster.

1.2 Synthesis and Model Polyiodide Systems

[1.2.1 Synthesis

To date, several hundreds of polyiodides have been
reported in the literature. They have very different
structural and physical properties. However, the
syntheses used can in general terms and with few
exceptions be described simply as the addition of
iodine to an iodide in an appropriate reaction me-
dium.1%25 This procedure can of course be varied in
many different ways depending on how the iodine
and iodide are mixed, the solvent used and the cation
associated with the iodide. There is a multitude of
possible cations (e.g., onium, metal, crown ether,
cryptand, and heterocyclic nitrogen cations) that can
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be used in the synthesis of polyiodides. All of them
exert a specific influence on the resulting polyiodide
structure. One modification of the general synthetic
route is to react iodine with an existing polyiodide
thus obtaining a polyiodide with a higher I, content.
Metathesis reactions have also been reported.?” In
some cases, when the polyiodide has a high iodine
content, it is important to employ a solvent that is
inert and possesses poor solvating properties with
respect to iodine.

The reaction of nucleophiles (e.g., phosphine se-
lenides/sulfides and unsaturated nitrogen hetero-
cycles) with iodine can also result in the formation
of polyiodide species (see section IIl). This is a
consequence of a charge-transfer interaction between
the two species resulting in a charge separation.
Generally, all the synthetic routes mentioned above
are performed in a single phase. However, examples
of two-phase synthetic routes are also described in
the literature.?® Here, a water—organic solvent mix-
ture, where the polyiodides are extracted from the
organic phase are used.

The reaction of metal iodides (and donor species
in general) with polyiodides constitutes a special
synthetic route, since the metal iodide in such
systems causes the iodine to compete for the iodide
ions. This mechanism enables the insertion of guest
atoms into the polyiodide networks. In these com-
plexes, the metal iodides can be regarded as substi-
tuting for the negative ions I~ and Is~ in the pure
polyiodide networks. Thus, the metal iodides can be
considered new polyiodide building blocks. It is
possible to distinguish between two classes of metal
iodide—iodine complexes, where the polyiodide is
incorporated into the coordination sphere: Com-
plexes with other stabilizing ligands (e.g., amine,
cyclopentadienyl, phenyl, and phosphine), and com-
plexes with only iodide ligands (binary metal iodide—
iodine systems). The former is quite well-known in
polyiodide chemistry and several examples will be
given in section II1I.

The majority of all polyiodides exist in the solid
state, although polyiodide melts have been synthe-
sized also. It is possible to distinguish between two
types of molten polyiodide systems: Pure liquid
iodine melts at elevated temperatures, and room
temperature polyiodide melts. The formation of room
temperature molten polyiodides and melts in general
are facilitated by (a) monovalent cation and anion,
(b) voluminous cation or anion, and (c) charge delo-
calization or good ligand screening [viz. Pt(NH3),2™].2°

[1.2.2 Model Systems

There are two main approaches to the systematic
study of polyiodides each of which exhibits some
limitations. In the first, the liquid model systems, it
is possible to study nonextended structural units. In
this case, either solutions of iodine dissolved in
organic solvents or polymers, pure liquid iodine or
room temperature polyiodide melts are studied. The
problem with the second, solid polyiodide model
systems is that to obtain a good understanding of the
relationship between structure and physical proper-
ties, it is important to be able to exercise synthetic
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control. This requires the synthesis of series of
compounds with systematic changes in composition
and structure. But because of the multitude of small
effects strongly influencing the exact structure and
composition of solid polyiodides precipitating from a
specific synthetic batch, such control is virtually
impossible. The problem with using I,-based liquid
model systems, on the other hand, is due to the use
of Ix(l) as solvent. In addition to its hazardous nature,
molten iodine has several undesirable properties; it
is corrosive, has a high vapor pressure, and because
of its low dielectric constant, it is a rather poor
solvent for inorganic electrolytes such as metal
iodides. The obvious problem with using a two-
component system is the influence of a second
component such as another solvent or polymer. The
solubility of inorganic electrolytes in organic solvents
is low and several of them are known to promote
heterolytic cleavage of I..

The gas phase is a potential third model system.
However, to date, it is used implicitly only in theo-
retical approaches.

[1.3 Characterization

Several techniques have been employed to charac-
terize the nature of polyiodide systems. In addition
to X-ray based methods the most powerful methods
used to obtain structural information are Mdssbauer
spectroscopy and vibrational spectroscopy. Other
methods such as NMR, ESR, ESCA, and UV/vis
spectroscopy, as well as electrochemical measure-
ments have also been applied. This section will focus
on spectroscopic methods, while X-ray diffraction and
scattering data will be discussed in section I11.

[1.3.1 Vibrational Spectroscopy

Raman and far-1R spectroscopy are powerful meth-
ods for the characterization of polyiodides in both the
liquid and solid state. They are especially valuable
when the compounds investigated are noncrystalline.
When compounds crystallize, additional structural
information is obtained. In the following survey of
the vibrational properties of polyiodide systems,
iodine is discussed separately from I3~ and the higher
polyiodides.

[1.3.2 lodine

Although solid iodine has a Raman-active mode at
180 cm™, v1, no spectral features are seen in the IR
spectra as a result of the symmetry selection rules.®®
The v, symmetric mode for molten and gaseous iodine
are at 194 and 213 cm™%, respectively.3132 Spectral
features for molten iodine indicating the presence of
I~ and (), cluster formation has also been de-
tected.®! As I, becomes coordinated to a donor, the
force constant is reduced and the v; mode moves to
lower wavenumbers.1%33 This is a consequence of
electron density donation into the o* antibonding
orbital of iodine. Usually, coordination to the donor
species also lowers the symmetry of iodine. As a
result the v; mode becomes IR-active. Classical
examples of this type of donor—acceptor interaction
are solutions of iodine in different organic solvents
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(e.g., alcohols, pyridine, etc.).3* Other examples are
found for iodine compounds with alkenes/alkynes,
and iodine intercalated into fullerenes or super-
conductors.3-3%7

The paramagnetic, molecular ion I,~ (with alkali
metal cations) has also been investigated using
Raman spectroscopy and the frequency of the v, band
was reported to be 115 cm~1.38 Measurements were
made in liquid helium because of the instability of
the ion.

Vibrational spectroscopy studies have proven use-
ful in the study of iodine-doped organic, polymeric
conducting compounds (organic metals). Such studies
have provided information about the nature of the
iodine species present, charge-transfer interactions,
as well as the conductivity mechanism.32136.39 Ag g
tool for the characterization of iodine, Deplano et al.
have suggested an empirical correlation between the
v, frequency of I, and the intramolecular iodine
distance, d(I—1), applicable to weak or medium-
strength, charge-transfer compounds.®34° They also
suggest that for strong interactions between iodine
and the acceptor (I, bond order < 0.6), the complex
cannot be regarded as a two-body system. Hence, this
has to be taken into account in the interpretation of
the vibrational spectra.

[1.3.3 Triiodides and Higher Polyiodides

The centrosymmetric (Din) triiodide has a Raman-
active (symmetric stretch) band v; and two IR-active
bands. These are the doubly degenerate bending and
asymmetric stretch modes, v, and v3, respectively. If
the symmetry is lower than Dj,, then all three modes
become both Raman- and IR-active. In general, for a
symmetrical I3~ ion the bands from the v1, v,, and v3
modes can be expected at approximately 110, 50—
70, and 130—140 cm™, respectively.130:33d40-42 The
Raman spectrum of (dbgr)l; shows the characteristic
v1 mode at 110 cm~1.%® The vz mode is found at 125
cm™t, whereas in the far-infrared spectrum the v,
modes are at approximately 50 cm™.

Deviation from the selection rules have been found
for several triiodide systems. Gabes et al. point out
that effects such as factor-group splitting and site
symmetry splitting have to be taken into account in
the solid state to correctly interpret spectra.**

For solutions of triiodides, the selection rules for
Din have been found to be violated. For example,
(Me4sN) I3 dissolved in either nitrobenzene and etha-
nol, as well as Kls dissolved in water or methanol
show spectral features deviating from the expected
Dih symmetry.1%4% They suggest that such deviations
from Din symmetry are a consequence of symmetry
lowering. This can result from either (a) anion—anion
interaction, (b) complex formation with the solvent,
or (c) the relative instability of the linear symmetric
structure compared to a slightly asymmetric struc-
ture.** The explanations (a) and (c) may also arise
due to the presence of higher polyiodides.

In a more recent investigation, Milne suggests that
spectral effects, Raman enhancement and Fermi
resonance, all have to be taken into account to
achieve a complete interpretation of the spectral
features.®® He applied this theory to the HI/I, system
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Figure 3. Raman spectra of (dbqr)ls.
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Figure 4. Raman spectra of (a) molten (Et3S)l; at room
temperature, (b) molten (Me3S)l; at approximately 40 °C,
(c) solid (Me3S)l; at room temperature (mp = 37 °C), (d)
Quenched Et;Sl; (196 °C). 3. Chem. Soc., Dalton Trans.
2000, 2449. Reprinted with permission of the Royal Society
of Chemistry. Copyright 2000.
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in aqueous solution. Here, extra spectral features in
the Raman spectra were found at 150 and 172 cm™1.
The 150 cm~* band was assigned to Fermi resonance
between v; and 2v,, while the 172 cm~! band was
assigned to the 11 stretch of the ion-pair [H]l5™.
The vibrational spectra of the (R3S)I3(l) polyiodides
(R = Me or Et) show unexpected (for Dj, symmetry)
spectral features at 145 and 170 cm™* (cf. Figure
3).4246 However, solid (Me3sS)1; and (Et3S)l15; are found
to follow the selection rules for D, (Figure 4).4246
Polarization experiments showed that the 170 cm™?
peak originates from a symmetric vibrational mode.
The addition of excess I~ causes the peak at 170 cm™?
to disappear, while the peak at 145 cm™1 is invariant.
In addition to the above explanations hot bands,
dynamic process, solvent effects, and redox reactions
have all been suggested as possible explanations for
the spectral features observed. Another explanation
using liquid X-ray scattering (LXS) data of a formal
(Et3S)1, melt together with Raman spectra of the Brs™
and Br,l~ ions suggests that the Raman band at 145
cm!is caused by the existence of asymmetric I3~ in
solution, whereas the additional spectral feature at
170 cm~tis a result of the I, v; mode in a pentaiodide
configuration; [(17)-21,] or [(I37)-12]. The major con-
tribution to the lowering of the I3~ symmetry is
probably cation interaction. The formation of Is~ can
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Table 1. Calculated Vibrational Frequencies for
Pentaiodides

frequency frequency  frequency frequency
linear*® linear%® V-shaped*® V-shaped®®
mode (cm™Y) (cm™Y) (cm™Y) (cm™)
V1 154-162 165 157-164 157
V2 67—75 55 113-130 90
Ve 145-163 146 137-157 143
v7 90—-128 114 77-100 110

be seen as arising from the disproportionation (n+1)I5~
— I3(I2)n~ + nl= (n = 1). Thus, the system can be
understood in terms of a coupled equilibrium initi-
ated by the liquidification of a triiodide system
(Scheme 3). The presence of symmetric and asym-
metric triiodides and pentaiodides gives rise to
vibrational features compatible with the ones ob-
served experimentally.

Pentaiodides have two principal geometries, either
linear (Din) or V-shaped (C,,, [(I7)-21;]). The latter,
which is the most common, also has a distorted
variant in the L-shaped [(I37)-1;] pentaiodide. The
first of several investigations of pentaiodides using
vibrational spectroscopy was an attempt by Parret
et al. to assign the spectral bands.*#748 However,
these assignments are not very detailed. A more
comprehensive assignment was made by Nour et al.
in 1984.4° More recently, Sharp and co-workers used
ab initio calculations to make assignments.>® These
show that the V-shaped pentaiodide has nine vibra-
tional modes (four stretching and five bending modes),
while the linear pentaiodide has seven vibrational
modes (four stretching modes and three doubly
degenerate bending modes). The four stretching
modes of the V-shaped polyiodide can be divided into
inner/outer symmetrical stretches (v./v;) and inner/
outer asymmetrical stretches (v7/vs). These four
stretching modes are the ones usually observed as a
fingerprint. The linear pentaiodide has corresponding
modes. As seen from Table 1 it is not easy to separate
the linear and V-shaped pentaiodides using the
frequencies alone. However, Sharp and co-workers
point out that since the linear pentaiodide will have
a substantially higher vg/v7 ratio in the far-IR spec-
trum it is possible to distinguish between the two
configurations.

The L-shaped pentaiodide configuration displays
a weak coupling between the I, and I;~ unit and the
vibrational features can be interpreted as originating
from the two discrete units.>® A typical Raman
spectrum for the L-shaped pentaiodide is found for
(dbcr)ls (Figure 5). The peaks at 112 and 168 cm™
correspond to the v, of a triiodide and a weakly
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Figure 5. Raman spectrum of (dbqr)ls.

coordinated iodine, respectively. The presence of an
asymmetric triiodide is revealed by the peak at 143
cm™1,

No theoretical calculations have been reported to
support the assignments for heptaiodides. However,
the interpretation of heptaiodide vibrational features
can be rationalized if it is assumed that they origi-
nate from combinations of 17, I, and I3~ {[(17)-31],
[(157)-212]), or [(157)-12]}.20%47~51 Deplano et al. have
recently suggested that even the Is~ spectroscopic
features can be described using the fundamental
polyiodide building blocks. Although this interpreta-
tion seems promising, there is still a substantial lack
of vibrational spectroscopic data (mostly IR) for the
liquid and solid states needed to confirm this hy-
pothesis. Theoretical investigations have shown that
significant covalent interaction appear to be present
for distances as long as 4 A, leading to the conclusion
that spectral features may be even more difficult to
interpret.

The assignment of vibrational features for the
higher polyiodides can be based on the same prin-
ciples as those applied to the heptaiodide. However,
as the iodine content increases there is little to
distinguish the vibrational features from the lower
polyiodides, and without supporting data from other
methods the assignments become very speculative.

A valuable extension of traditional Raman spec-
troscopy is resonance Raman spectroscopy (RRS).5?
In this method, the sample is irradiated with a laser
whose frequency lies within an electronic absorption
band region, and as a consequence the Raman
emission is greatly enhanced. This Raman enhance-
ment is of course important when the sample size is
limited and is a weak scatterer. With RRS, it is
possible to distinguish between an asymmetric and
a symmetric triiodide.5® This results from an increase
in the low-energy absorption in the asymmetric
triiodide, while the symmetric triiodide absorbs
strongly at higher energies.

However, RRS suffers from the disadvantage that
the visible laser can induce not only melting of the
sample, but also fluorescence, sample pyrolysis, and
photoreactions.*? Despite this, the method has been
successful in the investigation of conducting mixed-
valence complexes of halogens and several polyiodide
systems.19a-b.4054
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Figure 6. Conductivity of some polyiodides and iodine-
doped compounds.

[1.3.4 Conductivity Measurements

The investigation of the electrical conductivity of
iodine was initiated well before 1900 and already in
1906 the first quantitative data were reported.®® In
the 1930s, it was noticed that the addition of iodine
to pyridine drastically enhances the conductivity.%
However, the system was poorly understood. During
the 1950s, the presence of triiodide in pyridine/iodine
systems was confirmed by UV/vis spectroscopy and
Mulliken proposed a reaction sequence where Py-l,
is heterolytically dissociated into Pyl* and I~ .57%8 The
I~ thus formed then reacts with the iodine present
to form I3~ and higher polyiodides. This model was
later slightly modified, when the iododipyridinium
ion (Py).1* was identified in the system®® (Scheme 4).

During the 1950s and early 1960s investigations
of the electrical conductivity in charge-transfer com-
plexes, with iodine as acceptor, were also performed.®°
Several of these compounds (e.g., iodine-doped viol-
anthrene and pyrene) display large electrical con-
ductivity enhancements. Since then, iodine has been
used in a wide number of investigations to improve
conductivity in polycyclic aromatic hydrocarbons,
graphite, stacked inorganic systems and polymers.
In many of these mixed-valence systems, which are
often low-dimensional, polyiodides have been shown
to be present. They usually occupy channels between
stacks of planar, cationic structural elements. The
conductivity of these compounds spans a wide range
(Figure 6). Several superconducting charge-transfer
complexes have also been reported [e.g., K(BEDT-
TTF)2l3, (DMET)l3, and (BEDT-TTF)I3].5%

The mechanism of conductivity in the mixed-
valence systems is believed to be associated with the
cationic stacks, but there is some suggestion that
polyiodides are also involved in the conduction pro-
cess. Even though the polyiodides play an important
role in these systems, few studies of the conductivity
of pure polyiodide systems have been reported.

Crystalline, organic polyiodides [e.g., (MesPhN)I;
and (MePy)l;] were investigated by Kusabayashi et
al. They concluded that although the conductivity is
quite low as the iodine content is increased the
conductivity also increases.®? In 1987, Stegemann et
al. measured the conductivity of N-alkylurotropinium
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Figure 7. Schematic illustration of the Grotthus mecha-
nism.
polyiodides and reported that the cation has no
significant effect on the conductivity and that the
charge transport is predominantly electronic. They
also showed that the conductivity increases for the
higher polyiodides (i.e., with larger iodine content).
Liquid polyiodides would be expected to have high
electrical conductivity as a consequence of transla-
tional ion movement in the melts. Thus, the addition
of iodine ought to decrease the conductivity since it
is an insulator and because its coordination to I~ and
I3~ ions in the melt would increase the physical size
of the charge carrier. In such a model, larger poly-
iodides should have less ionic mobility. However, the
molten polyiodides (R3S)lx and (R4N)Ix show an
increase in conductivity with increasing iodine con-
tent. Consequently, an ionic conductivity mechanism
does not seem applicable. Conductivity in analogous
systems has been explained by radical formation,
delocalized electrons, or conduction via a Grotthus
mechanism.?® Stegemann and co-workers suggest
that the latter option should be applicable to polyio-
dide melts (Figure 7). The Grotthus mechanism, also
referred to as a relay mechanism, produces a net
transport of charge without any net transport of
mass. This mechanism is favored by a high iodine
packing density which results in advantageous elec-
tronic interactions between the donor and acceptor.
Hence, the conductivity enhancement with increas-
ing iodine content is a consequence of an increase in
connectivity and the reduced distance between donors
and acceptors. Stegemann et al. also reported that
the activation of charge-carrier transport is of the
same magnitude as for solid proton conductors with
an established Grotthus mechanism.?®

11.3.5 UVIvis Spectrophotometry

Dissolved iodine gives rise to a broad spectrum of
colors. In aliphatic solvents, the color is violet, while
in alcohols, ethers, and benzene it is brown or
reddish-brown. The use of UV/vis spectrophotometry
for the characterization of polyiodides is therefore
appropriate. Gabes et al. have performed numerous
UV/vis investigations of polyiodides, and they report
that the triiodide ion has two absorption bands at
290 and 367 nm (in the solid state and in CCly).53
The blue starch—iodine complex was also investi-
gated, and the band at approximately 600 nm was
assigned to the pentaiodide ion.54% The absorption
band for pentaiodides has also been reported as
occurring at about 700 nm.® Higher polyiodides, such
as I;~ and lg~, have been reported to show the same
spectral features as the triiodide and pentaiodide
ions.'®¢ An increasing I, content seems to extend the
tail of the absorption bands to larger wavelengths
(Figure 8).

[1.3.6 Other Methods

Nuclear quadrupole resonance spectroscopy (NQR)
of iodine (*?’I, spin 5/2) in polyiodides provides the
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Figure 8. UV/vis spectra of a thin film of (Et3S)l3 (—),
(Et3S)Is (- - -), and (EtsS)17 ().

possibility of analyzing the electronic charge distri-
bution among the valence orbitals.®” This method can
therefore be used for testing different bonding theo-
ries. The first NQR measurements on polyiodides
were reported in 1955, and since then several studies
have been performed.® Nakamura et al. propose that
by examining the coupling constants it is possible to
divide triiodides into three groups: symmetric, nearly
symmetric, and markedly asymmetric.®® lodide ex-
change studies, obtained by the investigation of line-
broadening effects of the iodide signals in triiodide
solutions, have also been reported.”™

It was concluded by several authors that the
bonding in trihalides involves p-orbitals with little
or no s- and d-orbital contribution.®’-6° This bonding
model will be discussed in more detail in section I1V.

Mossbauer spectroscopy differs from all other
spectroscopic methods used for the characterization
of polyiodides, because it utilizes the emission and
absorption of y-rays. The observed transitions are
intranuclear and occur between the ground state (I
= 7/2) and the excited state (I = 5/2) for ?°I. The
advantage of Mdsshauer spectroscopy, compared to
vibrational spectroscopy, is that it is possible to detect
isolated 1~ ions and to obtain information about
relative site populations.’3213> The former supports
the bonding model mentioned above.!%2-b.71 Several
investigations have been performed using this tech-
nique, and it proved crucial for the characterization
of the polyiodide present in the starch—iodine com-
plex. It has also been used with great success in the
study of conducting, mixed-valence compounds.t3®
However, even a method this powerful has some
disadvantages. The compounds investigated have to
be radioactively enriched in '2°I. The radioactivity
associated with the enrichment process makes it
difficult to use this technique. It should be pointed
out that *?7] also can be used for Méssbauer spec-
troscopy, but the resolution is considerably lower
than for 2°I.

Several other methods [e.g., ESCA, ESR, potenti-
ometry, calorimetry, and DTA (differential thermal
analysis)]’? have all been applied to the characteriza-
tion of polyiodides. Space does not permit more
detailed discussion of these informative and useful
techniques. One new technique worth mentioning,

Svensson and Kloo

L “+b
Figure 9. The structure of iodine at 110 K.

however, is time-resolved and ultrafast laser spec-
troscopy. Polyiodide systems including the photo-
dissociation of the triiodide ion in ethanol solution
has been extensively studied with this technique.”
Bond cleavage is reported to take place in approxi-
mately 300 fs resulting in I~ and neutral | (Scheme
5).

It is interesting to note that photodissociation
produces a neutral iodine atom, whereas thermal
dissociation leads to the iodide ion, which is respon-
sible for the conduction properties of polyiodides.

[ll. Structure

The classification and description of discrete poly-
iodides are usually straightforward. However, with
increasing iodine content polyiodide network struc-
tures emerge, and their description is not always
unambiguous. This complication is accentuated by
the fact that a wide range of weakly bonded I---1
distances, much shorter than the sum of the vdwW
radii (4.3 A),7* are observed. Also, the boundary or
limit of what is considered an iodine—iodine bond is
not very clear. This will be discussed in section IV.

The polyiodide structures are discussed according
to the series lonem™ (M > 0 and n > 0). Compounds
containing several discrete polyiodide ions resulting
in a formal composition according to lon+m™™ will be
treated together with the smaller ions. The structure
of iodine, which is fundamental to the interpretation
of polyiodide structures, is also included. The binary
metal iodide—iodine and related polyiodide structures
are described in separate sections.

1.1 lodine |,

The structure of solid iodine can be described as a
layered, two-dimensional zigzag-chain network (Fig-
ure 9). At 110 K, the intramolecular distances are
reported to be 2.715 A. Several short intermolecular
distances are found at 3.496, 3.972 (within the
layers), and 4.269 A (between adjacent layers).”® The
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corresponding distances at room temperature are
reported to be 2.68, 3.56, 4.04, and 4.40 A.7 However,
low-temperature bond lengths are usually taken as
the reference because room-temperature measure-
ments are less accurate. lodine undergoes a struc-
tural phase transition at elevated pressures being
transformed into a metallic phase, in which the
intermolecular distances approach the intramolecular
ones.”’

X-ray diffraction studies of liquid iodine have
revealed a short-range orientational order with ad-
jacent molecules oriented in a more or less parallel
configuration. The intramolecular bond length of I,-
(1) is reported as 2.70 A.”®

In polyiodides, in addition to intramolecular bonds,
which tend to be longer than the normal covalent -1
bond, the intermolecular bonds are much shorter
than the vdW distance (4.3 A). The great range of
I—1 distances found in polyiodide structures makes
it important to define what is considered an "ordi-
nary” I—1 bond. Alcock introduced the term "second-
ary bonding” to account for a range of interactions,
including charge-transfer bonds.” Secondary bonds
should, at least theoretically, produce a weakening
of the primary bond. For example, the interaction of
an I~ with iodine should elongate the intramolecular
iodine bond distance. However, to assign secondary
bonds, some kind of boundaries have to be estab-
lished. Coppens suggested that the boundary between
intra- and intermolecular distances should be set at
3.3 A.132 His arguments are based on the "complica-
tion” that polymeric chains in some compounds would
have to be included, if a higher limit is chosen. This
limit, however, makes it difficult to describe many
known structures. In general, I---1 contacts in the
3.4—3.7 A range are regarded as secondary bonds and
those up to 3.9 A as weak vdW interactions.8° As will
be seen from the description of the polyiodide struc-
tures below, these limits are quite arbitrary, and in
the literature different values have been applied to
different structures. In this work, we regard polyio-
dides with I--:l interactions longer than 4 A as
discrete. Ab initio quantum chemical studies (see
section 1V) support this view and is briefly discussed
in the sections below.

[11.2 Polyiodides within the Series lpn41~
[11.2.1 Triiodides I3~

Structurally, the most studied polyiodide is the
triiodide ion. Since approximately 500 triiodides, with
very different cations and structural features, have
been characterized,® it is impossible here to give a
comprehensive description of all these structures.
Fortunately, however, it is possible to make some
generalizations about triiodide structures.

The triiodide ions (3.1) are linear (or nearly linear)
and can be divided into two types: asymmetric (Cs
and C;y) and symmetric (C,, and Dijp).

o
{ﬁi J 1 wﬁ / 2 ﬁ /

3.1
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Figure 10. Statistical overview of the triiodide ion struc-
ture.

Many triiodide structures are described in the
Cambridge Structural Database (CSD),8 thus pro-
viding an excellent tool for demonstrating the struc-
tural parameters of triiodide ions. The distances r;
and r, show a wide range of linear flexibility, but the
total distance (r; + ry) is essentially constant if Ad
= |r; — ry| is relatively small (< 0.10 A; Figure 10).
If Ad is large, the total length of the polyiodide
increases. The reluctancy of triiodide ions to deviate
from linearity is clearly seen in Figure 10.

It is believed that the large linear deformation of
the I3~ ion is a result of the different environments
in the solid state. Rusnik et al. characterized the
structure of [(CsHs)4AS] I3, where because the triiodide
ion has no short intermolecular contacts it can be
regarded as a "free” triiodide ion [d(I—-1) = 2.90 A
and o = 176.4°].82 According to the CSD the average
d(1—1) for the triiodide ion is 2.92 A. This is close to
the 1—1 bond length for "free” triiodide.

Triiodides with a large cation are usually sym-
metric, whereas asymmetry is induced in those with
a small cation. However, the cation size is not the
only factor determining the structure/topology of
triiodides. For example, in Csls, the triiodide ion is
asymmetric even though the Cs* cation is quite large
and in Kl3-H,0 the triiodide ion is symmetrical even
though it is in contact with a small cation.®® In
general, if the effect of cation size is excluded, then
the triiodide structures with large Ad are involved
in hydrogen bonding or interionic interactions.?38
Packing effects and electrostatic interactions may
also have to be considered to explain induced asym-
metry, such as the observed deviation from ideal
symmetry of the triiodide ion in [(CeHs)4AS]l5.

The large number of compounds with hydrogen
bonding to triiodides (CSD) can be seen in Figure 11,
which shows all H---1 contacts (shorter than the sum
of vdW-radii) for the terminal iodide atom. The
distribution is uniform, and the shortest H---1 contact
is about 2.5 A. The central iodide atom has a similar
distribution.
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Table 2. Isolated V/L-Shaped Pentaiodides [d(I--:1) > 4 A]

Svensson and Kloo

r r; rs ry o o2 o3 compound
2.781 3.088 3.092 2.791 178.4 92.2 178.1 C-(BEDT-TTF)2(l3)(15)%
2.760 3.080 3.080 2.760 178.8 83.8 178.8 (valinomycin-K™),(137)(157)%
2.829 2.991 3.259 2.756 173.3 88.6 176.2 [1-N](15)87
2.801 3.067 3.067 2.801 178.7 102.1 178.0 (DMFc)15%
2.812 2.983 3.115 2.754 177.0 98.2 174.6 [(salen)VOVO(salen)][Is]-MeCN®®
2.817 3.051 3.187 2.790 177.4 90.2 176.5 [LeesH---L]15%
2.820 3.001 3.263 2.743 174.1 84.0 175.4 i-PrTazls®*
2.790 3.111 3.111 2.790 177.3 84.6 177.3 [Ag(9)aneSs),)]ls %2

o0

Figure 11. The symmetry reduced distribution of hydro-
gen around the terminal iodine of the triiodide.

Triiodide ions are usually stacked or layered in
T-shape or zigzag patterns. In stacked structures or
structures with channels, the triiodides often form
infinite linear chains with weak I37+--13~ interactions
(typically at > 3.6 A, according to CSD).8!

An example of stacked triiodide ions (Cs symmetry)
in infinite chains with weak I;7++:15 interactions (4.0—
4.2 A) is found in the structure of (dbcr)ls (3.2).43 In
the structure of (Et3S)ls, the triiodide ions (Cs sym-
metry) are packed in a characteristic T-shape pattern
[d(l+<1) = 4.0—4.1 A] (3.3).%2 In addition, linear
terminal I---1 interactions are present [d(I---1) = 3.9

Al

33

Figure 12 shows the coordination environment for
the triiodide building block in polyiodides. The typical
V/L-shaped (see section 111.2.2) and T-configurations
are clearly observed.8! However, also a large amount
of parallel arrangements can be discerned, especially
at 180 degrees. These correspond mainly to the
I37---13~ interactions mentioned above. Figure 12 also
shows that the preferred coordination orientations
are 90 and 180° with respect to the terminal iodine
atom and 90° with respect to the central iodine atom.

Polyiodide structures are rarely characterized after
their ionic packing. However, Knop et al. report that
by considering the volume of the formula unit (V,) it
is possible to roughly determine the packing type in

Figure 12. The symmetry reduced distribution of iodine
around the terminal iodine of the triiodide.

triiodide structures with compact cations.?8* Tri-
iodides with a small V; correspond to the NaCl type,
those with intermediate V; values to the anti-NiAs
type and those with large V; values to the CsClI type.
They considered V; values of approximately 400 A
as large.

Bengtsson et al. report LXS results for (Me3S)l; and
(Et3S)13 melts, which show that these melts consist
of discrete, centrosymmetric Is~ anions and pyrami-
dal R3S™ cations.*63%d The intramolecular 1—1 dis-
tances are reported to be 2.908 and 2.915 A, respec-
tively. The cations are asymmetrically coordinated
to the triiodide ions at distances corresponding to the
sum of vdW radii of S and 1. In the corresponding
solid compounds, the triiodides are asymmetric and
the bond lengths are 2.915 and 2.946 A for (MesS)-
13(s) and 2.89—2.95 A for (EtsS)ls(s). The LXS results
for the polyiodide with a formal composition of (EtsS)-
I, at 100 °C are essentially analogous to those for
(Et3S)ls. The structural features for the triiodide ions
are, however, weaker because of the lower formal
concentration.*?

[11.2.2 Pentaiodides 5~

The structurally characterized pentaiodides have
been divided into either V/L-shaped or linear geom-
etries. The V-shaped pentaiodide ions consist of two
iodine molecules coordinated to an apical iodide
[(I7)-21;], while the L-shaped one is an iodine mol-
ecule coordinated to a triiodide ion [(I37)-1]. The V-
and L-shaped forms are very similar and intermedi-
ate structures also exist that may be classified as
either form. The linear pentaiodide ion also has an
[(17)-21,] configuration. Discrete, V/L-shaped penta-
iodides have been reported in several cases (Table
2). However, even if there are no strong I-:-1 contacts
[d(1---1) < 4 A] to the discrete Is~ ions, there are
discrepancies between their geometries. This is a
result of more or less strong hydrogen bonding, D-+-I
contacts (D = N, S, Se, M, etc.), and packing effects.
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Figure 13. The definition of the Is~ ion geometry.

The pentaiodides are usually linked to each other
by more or less strong intermolecular interactions
forming a variety of structures from chains to 3D
networks. Bittner reports a comprehensive descrip-
tion of most common types of contact geometries
(Figure 14).8993 As will be seen later, the V/L-shaped
pentaiodides are often encountered as a constituent
in the larger polyiodides.

These contact geometries can of course be more or
less distorted/twisted and can exist in a cis/trans
modification (e.g., Figure 14e,f). The most common
extended structural type formed by intermolecular
interactions is that of chains of varying composition.
We will focus mainly on Is~ structures having contact
geometries different from those described in Figure
14 (for examples of contact geometries of type 14a—
i, see refs 81 and 95).

The V-shaped pentaiodides in [Rb(C1sH2406)]15-H.0
are comprised of two structurally similar chains
where one of the pentaiodide legs forms the backbone
of the chain.®® The leg stands out without forming a
coplanar cis or trans configuration such as that
described above. The longest I—1 distance in the
chain is 3.621 A, and the unit could also be described
as a chain of 15>~ ions (see section 111.3.3).

A dimeric pentaiodide configuration with the apical
iodide linked with the terminal iodides (3.71 A) is
attributed to the structure of (UrPr)1s.°* The penta-
iodide dimers are connected to form a net (3.80 A).

/\/‘
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The 116>~ ion (vide infra) is also formed by Is~ dimers;
however, the interaction between the pentaiodides
is much stronger than in the case of (UrPr)ls.

The structure of (BipyH)Is has an unusual trigonal
planar configuration, which is formed by an I3~
I, (3.4).°5 The

connected to two pentaiodide in

(diMeFc)ls (3.5) forms a chain that can be described
as u[(137)22°12], with alternating planar and helical
regions. A chain structure which can be regarded as
originating from a distorted square network 2,[215+17]
is found in the compound [Ni(NH3)](I5)2 (3.6).88 The
terminal iodine atom coordinates to the central atom

1
I
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Figure 14. Common contact geometries for pentaiodides (a) zigzag-shaped chain, (b) alternating twinned and zigzag-
shaped chain, (c) meander-shaped chain, (d) displaced chain, () cis-shaped chain, (f) trans-shaped chain, (g) twinned chain,
(h) and (i) square nets.
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Figure 15. The contact geometries of (a) (CeH4N,Se-
CsHsN2Se)ls, (b) FcySels 1/2CH,Cly, (¢) (C7H1sNH)Is.

of the preceding Is~ ion, leading to a dihedral angle
of 139.9° with respect to each other in a trans
configuration. The anionic structure of (EDT-TTF),-
(13)2(12)2 has a similar configuration to that found in
[Ni(NH3)e](15)2.%

The square-planar network 2,[21,:17] exists in
several modifications. Figure 15 visualizes the con-
tact geometry in three different square-planar net-
works. The structure of (C¢HsN2Se-CsHsN,Se)ls (Fig-
ure 15a) can be regarded as formed by interacting
zigzag chains. However, an alternative description
is based on I3~ chains that are interconnected by 1,.%7
A similar geometry is seen in the structure of (Fc,-
Se)ls-1/2CH,CI, (Figure 15b). However, because of
the displacement of the square nets there are several
links between the zigzag chains.?® The planar net-
work in (C;H13NH)Is (Figure 14c)® has a distorted
square geometry, which is a result of the V-shaped
pentaiodide. If the structure is considered as formed
by I3~ chains interconnected by I,, then the I3~ ions
in this case are connected by both terminal atoms to
I,, and not as in the previous two structures by only
one. However, the geometry generates an Is~ stoi-
chiometry. The square-planar network 2,[21,:17] of
(CsH4N2Se- CsHsNLSe)ls (Figure 16) displays a slightly
puckered layer, which, as will be seen later, is a
common feature of the larger polyiodides.

Svensson and Kloo

Figure 16. The square planar network 2.[21,:17] of
(C5H4NQSE‘C5H5N286)|5.

An unusual, two-dimensional, planar layer has
been characterized in the structure of [Pd,Cl,([18]-
ane-N2Sg)]1sls(13)2 (3.7).1%° The network has a topol-
ogy of fused ribbons of 14- and 24-membered rings,
formed by Is37:++15~ interactions (3.76—4.22 A). Two
L-shaped pentaiodides, orthogonal to the parallel
layers, connect two of these by passing through the
centers of the 24-membered rings of a third layer
located between them. The connection between two
alternating layers is mediated through Is --I3~ in-
teractions (3.57 A) forming a distorted Z-shaped g2~
adduct.

7

3.7

Cage structures, where the cations are situated
within the cage cavities formed by the polyiodide
interactions, are found in the compounds [Bils,-
(C5H18N30P)4]I5 and [RhC|2(C12H24S4)](|5)‘|2.100’101 In
the former, the cage is formed by a disordered |57,
while in the latter it is formed via links between I,
and Is~ (3.8).

The crystal structures of three compounds contain-
ing linear pentaiodide ions have been characterized:
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[trimesic acid-H0]10(H)(I57), [1,1'-(propane-1,3-diyl)-
ferrocenium]s(ls)x(1s) (3.9), and (DMT-TTF)(I3)(l5).1027104
They can all be described in terms of two iodine
molecules coordinated to a central iodide ion. In the
two latter structures, the linear pentaiodide ions are
incorporated into infinite chains with I3~ [Iz7=*157*=*I57,
d(1---1) > 3.60 A]. Linear pentaiodide ions have also
been used as models in disordered and/or incom-
mensurate structures.®1% Many model compounds
(e.g., cyclodextrin) of the blue polyiodide complex with
amylose from starch have also been reported to
contain linear chains of Is~ ions, although the small
difference in spectral response between the penta-
iodide and higher polyiodides suggests the presence
of more complicated iodide—iodine fragments.1%

2.80 A v 2.80A

The only X-ray scattering investigation of liquid
pentaiodides is the one by Bengtsson et al.3% The
melts of (Et3S)ly, X = 4, can be described as consisting
of triiodide ions solvated by the neutral solvent
molecules (I,). This is analogous to the features of
solid polyiodides. The coordination geometry pro-
jected into two dimensions is shown in 3.10, where
the number of I, molecules coordinated to the central
I3~ increases with increasing I, concentration. The
centrosymmetric triiodide ion and iodine molecules
have intramolecular bond lengths of 3.00 and 2.72
A, respectively.

[11.2.3 Heptaiodides I;~

Heptaiodides have been characterized as [(157)-212],
[(17):313], or [(I57)-12] with a more or less distorted
pyramidal or Z-shape geometry. The crystal struc-
tures of (PPhy)l7 (3.11) and [Cu(OETPP)]I; have been
reported to consist of discrete heptaiodides of the
[(157)-215] type.107108 However, I--+1 contacts in the
3.6—3.7 A range exist in both structures (Table 3 and
section 111.6.2).2° More commonly, the heptaiodide
ions are linked into chains or networks. Although the
compounds (EtyN)I+, (UrPr)l;, (EtPhsP)l;, and (TC-
NQ)I; all have an [(Is7)-2l,] configuration, they
display very different structural features.%1%°

@)

L 2

@

N 2

31

In (Et4;N)I7, (UrPn)l;, and (EtPhsP)l;, the I, ions
are linked into two-dimensional networks. (Et;N)I;
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has a zigzag chain (3.12) linked into a network,
where two iodine molecules interact with each ter-
minal atom of the 137 ion, 2.[l37(I2)42]. A similar
network is found in [(Py):1]17.1° The triiodide in
(EtsN)17 is centrosymmetric (2.92 A) and is connected
with relatively short distances (3.479 and 3.494 A)
to the iodine molecules (2.734 A).

The structures of both (UrPr)l; (3.13) and (EtPhsP)-
I7 (3.14) have a layered network. The latter has a
puckered layer (I,7++:1;7, 3.46 and 3.70 A), while the
former has a “flat” layer (I1;7+-:1;7, 3.62 and 3.70 A).
In (TCNQ)I; (3.15), an isolated zigzag chain is formed
from the interaction between the distorted Z-shaped
I~ ions. The heptaiodide ions are connected in a cis
fashion into parallel chains (3.63 A), which in turn
are interconnected forming a ribbon-like geometry
(3.92 A). The Iy~ ion has one disordered iodide ion
(not shown in 3.15).
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3.15

The crystal structures of [(N-methyl-benzothiazole-
2(3h)-thione).l]l7, [{Ag([18]aneSe)} I7]., and [H30-18-
crown-6]1; contain heptaiodide ions with the [(I-)-315]
composition.19a109d.111 |0 [(N-methyl-benzothiazole-
2(3h)-thione),l]l;, the I;” ions are linked into one-
dimensional chains *.[l;7]. The I;~ ions in [{ Ag([18]-
aneSe)} 1], form a network of distorted cubes, where
the iodide ions occupy the corners and the iodine
molecules the edges (3.16). Thus, each iodide ion is
interacting with six iodine molecules [d(I—-1) = 2.75
A and d(I--:1) = 3.36 A]. A unique polymeric, (I77)n,
sawhorse configuration is found in [H3O-18-crown-
6]1- (3.17). Since the shortest interaction between the
polymeric chains is reported to be 3.81 A, the ion was
regarded as discrete.

Tebbe et al. describe the structure of the heptaio-
dide in (HbiPy)l; as a V-shaped pentaiodide coordi-
nated by an I, molecule [(I57)12] (3.18).% These are
linked to each other forming infinite chains. The
heptaiodides in [HPy]»(15)(I7) and (Fc)l; are also best
described in terms of an [(I57)-1,)] configuration.112.113
In (Fc)l;, the I, ions are formed by two parallel
chains of pentaiodide units connected by iodine
molecules to form a rope-like ribbon. Interconnected,
parallel sheets of I;~ are reported for [HPy](13)(17).
The I;~ ion in (TCNQ)I; can also be regarded as
having an [(Is7)-1,] configuration, but with a quite
distorted L-shaped pentaiodide (137+++1,, 3.16 A). An
isolated meandering-like chain of I;~ is reported in
the structure of (i-PrMe,PhN)I; (3.19).1*4 It contains
a very asymmetric triiodide ion (2.76 and 3.18 A) that
coordinates to the iodine molecules to form a . [(12)2*
(Is7)] configuration. The chains are interconnected to
%\ribbon—like topology by a quite long contact (3.98

).

[11.2.4 Nonaiodides lq~

To date, the currently known Iy~ species have been
described as having [(137)-312], [(Is7)-212], or [(177)-12]
configurations with varying degrees of 2D and 3D
architectures. The lg~ ion in [(CH3)4N]le, already
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characterized by Rundel et al. in 1955, consists of a
V-shaped 157, which is coordinated by two iodine
atoms (3.20). Thus, the composition can be described
as [(157)+21,].115 The pentaiodide ions form a 9.1 A
wide layer. The cations as well as the layer-bridging
iodine molecules are positioned between the layers.
The nonaiodide in [(MesPh)N]lg consists of trigonal
pyramidal heptaiodides that are chained together by
I, molecules via the terminal iodine atoms of the
heptaiodide.16

3.20

A nonaiodide of [(157)-31,] composition is described
in the compound [K([15]ane0s),]ls.1% The three io-
dine molecules coordinate to a slightly asymmetric
I3~ ion through contacts at 3.40—3.50 A. The I~ ions
are linked to each other by weak secondary inter-
actions and vdW contacts, forming puckered cages.

The anionic part of (i-PrMe;PhN)lg (3.21) consists
of an lg~ ion formed by a V-shaped pentaiodide,
containing a very distorted I3~ ion, coordinated to two
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Table 3. Geometric Parameters of the Heptaiodide lons in [Cu(OETPP)]l; and (PPhy)l; (Figure 17)

I r2 I3 s I's I'e o

2.717 3.207 3.154 2.764 3.224 2.749 173.0
2.738 3.295 3.281 2.730 3.051 2.814 174.4

o o3 Ol s O compound
93.7 177.4 109.7 106.9 173.7 Cu(OETPP)I+
85.6 176.8 89.1 97.3 175.3 (PPhy)l7

I, molecules. Alternatively, the structure can also be
described as a pyramidal 17~ ion linked by an iodine
molecule.'** The lg~ ion is interlinked so that chains
with 10- and 14-membered rings are formed {*.[(12)-
(Is~+12)]2}. These chains are linked (dotted lines) quite
weakly with each other (3.76 and 3.92 A) to form a
complicated network.

3.21

A unique, branched, crank-shaped 1,(lg7) chain is
found in the structure of (Rb)lo.1'” It can be regarded
as being formed from 1, bridging (3.28 and 3.46 A)
between I3~ or Z-shaped 17~ ions (3.22). The shortest
interchain contact is 4.08 A.

3.22

Polyiodides higher than the nonaiodide in the Izn1~
series have been hypothesized, but so far none have
been structurally characterized. The iodine content
(9/]—1)) of the nonaiodides is one of the highest of all
known polyiodides.

1.3 Polyiodides within the Series Ip+2%~

[11.3.1 Tetraiodides 1,2~

Tetraiodide has been characterized in many dif-
ferent structural environments and is the most
frequently encountered polyiodide in the I, se-
ries. The ion is best described in terms of the
coordination of two iodide ions to a central iodine
molecule [(217)-1;]. The configuration [(I7)-157] has
only been found in structures where the ions are
isolated and thus only give rise to a formal composi-
tion of 1,2~. Discrete (no intermolecular I---1 contacts
< 4 A), linear 1,2-, both symmetric and asymmetric
forms, have been found in several structures (Table
4). The 13~ and 1%~ ions contain 1,2~ ions with the
configurations [(137)+(1427)] and [(2157)(1427)], respec-
tively. In 1,87, the building blocks are isolated, while
they are weakly linked in 10*~. Many formal 1,2~ ions
have been characterized where the I3~ is isolated
from the 1= ion, thus having the configuration
[(157)(17)].

It is notable that the discrete tetraiodide ion
reported by Rabenau et al., in TlgPblyo, has very

Table 4. Isolated 142~ lons [d(I--:1) > 4 A] (Figure 18)
nA @A) @) a o compound

3.40 2.82 3.40 178.5 178.8 (CsH:N,Se-)zls-1/21,120
3.34 285 3.34 180 180 [Ni{(CH3):SO}g]ls12t

3.40 278 3.40 180 180 (phenacetin)sHals2H,012
3.34 285 3.34 180 180 [Co(DMSO)g]l1, 1%

320 285 3.52 180 180 [V(MeCN)g][l,]'2*

3.40 281 3.40 175 175 [UOy(OH)-3CO(NH,);]o15125
322 279 322 180 180 TleAualy 12

32 31 32 180 180 TlePbl!?’

similar 1—1 distances (Table 4, 3.23) and cannot be
directly traced back to any of the fundamental
polyiodide building blocks (17, I, or I37). This is one
of very few exceptions from this principle.'®

ﬁ 3.184 @ 3.14A @ 3.18A @

3.23

Theoretically, the linear 1,2~ ion has been found to
be unstable;*?® hence, it is not surprising that many
of the characterized tetraiodide ions are coordinated
to or stabilized by the surrounding environment. In
the amine complexes [M(NH;3)]ls (M = Cu, Cd),
investigated by Tebbe et al., the formal tetraiodide
ions are coordinated by the metal ion in M(NHj3)42".12°
As a consequence, infinite zigzag chains are formed
(see section 111.6). Similar chains are formed with
other metal complexes (e.g., Ir, Pt, Pd, Fe, As, and
Sb complexes) and will be discussed in more depth
in connection with binary metal iodide—iodine com-
plexes. However, their characterization in terms of
tetraiodides is questionable, since the iodide ions
should more appropriately be regarded as belonging
to the metal ion complex. The tetraiodide ions in the
structure [(phenacetin)sH;]14-2H,0 are linked into
chains through hydrogen bonding (3.24).122

3.72 A
r@’ ’ /"
3.54 A
3.40A 2.78 A ’

11.3.2 Hexaiodides g2~

Until now, no isolated 1>~ polyiodide has been
structurally characterized. However, the terminal
I---1 interaction occurring in many triiodide struc-
tures can be seen as forming I~ units (see section
111.2.1). Also, although several structures have the
formal composition 1>~ they in fact arise from
isolated I3~ building blocks. Very recently, an 1>~ ion
was reported in the structures [M(Phen)s]l; (M = Mn,
Fe).2%d These contain a discrete I;~ ion and, as a
consequence of a 50:50 disorder, either 15>~ plus I,
or zigzag-shaped Ig?>~ units. The 152~ ion is comprised
of two almost parallel 13~ ions end-overlapped with



1664 Chemical Reviews, 2003, Vol. 103, No. 5

Svensson and Kloo

Table 5. Geometrical Parameters of Some Isolated S/Z-Shaped 1g2~ lons (Figure 20)

riry rolre ralrs Iy a/og /s asloy compound
2.939/2.872 2.966/3.037 3.637/3.527 2.797 178.5/173.8 107.2/91.0 169.2/174.5 [PA(TAAB)]15%2
2.942/2.878 2.970/3.048 3.65.8/3.532 2.805 178.5/173.8 107.5/90.4 169.2/174.7 [Pt(TAAB)]15%32
2.852 2.936 3.398 2.723 175.9 95.7 175.7 [Cu(phen),I]21g%
2.835 3.010 3.394 2.771 174.0 98.9 178.2 (MePhgP),1g134
2.830 3.044 3.392 2.773 173.9 131.4 168.2 (UrMe), g%
2.864 2.996 3.442 2.749 178.0 97.9 178.3 [THOE-DOB](13)2(12)"

CH2C|2.0.4CBH14136

2.844 2.983 3.435 2.748 179.3 123.0 172.8 [(MezN)snaphthalen)]1gt®”

Figure 17. The definition of the I;~ ion geometry.
. n I3

e

a 10%)

Figure 18. The definition of the 1,2~ ion geometry.
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Figure 19. (a) The outstretched, Z-shaped Ig?~ ion in

[UrMelzlg; (b) the Z-shaped Ig2~ ion of Cs;lg; (c) the
deformed Ig2~ ion in [Pd(TAAB)]ls.
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Figure 20. The definition of the 152~ ion geometry.

the closest I---1 intermolecular distance greater than
3.76 A.

11.3.3 Octaiodides >~

The 1g2~ ion usually consists of two I3~ ions that
are connected through the end atoms by an I,
molecule [(137)2:(12)]. However, [(I57)-(157)] has also
been reported in the literature. Already in 1954, the
structure of the first Ig2~ ion in Cs;lg was determined
by Havinga et al.'*° This ion has a Z-shaped geometry
with an [(Is7)2+(l2)] configuration (Figure 19b). The
Z-geometry, out-stretched (S-shaped) or slightly de-
formed (Figure 20), is the predominating geometry
for all structurally characterized octaiodide ions. For
example, the Z-shaped 1%~ ion in [Pd(TAAB)]I; and
[UrMes]zls is isolated.*31%2 This is a quite common

feature for octaiodide ions. The octaiodide in Cs;lg is
planar, centrosymmetric with the I3~ ions in a trans
position. The two examples given above are, even
though they are isolated, deformed, and twisted from
the ideal geometry found in Cs;ls.

The octaiodides {[(I37)2:(l2)] configuration} in the
compounds [Pd(NHz)4]ls and [Mg(H20)g]ls form chains
through I--+1 interactions (3.64 and 3.84 A, respec-
tively) of the terminal atoms of the triiodide ions.138
The 1g2~ in [Pd(NH3)4]ls is, however, also linked to
the Pd atoms (see section 111.6.2). In [Mg(H.0)s]ls
square nets are formed, while in [Pd(NH3)4]ls broken
nets are formed since only one of the triiodide ions
is involved in the chain formation.'?°2 A similar chain
structure is also found in [CisH25N2] 14, but here the
connection is made by only one terminal iodine atom
of each triiodide ion.'3® The Z-shaped octaiodides in
[Co(Ur)s]ls form a ring architecture (3.25) through
the interaction of both the terminal iodide atoms of
the triiodide ions.**° The contact distances between
the ions are 3.45 and 3.93 A.

3.25

The unusual [(Is7):(157)] configuration has been
reported in (UrEt):lg (3.26) and [K(benzo-18-crown-
6)]2(1s):1/2EtOH (3.27).14! In the latter, the V-shaped
pentaiodide coordinates weakly (3.675 A) to the
central iodide atom of the triiodide ion to form an
infinite chain, while in the former the pentaiodide
coordinates to the terminal iodide (3.627 A) of the
triiodide ion to form an isolated L-shaped octaiodide
ion.
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3.27

U-shaped octaiodide ions have been characterized
also, but since they form dimers they will be dis-
cussed in the hexadecaiodides, 16, section. An
L-shaped 1g2~ ion, with the configuration [(I157)2+(12)],
was recently reported in the structure of (CisHiz-
NS).lg (Figure 21a).*? However, there are several
quite short I--+1 distances (3.50—3.70 A), which con-
nect the 1g>~ [(11)—(18)] to the I3~ and 15~ ions, also
present in the structure forming an extended net-
work (Figure 21b).

An isolated linear .![1g>7] chain has been reported
in the disordered structure of [Mn(bpy)s](I3)1.5(18)0.25.14
The average 1—1 distance in the chain is 2.92 A, and
only weak interactions between the chain and the
triiodide ions are reported. As for many of the other
polyiodide ions, the octaiodide ions are connected in
several structures by vdW contacts forming chains
and layers.

11.3.4 Decaiodides 11g?~

The isolated 114?~ ion in the structure of [Cd(12-
crown-4),]l10 (3.28) can be described as a dimer of

(a) 115 114 |24 123 122

o

@/@/@

(b)

Figure 21. (a) The contact geometry and (b) the network
of (C15H12NS)2|8.
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V-shaped Is~ ions [(17)-21,],.1* The intramolecular
distances of the iodine molecules are of normal
magnitude (2.91 and 2.75 A), while the I,—1- distance
is clearly longer than in the isolated pentaiodides
(3.44 A).

111.3.5 Dodecaiodides 112~

The centrosymmetric dodecaiodide ion of (Me;-
Ph2N).112 (3.29) consists of two antiparallel pentaio-
dides [1(1)—1(5)] that are linked by an iodine molecule
[(157)2:12] to form a twisted sawhorse geometry.1* The
terminal and apical iodine atoms of the pentaiodides
are linked to adjacent pentaiodide ions forming
double-chains. Similar [(Is7)2-12] configurations are
found in [K(CzH2406)]2112, [K(Crypt-2.2.2),]112, and
[Cu(dafone)s]l12.1467148 In the latter, all the iodide
atoms are nearly confined to a plane. This is, how-
ever, not the case for the other known 1~ ions. In
[K(C20H2406)]2112, the terminal iodine atoms are
linked to each other forming a zigzag chain, which
in turn makes it possible to regard the ion as a long
fragment of a triiodide-iodine chain .[(I137)-12].

3.29

In {Ag.([15]aneSs),s} 112, a different dodecaiodide
configuration is reported by Blake et al.®? In this case,
the 1527 ion is described in terms of an 1,2~ unit
interacting with two iodine molecules at each end.
Hence, the 11,2~ ion produces a twisted H geometry.
The terminal iodide ions of the tetraiodides are
attached to the silver atom in the cation {Ag([15]-
aneSs)} . Finally, a three-dimensional network is
formed via S---1 contacts from the cation to the
terminal iodine atoms. The most recent 1,2~ ions
reported in the literature are those found in struc-
tures of polymorphs of [Fe(phen)s]li2(1A and 1B).23¢
In [Fe(phen)s]l12(1A), the dodecaiodide has a network
structure, which consists of Il rings in a chair
conformation connected by I, molecules. The l16 rings
are comprised of I~ (at the head and foot of the chair),
as well as I, and I3~ units. The I—1 distances within
the network is in the range 2.75—3.55 A, while the
closest I-++1 interaction is 3.78 A. The dodecaiodide
ion in [Fe(phen)s]l12(1B) can be considered a discrete
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(a)

Figure 22. Polymorphs of [Fe(phen);s]li2, (2) [Fe(phen)s]-
l12 (1A), (b) [Fe(phen)s]ls (1B).

11,2~ ion, which is almost planar with the configura-
tion [lIs +-+15*+-157]. The 11 distances range from 2.73
to 3.57 A. However, there is a contact at 3.71 A,
which, if included, results in a Ix* ring. (The
shortest distance between the rings is 3.9 A.) The [Fe-
(phen)s]l;2 system is very versatile having a third
polymorphic form [Fe(phen)s]l12(1C), which has a
different polyiodide ion configuration to the 1A and
1B polymorphs (see Figure 22).23¢

[11.3.6 Tetradecaiodides 1142~

The polymorph [Fe(phen)s]l12(1C) contains both a
V-shaped Is~ and an (I77), ion.?% The (I;7), dimeric
ion is constructed by two U-shaped I;~ ions (3.30),
which, in turn, can be regarded as having a [(I57)-15]
configuration. The I—1 distance in the (I;7), dimeric
ion range from 2.72 to 3.55 A. The shortest I
distance between the (1;7); and Is~ ions is 3.82 A. It
is notable that no discrete, U-shaped I, ion has been
reported.

The tetradecaiodide ion found in [Fe(phen)s]li4
forms a network structure with formal I, rings
(3.31).29 The network I—1 contacts are in the range
2.7—3.6 A, with the next largest I--*1 distance at 3.93
A. The structure has been described as being com-
prised of zigzag I;~ ions and an 142~ unit formed by
the centrosymmetric dimerization of a V-shaped 17~
ion. However, since I---1 distances representing the
interaction between the zigzag 17~ ion and the 1342~
ions are 3.52 and 3.60 A, respectively, there is some
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3.30

ambiguity as to how best describe the network.
Possibly, the structure is better described as a more
complicated network formed from the basic building
blocks I, I, and I5™.

331

[11.3.7 Hexadecaiodides 352~

Two Z-shaped heptaiodides [I(1)—1(4) and 1(5)—1(8)]
linked together and connected to an iodine molecule
[1(9)] constitute the hexadecaiodide found in (Me,-
Ph,N),116 (3.32).24° The structure is layered, distances
within the layers are > 3.82 A, and it contain
channels where the cations are positioned. A [((I57)2-
1,)-4/21,] configuration is also found in (Fc)2116.2%° In
this case, a 3D network is formed from two V-shaped
Is5~ ions that are interconnected with iodine through
both the terminal and apical iodide atoms of the
pentaiodide moiety. The structure (i-PrMe,PhN)lg
(3.33) consists of 14-membered rings, which are
catenated by iodine molecules and linked in layers
with 10- and 14-membered rings to form a mesh.1'4
The polyiodide configuration has been described as

ml[(|77)2' |2]

3.32

The spider-shaped 116>~ ion (3.34) found in [(Cs-
Mes),Cr,l3]2116 is formed by two approximately planar
[17+(12)s] units linked to another [17+(l2)3] unit via an
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3.33

I, molecule.’® There is a large number of 1---1
contacts in the region 3.6—3.8 A connecting the 1,62~
units into layers. The layers are further linked
through the central iodine to form a network.

I A
— .1
1~ .-
~II~*~
S
/1 ~
I
AN
o
\Il\\
\\ ‘I\
1\ 1
1
3.34

11.3.8 Octadecaiodides |32~

The octadecaiodide ion found in [Fe(phen)s]lis is
comprised of a complicated polyiodide network.*° The
network can be regarded as based on the interaction
between three I, molecules, a V-shaped Is~ ion and a
pyramidal I;~ entity (I—1 cutoff set to 3.30 A). Many
I—1 distances are greater than 3.30 A, which makes
it very difficult to provide a clear description of the
network. In 3.35 the chain, on which the network is
based (1—-1 < 3.60 A), is shown. Connecting the chains
are four contacts greater than 3.6 A and below 4 A.

lil.4 Polyiodides within the Series lpn43®~

I11.4.1 Heptaiodides 1%~

The heptaiodide ion has also been claimed as
occurring in the compound [Co(NH3)s](I3)(14); how-
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ever, the I3~ and 1,2~ ions are totally isolated from
each other.*%?

[11.4.2 Octaiodides Ig3~

In the structure of (MesSbh)sls (3.36) an infinite,
linear 153 ion is present.’®® The I—I distances 3.28
and 3.30 A alternate along the chain. Every second
iodine atom in the chain interacts with the stibonium
cation, and the shortest distance between the chains
is 5.70 A. Unusually, this ion cannot be traced back
to any of the fundamental building blocks, which is
a rare feature shared by the 1,2~ ion in TlgPblyo.

3.28A 3.30 A

&—6—@

[11.4.3 Undecaiodides 1133~

The structure of [([16]aneS;)M—1—M([16]aneS,)]I-
(Is)2 (M = Pd, Pt) contains a 14-membered polyhalide
ring enclosing the M—1—M moiety (3.37).2%¢ The 14-
membered ring, which forms two-dimensional sheets,
can formally be regarded as consisting of two V-
shaped pentaiodide and one 1~ ions.

3.37

[11.4.4 Tridecaiodides 1333~

The tridecaiodide in (Me;Ph;N),l13 consists of an
infinite zigzag chain {formed by the I~ [I1(6)] ions and
I, [1(7)] molecules} (3.38), which is weakly coordi-
nated by two pentaiodides [d(I--+1) = 3.60 A].154 The
polyiodide can be described in terms of the configu-
ration [{1-(Is7)2} *1.]. An S-shaped 113%" ion is report-
edly found in the {[Pb(phen).]2I(113)} structure.l® It
consists of three triiodide units, where the terminal
iodine atom is linked by iodine molecules, [(I157)s:212].

[11.4.5 Hexacosaiodides g3~

The structure of (Me3S)slzs can best be described
as [MesS]s(17)(Is)2:9/21,, if the 1---1 contacts longer
than 3.36 A are regarded as intermolecular.1%6
Heptaiodides have the [(I1537)-21,] configuration, while
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Figure 23. The structure of (a) the building blocks, and
(b) the network in (Me3S)slz6. Eur. J. Inorg. Chem. 2000,
1275. Reprinted with permission of Wiley-VCH. Copyright
2000.

the pentaiodide adopts the V-shaped configuration.
If interactions larger than 3.36 A are included, the
I, molecules, and the Is~ and I;~ ions form a compli-
cated network structure that can be divided into two
layers (Figure 23). The longest secondary bond in this
network is 3.64 A.

[11.4.6 Nonacosaiodides lpg3~

So far, the only 1,9° ion described is the one found
in the compound (Fc)zlz, (3.39).2%" The ion is formed
by zigzag chains of 15~ [1(11)—1(15)] and 122~ [I(1)—
1(8), 1(18)—1(19), and 1(20)—1(21)] ions. These two
chains are joined by three different iodine molecules
[1(9)—1(10), 1(216)—1(17), and 1(22)—1(23)], forming a
three-dimensional network with an anionic cage
structure [(157)*(1122")12°312]. The ion with the com-
position 1;,>~ contains a unique, hook-shaped octa-
iodide [I(1)—1(8)], which is connected to adjacent
octaiodides by two iodine molecules. The iodine
content in (Fc)slyg is found to be even higher than in
the nonaiodide (29/|—3|).

<~ 12y

1(16)
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1.5 Polyiodides within the Series lpn+4*~

[11.5.1 Decaiodides lg*~

An isolated, Z-shaped I4*~ ion with the configura-
tion [(1427)-2137] (3.40), has been postulated as oc-
curring in the structure of [(CsH7N2Se)2](13)(14)0.5.1%8
However, the distance connecting the I3~ ions with
the terminal iodide atoms of the 1,2~ anions are
greater than 4 A (4.1 A), and therefore it is very
doubtful if it should be regarded as an I,*~ ion.

[11.5.2 Hexdecaiodides I;%~

Herbstein et al. reported the first hexadecaiodide
in (theobromine),-Hzlg (3.41).2%° This compound has
two g%~ ions forming an S-shaped 1,6*~ polyiodide ion.
This ion is centrosymmetric, almost planar, and best
described as [I37+=*l5*+I37+=+I3 =+ 1*+*I137]. The shortest
distance between the 1%~ ions is reported to be 3.84
A. Notably, the interacting Ig?~ are U-shaped, which
is a configuration not found in discrete 1g>~ poly-
iodides. [Ni(phen)s](l16)12°2CHCI3 has a configuration
similar to (theobromine),-Hzlg although in this case
the 1% ion is neither centrosymmetric or planar.'®®
The Z-shaped Ig?~ ions interact very weakly (3.75 A)
and have the two I3~ ions tilted 97° with respect to
each other.

292A 294A

o—o—o
3.42A
»)
2.76 A
©
3.35A
Y ™ Jn Ty
v w L %
345A 264A  3.03A
S
p

341

The l36*” ions in [C1oH16N20,Ss]l16 also have an
[137e=slpeselg7 =137 ==+ 15+=+137] configuration (3.42).160
However, here it is possible to recognize the out-
stretched Z-shape configuration found in discrete
octaiodides.
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[11.5.3 Octadecaiodide 11g*~

The structure of [Snl,(mbit);](13)2:2/31, (3.43) con-
tains asymmetric triiodide ions as well as disordered
iodine molecules that form 152~ ions with an [(157)2+(12)]
configuration.’6! The Ig?~ ions, that are related through
a symmetry center, are linked to each other by a
disordered iodine molecule to give the 15*" ion.

p B 1 If@/g
% 6
e
/@/g
o—o—

3.43

[11.5.4 Docosaiodide 1%~

The only reported I5,*~ ion is found in the structure
(MePh3P)I12,.1%2 It is described as consisting of two
pentaiodides [1(9)—1(11)] coordinated to a centrosym-
metric 1122~ anion [1(9)—1(10)] (3.44). The 11,2~ ion
consists of two L-shaped pentaiodide ions, bridged by
an iodine molecule. The 1% ions are interacting
through vdW contacts. The ion can therefore be
regarded as discrete.

& 1(1)

1 d
SL D 1(2)
~—e 1(3)

D 1(4)

111) g0,
~a 1)

\ \§> 1(8)
j ga 1(9)

3.44

[11.5.5 Hexacosaiodide lps*~

The polyiodide ion in the structure (DMFc)4lz
consists of a three-dimensional network of an iodine-
bridged primitive, cubic iodide lattice with every 12th
iodine molecule missing (3.45).1%% As a consequence,
the network has a [(I7)-3l2] configuration with five
and six iodide atoms coordinated. The intramolecular
I-1 distances are in the range 2.73—2.77 A. The
secondary I---1 bonds are reported to fall in the 3.23—
3.59 A range. However, no discrete polyiodide ion can
be identified in the structure.

[1.6 Metal lodide-lodine Structures

This section will focus on metal iodide—iodine
structures forming chain and network structures
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(M—1-+-1, contacts shorter than 4.0 A). The discrete
metal iodine—iodide structures (i.e., M—Ix—M and
Mly) and the M—I-Yy structures (Y = F, Cl, or Br)
are not included in this discussion.

A common feature in metal iodide—iodine struc-
tures is the existence of bridging tetraiodide units.
In most cases, the notation of a tetraiodide ion is only
a formal one, since the terminal iodides are weakly
bonded compared to the previously described tetra-
iodides. If the metal iodide—iodine structures are
regarded as arising from the interaction between the
building blocks M—1I and I, it can be concluded from
CSD that the metal iodides making the strongest
interaction with iodine are those corresponding to the
late transition metals. This section is divided into two
subsections: binary metal iodide—iodine structures
and metal iodide—iodine structures with stabilizing
ligands (nonbinary metal iodide—iodine structures).

[11.6.1 Binary Metal lodide-lodine Structures (BMII
Structures)

BMII structures with dimeric complex metal io-
dides are reportedly in [Et3S](Hg2le)12:312, [MesS]-
(Cd2|6)1/2‘3|2, [hth]z(Hggle)l/z(Hg|3)'1/2|2, and [BEDT-
TTF]4(Hgzle)(15).2647167 The 1, molecules of the com-
plex [Me3S](Cdzls)12-312, coordinate to the terminal
iodides of the Cdzl¢>~ complexes (3.46). In this way,
a network of infinite zigzag chains of Cd,ls?>~ com-
plexes interspaced by formal l;0 units is formed.
EXAFS data from Cd (K shell) in the 1:10 mixture
of Cdl,-(Et3S)I; confirms the structural relationship
of Cd'" both in the liquid reaction medium and the
isolated polyiodide compound.

3.46

The mercury compound, [Et3S](Hgzls)12°312, also
displays a network structure. However, in this case
since the I, molecules are coordinated directly to the
terminal iodides of Hgyle?~ (3.47) the network be-
comes less complicated.

3.47

In the [hmtH]2(Hg2l6)12(Hgl3)-1/21, complex (3.48),
the I, molecules coordinate to the bridging iodides of
the Hgale>~ complexes with an intramolecular 1—1
distance of 2.7 A and an intermolecular 1--+1 distance

Heg(la) &4

.

120 Wi

() 1(1%)
—o
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of 3.4 A. The iodine molecules and Hg,l¢2~ ions form
infinite chains.

The Hgglez_ ion in [BEDT-TTF]4(HQ2|5)(|8) (349)
is weakly linked (3.7 A) to a slightly elongated,
Z-shaped Ig?~ ion to form a zigzag chain. The BEDT-
TTF and Ig?~ ions are all stacked in the same layer,
which is separated from the Hg,lg?~ ions.

3.49

Square-planar metal iodides linked to iodine are
found in [EtzS](Aul,)-21, and [NH4](Auly)-1/21,.168.169
The latter consists of almost square-planar Aul,~
complexes, where every second complex is coordi-
nated by I, molecules, thus forming a chain structure
(3.50). The intra- and intermolecular 1—1I distances
in [NH4](Auls)-1/21, are 2.7 and 3.4 A, respectively.

¢ ¢
B o

3.50

[EtsS](Auly)-21; also consists of square-planar Aul,~
complexes perpendicularly linked by iodine. However,
here the bridging iodine molecules create infinite
double zigzag chains (3.51).

In contrast to the NBMII congeners (vide infra),
extended structures with < IM—I3—MlI-:- chains have
not been characterized for BMII structures. In the
perovskite-like structure [MesS].(Auly)(ls), the tri-
iodides are oriented to the center of Aul,~ (3.52), but
the distance between the gold atom in the square-
planar Aul,™ ion and the terminal iodide of 15~ is too
long to be regarded as bonding.'®® However, the
partial negative charge on the terminal iodine atoms
in I3~ and the partial positive charge on the gold atom
in Aul,~ give rise to a fairly strong electrostatic
interaction that may explain the orientation of the
I57 ions in the structure. It is also notable that the
iodine atoms of Aul,~ are pointing toward the central
iodine atom of Is.

@nym

3.52
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[11.6.2 Nonbinary Metal lodide—lodine Structures (NBMII
Structures)

As well as displaying more diverse structural
features, the number of NBMII structures is far
greater than for BMII. Discrete entities (metal iodide-
Iy), which are rare for BMI|I structures, are commonly
found in NBMII structures.

The inorganic compounds [Cd(NHs3)4]l, and [Cu-
(NH3)4]l4 (3.53) both form infinite, planar, zigzag
chains of 1,2~ linked to square-planar [M(NH3)4]>" (M
= Cd or Cu).’® Thus, the two axial iodine atoms
complete a quasi-octahedral coordination around the
metal center.

In the structures [M(CsMes)]zle (M = Rh or Ir)
(3.54), the iodine molecules are linked to the terminal
iodides of the “dimeric complex ion”, to form a zigzag
chain.t’® A similar linkage is found in {[Cp*Cr(l3)(u-
D]2:[Cp*Crl(u-1)]2}n, whereas only chains are formed
in these structures. In the analogous dimeric BMII
structures networks are also found.'’*

3.53

3.54

Pennington et al. report an unusual iodine coordi-
nation, similar to 3.48, as occurring in (4-cnpy)Cdl-
21, (3.55).172 The bridging iodides of Cdl, are coordi-
nated by iodine, instead of the more common terminal
iodides. The intramolecular I—1 distance is 2.757(1)
A, while the intermolecular I--+1 distances are 3.367(1)
and 3.436(1) A.

The square-planar Pd complexes [Pd(Ci1sH14S,)12]-
I, (3.56) and [Pd(cis-Ph,PCHCHPPh,)l4] (3.57) have
a zigzag chain structure similar to the square-planar
gold BMII structure (3.51). However, only a “single”
chain is found in this case.'”3174 In [Pd(C1sH14S2)12]-
I,, there are also links at 3.7 and 3.9 A, which if taken
into account create a 3D network. A complicated
network made from the interaction of 28-membered
rings is displayed in the compound (3.58) Pd(py)a4ls.t"®
Each ring has two Pd atoms included. The copper
complex [Cu(OETPP)]I; has a branched zigzag chain,
where every sixth iodide atom coordinated to cop-
per_176
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Octahedral metal iodides are the most frequently
found among the NBMII structures. The complexes
Pt(phen)ls and Pt(phen)ls (3.59, 3.60) both contain
octahedral Pt(phen)l, linked by iodine molecules to
form zigzag chain structures.'’” In both structures,
however, there are several contacts shorter than 4.0
A. Taking these into account, the structures are
converted into networks. The structure of Pt,-
(RCS)4l2 (R = PhCH, Me,CH) (3.61) also forms an
analogous chain, but in this case there are only two
available iodide sites in the dimeric Pt; unit for
linkage.1"®

Chemical Reviews, 2003, Vol. 103, No. 5 1671

3.61

lodine linked to octahedrally coordinated nickel is
found in the structures [Ni(CHsLH)2(15)2)], [Ni(Pr2-
timdt),][Ni(l)2(Protimdt),]-51, (3.62), and [Ni(HL)]I-
(13)2°H20 (3.63).1797181 All three structures have only
two iodide atoms available for linkage. In the two
latter compounds chains are formed, while in [Ni-
(CH3LH),(13)2)] a layered network consisting of 12-
membered rings with two Ni atoms in each ring is
observed. The chain in 3.62 is branched and zigzag-
shaped, while in 3.63 a chain consisting of strands
of 10-membered rings can be discerned.

In (N(CHa3)4)213(Colz(GH),), a branched chain is
formed by the interaction between I3~ and the L,Col,
unit at 3.9 A% The I3~ ions form the common
T-shape patterns. A chain structure is also displayed
in [{Rh(u-Pz(1)(CO)(PMe,Ph)},(u-1)]1s; however, the
interaction is quite weak between the metal iodide
and the iodine (3.9 A).183

The seven-coordinated ruthenium atom in Ru(Me,-
dtc)sl; (3.64) forms a distorted pentagonal—bipyra-
midal geometry, where the axial iodide is linked with
iodine to form an outstretched zigzag chain.'®*
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A few authors have reported that triiodide ions can
be incorporated into the coordination sphere of metal
ions. The structure of [Cu(NHs)4l3]l3 contains tri-
iodide ions coordinated to the square-planar Cu-
(NH3)4%" cation (3.65).1%° Thus, the terminal iodides
of the triiodide form a corner in an octahedron in a
zigzag chain of the composition [Cu(NHz3)413]%".

Another triiodide ion intercalated between the
chains is merely acting as counterion. In the corre-
sponding cadmium compound, [Cd(NHz)4(1:15)2] (3.66),
the complexes 1,6-[Cd(NHs3)41;] are linked by iodine
to form a network of [Cd(NHs3)4(l-12)2] containing
linear chains of 1[l,11]". Since the I---1, distance is
as long as 3.38 A, the chain cannot be described in
terms of interacting Is~ ions. The terminal iodide in
the I3~ part of the Z-shaped octaiodide in [Pd(NH3)4]-
Is coordinates to the square-planar cation [Pd-
(N H3)4]2+.129a

@ 1 N /D
N P4 %‘Q@
y of Cu e}
3.65

3.66

A puckered chain is reported in the structure of
[Ptl(C6H3{CHNMG(CH2)7MGNCH2}2,6)(77142)]. The io-
dine linkage is shifting between the terminal | and
the center of the Pt complex.'85

The elements of Group 13 have not been found to
form any extended structures with iodine. Lead has
been observed as forming iodine complexes. However,
due to their thermal instability, it has not been
possible to characterize them. Investigations of the
Tl—1, system showed that the redox couple TIV/TI'",
like the Au'/Au'" couple, can be exploited in the
synthesis of polyiodides with higher iodine content
(higher polyiodides).1%6

[1l.7 Related Structures of Interest

[1.7.1 Metalloid lodide lodine Structures

The germanium(1V) complex Ge(Pc¢)l; (3.67) forms
a zigzag chain from the linking between the axially
coordinated I~ and the bridging I, [d(I:--1;) = 3.49
A].18 An analogous linkage is found in the complex
[FE(PC)C|]2|2.187

An L [ I,—1—=As—I1—1,—1—As--:] chain has been
reported in MeAs(Me;NNCS,)Il,. However, the As—I
interactions are quite weak (3.3—3.5 A).18 The trigo-

Svensson and Kloo

nal—bipyramidally coordinated Sb in 4[(Ph3Sbl),0]-
I, (3.68) has its iodide linked to iodine to form a linear
chain. The unusual feature of this structure is that
the chain includes an oxygen Y[***1,—1—Sh—O—Sh—
1—1,--+].18% The structure [Sb(S,CNEt)1]:(1/21,)056
contains a polymeric chain of 1[--Sb(S;CNEt;),—1—
Sb(S,CNELt,),---], where adjacent strands are linked
with iodine.’® The analogous compound [Sb(S,-
CNETt,)21]:(1/21,)0.54 has a similar structure, although
the increased iodine content results in more com-
pactly bonded strands (stronger I---1 interaction) with
a concomitant decrease in cell volume.'®

3.68

To our knowledge, the compounds (CH3),Tel, (3.69)
and [(CH3)4N].Telg: 12 (3.70) are the only structurally

characterized tellurium species forming extended
iodine structures.’®>1%2 One of the iodides of (CH3),-
Tel, is linked to two iodine molecules to form a
outstretched zigzag chain. The coordination around
tellurium is completed by two weak Te---1 bonds
which can be described as distorted octahedral.
The Te atom in [(CH3)sN].Tels 1, has a distorted
Telg octahedral structure coordinated to iodine to
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form planar zigzag chains [d(I-1) = 2.75 A and
d(Tel—1,) = 3.26 A].

[11.7.2 Charge-Transfer Complexes DI, D =N, P, S, or
Se

The reaction of organo-Group-15 and -16 donor
species with halogens/interhalogens leads to the
formation of charge-transfer or adduct complexes.
lodine charge-transfer complexes with donor species
such as nitrogen heterocycles, amines, phosphines,
thioeters, thioketones, selenoketones, and seleno-
ethers are found. Only compounds in which the
interaction D---l, is intramolecular are considered in
this section.

There are many known nitrogen—iodine, charge-
transfer compounds, but usually they do not form
extended structural features. In the structures
[I{(INPPh3),]ls and [I(INPPhs)4]l3, polyiodide—nitro-
gen rings are formed, although they are not extended.
However, a chain structure where the iodides are
linked to the strong electrophile 1,4-diiodotetrafluo-
robenzene and INPPh; is found in [I(INPPhg)s]-
[1(CeF4l12)].1% What is notable is that there are no
iodine molecules present in this structure. A chain
structure is also found in (CHz-acridine)-1,. Charge-
transfer interactions involving “amphoteric” (iodine
acting as both Lewis acid and Lewis base) iodine was
reported in the structures of (acridine-l;),:1,, (9-Cl-
acridine-l,),:1,, and (9-Cl-acridine),1,.1°* The latter
two contain DIl,—1,—1,D dimers, while the former
contains a D—I,—D dimer (D = acridine/9-Cl-acridine
equivalent with electron donor). These are in fact
analogues to Ig2~ (I3 —12—13", DI, equivalent with
I137) and 1,27, (I"—I,—17, D equivalent with 17), with
a new building block replacing 1~ as the electron-
donor. Thus, the “electron donating I,” corresponds
to an I3~ analogue.

The first iodophosphonium polyiodide, RsPl, (R =
ferrocenyl), was reported by Gridunova et al.*®® This
structure, as well as the structure of [IP(Ph)s]ls
(3.71), form distorted chains, where the iodophos-
phonium cation is coordinated to the polyiodide
backbone.'® The structures Et,Pls and (i-Pr)sPl, form
a similar chain structure. However, in these cases
the chain has a zigzag shape.*®"'%® The polyiodide
backbone in the compounds [(i-Pr)2P1;]21(13) and (t-
Bu)(i-Pr)P1, are also zigzag shaped but they have
longer iodophosphonium cation chains and one fur-
ther coordinated iodophosphonium cation.®7.1%° Both
the structures [(Ad)(Me)PI]21(13) (3.72) and (t-Bu)-
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(i-Pr)Pl,3; have extended structures with eight-
membered rings incorporated.%9.200

A large variety of sulfur and iodine charge-transfer
compounds have been characterized, in particular
many thioether-iodine charge-transfer compounds.
These are of particular interest since they are multi-
dentate, acting as multiple donors. The thioether-
iodine system has also been shown to exhibit unusual
structural features. Here, I, is acting as a template
ordering the macrocyclic metal receptors in the solid
state.

The compounds [CuCly(dtpcp)(EtOH)], [24]-aneSsg:
61, and (Et)4(todit)-21, all have cyclic carbon—sulfur
molecules incorporated into the polyiodide back-
bone.2017203 The structure shown in 3.73 forms an
almost linear chain, while 3.74 and 3.75 show zigzag
and U-shaped topologies. The thioether compound
(C12H2404S2)201, (3.76) forms a twisted ladder-like
chain with each thioether is doubly linked.?%

3.73

3.74
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3.75

3.76

Chains containing dimeric complexes interacting
with iodine, similar to those found for NBMII, have
been characterized (3.77) [(Cp)Mo(u-S)N-t-Bu], and
[MOz(NTO)z(SQP(OEt)z)zS(OzCME)(S|3)]n (3.78).205’206

Network structures, where the thioethers act as
4-fold donors, have been observed in the structures
of ([15]-ane-Ss),+ 71, (3.79), [14]-ane-S,+41, (3.80), and
[16]-aneS,-41, (3.81).202207 The former two contain 6-
and 8-folded polyiodide rings interconnected with the
thioethers through S---1 or S—I--- interactions. In
3.81, the thioethers are included in the polyiodide
entity forming the corners in a 20-membered ring.

3.78

Chain structures similar to those observed in the
iodophosphonium polyiodides are also found in the
structures of [(MezN)sPSe]l(l3), [morphsPSe]l(l3)-1/
21,, and (Mebesel)-21, (3.82).208209 (t-Bu);(1—Pr)PSel;
has a zigzag chain, but these are interconnected (>
3.4 A) to form a layer, which in turn is interconnected
to a network.?’® The layers consist of connected
puckered rings which have V-shaped pentaiodides or
V-shaped pentaiodides substituted with Se in the
corners. A complicated network is found in (i-
Pr),PSel; and can be seen as arising from linked
layers that are formed by linked chains of V-shaped
pentaiodides and v-shaped pentaiodides substituted
with one or two Se atoms. In the case of (t-Bu).P-
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A

3.81

(Sel—=NI (3.83), the chain structure consisting of
linked 10-membered rings also contain phospho-
rus.?t!

3.82
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Figure 24. Currently known polyiodonium cations.

[11.7.3 Polyiodonium Cations

lodine can be oxidized with strong oxidizing agents
to form polyatomic cations such as I,", I3, 1,2, Is*,
and 135" (Figure 24).2'2 As a consequence of the loss
of an electron from the z* orbital, the bond lengths
in the cations are shorter than those in neutral iodine
(see section 4). The intramolecular bond distance in
I,* is reported to be 2.56 A. The triiodonium ion is
V-shaped, while the pentaiodide has a planar Z-
shaped structure. Thus, the linear, anionic triiodide
ion does not have any structural similarity with its
cationic congener. However, in the pentaiodide ions
zigzag chains are common and Z-shaped units similar
to the geometry of Ist can be identified. The tetrai-
odonium ion is rectangular and can be regarded
arising from two I," ions interacting through a 7*—
* interaction (3.26 A). The 153" cation in 115(SbFe)s
is constructed by three Z-shaped Is* cations weakly
connected to each other (3.42 A). In all of these
polyiodonium cations, more or less strong contacts
with the anions are reported.

[11.7.4 Organic Compounds

Even though the polypseudohalogen ions are un-
stable under ambient conditions, several have suc-
cessfully been characterized. Whereas the ions 1,CN~
and I(CN),~ are almost linear, Rb[I(ICN),] is V-
shaped and analogous to the pentaiodides (3.84).213

Complexes of halide ions with diiodoacetylene form
structures similar to the polyiodides. Analogous to
iodine the diiodoacetylene acts as the acceptor and
in P(Ph)4[1(I—C=C-1),] the diiodoacetylene molecules
are coordinated to the iodide ion forming a distorted
tetragonal pyramid.?** The I---1 distances are 3.35
and 3.51 A.

[11.7.5 Other Compounds

Although the vast flora of iodine-containing com-
pounds with exciting structural properties also em-
brace polyinterhalogen and various intercalation
compounds. These are regarded as outside the scope
of this review.

IV. Bonding in Polyiodides

The nature of the chemical bond in the hyperval-
ent, octet-rule violating, polyiodides has been of
theoretical interest for a long time, and several
interpretations have been provided.'?8215 Electro-
static interactions, localized covalent bonds (involving
d-orbitals forming ds"p™-hybrids) or delocalized
o-bonding without significant d-orbital contribution
are the models usually proposed.?'® The delocalized
o-bonding model, proposed by Rundel and Pimentel,
is the presently accepted one.?*” However, closed-shell
interactions have to be introduced to explain many
of the interactions displayed in polyiodides.?!8

Using the Rundel-Pimentel model and closed-shell
interactions, this section describes the bonding of
polyiodides in terms of donor—acceptor interactions.
The bonding in gold iodide—iodine systems and metal
iodide—iodine systems are discussed in separate
sections.

V.1 Triiodides

A convenient way of visualizing the bonding and
electronic structure of the triiodide ion is the utiliza-
tion of MO energy diagrams. The MO diagrams of
the triiodide ion and iodine are shown in Figure 25.
The triiodide ion has 22 valence electrons, six of
which are distributed in low energy s-orbitals and
12 in orbitals of m-symmetry. The remaining four
electrons are delocalized p-electrons, which form the
3-center, 4-electron (3c,4e) bond. The interaction
between the 5p,-orbital of I~ with the o,- and o>*-
orbitals of I, results in the 20y, 30y, and 30,* MOs.
The I, HOMO is the major contributor to 2o, while
the I~ HOMO is the dominating contributor to 3gy.
This donor—acceptor interaction results in a depopu-
lation of the o,-orbital and a subsequent population
of the o,*-orbital. This is in agreement with the
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Figure 25. The generalized MO energy diagrams of I, and I5.

observed elongation of the I—1 bond length when I,
is interacting with a donor.

An important factor contributing to the triiodide
stability is the energy gap between o, and o>*. If the
gap is small, the stability of the complex increases
since the energy match with 5p, is more favorable.
Also important for the stability is the contribution
of a,* to 30y. With a low o>* content, 3oy will adopt
antibonding character, and, as a consequence, the
whole complex is destabilized. As can be seen from
the molecular orbitals in 4.1, the terminal iodides of
the triiodide ions are negatively charged.?*® This
indicates that an acceptor would be attacked prima-
rily by the terminal iodides. However, Hoffmann and
co-workers point out that not only charge control but
also orbital control have to be considered. In the case
in which the acceptor is I, this will not of course
make any difference. But if the acceptor is a mixed
halogen (e.g., ICI or IBr), orbital control becomes
vital.??° The concentration of electron density on the
terminal atoms in the triiodide ion explains the fact
that mixed trihalides prefer to have the most elec-
tronegative atom in the terminal position. The T-
shaped configurations often encountered in triiodides
can be similarly explained.

As was shown in section 3, triiodide ions have a
wide range of bond lengths and are nearly linear in
almost all structures. The calculated PES of linear
deformation is very flat; a result that supports the
wide range of bond lengths observed in the crystal
structures (Figure 26a).

At room temperature, the thermal energy (~0.025
eV) would be enough to induce deformations as much
as 0.3 A or even longer (Figure 26b). To bend the
triiodide ion, however, much larger energies are
required (Figure 26¢). By decomposing the interaction
energy of a linear and bent triiodide ion, Hoffmann
et al. show that the linear geometry is determined
by orbital interactions while the most of the bonding
energy arises from electrostatic effects.??°

IV.1.2 Influence of Cation, Hydrogen Bonding, and
Solvents

The importance of the cation environment in poly-
iodide geometry was implied in connection with the
description of crystal structures in the preceding
sections. Theoretically, the influence of the cation has
also been demonstrated. Datta et al. report geometry
optimizations of the triiodide in both a flexible
(simulating liquids) and a rigid (simulating crystal-
line environment) counterion cage.??! The triiodide
was shown to be symmetric in the flexible cage but
asymmetric in the rigid one. The LXS data for (R3S)-
Ix (x = 2—11) melts show that the cation is positioned
asymmetrically. Hence, the flexible cage model ap-
pears not to be applicable in this case (section II).
Geometric optimization of a triiodide ion with a point
charge (simulating the cation) in the position ob-
tained from the LXS gives rise to an asymmetric
triiodide ion. The PES becomes flatter in the r2
direction and steeper in the rl direction (Figure 27).
In other words, as predicted the ability of I3~ to
donate an iodide ion increases in the r2 direction and
decreases in the rl direction. Novoa and co-workers
report that side-on position of the cation is preferred
over a linear one for the analogous Br;~ ion.?%°

The influence of hydrogen bonding has also been
theoretically confirmed in the model system H;C—
H:--Y—I=Y~ (Y =ClI, Br, and 1).?22 The H atom makes
a short contact with the terminal halogen atom and
as expected the interaction increases in the series |
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Figure 26. (a) Calculated energy of I3~ as a function of r1
and r2 (MP2). (b, ¢) The relative changes in total energy
as a function of linear deformation and angular deforma-
tion (circles refer to results from HF, squares from MP2
and triangles from CCSD calculations). 3. Chem. Soc.,
Dalton Trans. 2000, 2449, reprinted with permission of the
Royal Society of Chemistry. Copyright 2000.

< Br < Cl. The C—H---Y—I-Y" interaction energy
was reported to be 4—8 kJ mol~. Energies of this
magnitude imply significant H-bonding effects in the
polyiodide structures. Variation of the angular posi-
tion of the H-atom was shown not to cause any large
energy changes.

Recently, calculations investigating solvent effects
have also been performed.??37225 Sato et al. showed
that the electronic structure is strongly influenced
by the surrounding solvent molecules.??® This is
particularly evident in aqueous solution where the
ground state free energy surface is very flat at the
equilibrium position. This indicates an increased
occupation of the asymmetric structures. The dis-
sociation energy is smaller in solution, and exchange
reactions should proceed more easily as has been
confirmed experimentally.
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Figure 27. (a) Calculated energy of 13~ as a function of rl1
and r2 (MP2) with the cation modeled by a point charge;
(b) the model used for the calculation. J. Chem. Soc., Dalton
Trans. 2000, 2449, reprinted with permission of the Royal
Society of Chemistry. Copyright 2000.

IV.2 Higher Polyiodides

Geometrical optimization of a linear (Dj,) penta-
iodide ion results in the [(17)-21,] configuration, which
also is found in crystal structures. The calculated
atomic charges reveal that the central iodine atom
is the most negatively charged. Sathre and co-
workers have shown that the charge-transfer inter-
action takes place predominantly through the p-or-
bitals. Consequently, it is possible to describe the
bond in terms of a delocalized (5¢,6€) bond in analogy
with the Rundle-Pimentel description of the triiodide.
Applying a (4c,6e) bond, the linear 14>~ ion can also
be described using this model.

Rundle et al. describe the V-shaped pentaiodide ion
as a resonance structure of triiodide ions.?'’® Each
arm of the V-shaped pentaiodide corresponds to a
linear triiodide ion which in turn engages a p-orbital
of the apical 1-. Datta et al. report that the linear
and V-shaped pentaiodide ions are quite similar with
respect to energy and orbital population.??® Popula-
tion analysis shows that the bonding is almost
completely dominated by the p-orbitals, thus showing
that the linear and V-shaped pentaiodide ions can
be rationalized using the same general type of
bonding scheme.

Lin and co-workers describe the bonding of the
V-shaped pentaiodide utilizing the VSEPR model. In
this model, the apical iodide has two lone-pairs, and
the s-electrons are distributed in three lone-pairs
which can be regarded as sp?-hybridized. They con-
clude that covalent bonds only exist between atoms
having a coordination number of four (ion-pairs
included). The bond between the apical iodide ion and
the iodine molecules is described as mainly dative.
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The zigzag s> ion was also successfully described
by Lin et al.??” The bridging iodine molecules, which
cannot interact with the delocalized p-orbitals, in-
stead interact with the sp2-hybridized z-electrons of
the terminal atoms of the triiodide ions. This situa-
tion is equivalent to that of the L-shaped pentaiodide,
where one triiodide ion is missing from the Ig?~
configuration.

The models described above are applicable to other
larger polyiodides. However, in several cases prob-
lems in the bonding description appear. One example
is the 16 ion, which is comprised of two Ig?~ units
connected via the terminal iodine atoms of two
triiodides (two donors) in each octaiodide. High
coordination numbers (< 6) and interaction angles
deviating considerably from 90 and 180° also con-
tribute to the difficulties in rationalizing the bonding
in covalent terms.

The interactions in these cases are more ap-
propriately described as that of vdW or closed-shell
type. The transition from covalent bonding to closed-
shell interactions is diffuse, a property highlighted
by the bond flexibility of the triiodide ion. Indeed, for
the higher polyiodides, and even some of the smaller
ones, it is not easy to distinguish between a covalent
I—1 bond and a closed-shell I--+1 interaction. Thus,
even if the interaction can be described using a
covalent bonding model it might be better to describe
it in terms of closed-shell interactions, depending on
the length of the I---1 distance.

A statistical analysis of the intra- and inter-
molecular contacts in polyiodides does not support
any specific bonding model.??® The contacts in tri-
iodide have three preferred regions: 2.7—-3.0 A, 3.4—
3.8 A, and 4.0-4.5 A (Figure 28a). The latter corre-
sponds to vdW contacts, while the first one corre-
sponds to the intramolecular distances in I, and I5~.
The interpretation of the flat 3.4—3.8 A region is less
obvious, but one hypothesis is that no dramatic
gualitative changes in bonding occurs in this region.
The contacts in the fragment I—1—1---1 are dominated
by intermolecular interactions (Figure 28b).

The observed and calculated vibration frequencies
for higher polyiodide species, viz. those of 15~ shown
in Table 1, give some insight into the bonding
situation. One should be aware, however, of the
potential influence of effective reduced masses, solid-
state packing, or solvation. More qualitative informa-
tion is obtained from the vibration modes, as high-
lighted for the pentaiodide ion studied in ref 50.
These results strongly support a bonding model
consisting of two iodine molecules coordinated to an
apical iodide [(17)-21].

Quantum chemical calculations indicate that the
chemical bonding in the secondary-bond region (be-
tween 3 and 4 A) can be very adequately described
in terms of weak covalent bonding between I~ and I,
fragments in polyiodides.??® The electron density map
of the I,---1~ interaction shows that there is substan-
tial electron density between the I, and I~ fragments
at a distance less than 4 A (Figure 29c). Both the
fitted Morse exponential function and the change in
electrostatic interaction indicate that covalent inter-
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Figure 28. Histogram of I1-1 distances from an (a) I, and
(b) I3 fragment. Eur. J. Inorg. Chem. 2002, 1203, reprinted
with permission of Wiley-VCH. Copyright 2002.

action, where electron-transfer becomes important,
starts at separations of around 4.5 A. The BSSE-
corrected interaction energy at MP2 level for I3~ as
a function of the distance between the centers of mass
of the two “fragments” (Figure 30) indicates that the
main contributions to the interaction energy, at large
distances, are ion-quadrupole, dispersion, and induc-
tive interactions. The dispersion interaction is most
apparent at a 4 A separation of the fragments. This
is in rather good agreement with vdw distances
found in the literature. At this distance, the BSSE
is estimated to account for 2% of the total interaction
energy, which from a calculational point of view is
fairly acceptable. For separations greater than 5.5
A, induction and ion-quadrupole interactions domi-
nate. The inclusion of dynamic correlation for the
V-shaped pentaiodide results in a substantial short-
ening of the I,—1~ distances. However, the total
electron density map (Figure 29d) and NLMO/NPA
bond orders indicate charge-transfer or covalent
interactions in the range of "secondary bonding”.
Also, the difference electron density map (Figure 30)
shows a charge-transfer from two independent 5p-
orbitals of the I~ fragment to the 5p—5p-orbital based
LUMOs of the two I, fragments, thus mimicking the
bonding situation in I3~. Thus, the term “secondary
bonding” should be regarded as a purely pragmatic
invention to facilitate structural rationalization in
polyiodides.

IV.3 Metal lodide—lodine Systems

The I---1 interactions in the binary gold, cadmium,
and mercury iodide—iodine structures are most ap-
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propriately described as being analogous to the
bonding in polyiodides. Notably, the interaction
between the donor and acceptor generally is weaker
than in the pure polyiodides [at least if based on
d(l---1) values]. Thus, the complex metal iodides are
less strong donors than 1= and I;~. In nonbinary
metal iodide—iodine systems, the I---I interaction in
general is stronger than in the binary systems.

IV.3.1 Gold ~ lodine?

Both neutral iodine and gold have an n-1 valence
electron configuration ([Kr]4d°5s?5p° and [Xe]4f4-
5d%6s?, respectively). Consequently, both the ions I~
(s?p®) and Au~ (d'°s?) have closed valence shells. An
interesting feature of gold is that it is the most
electronegative of all metals. Actually, the electrone-
gativity is very close to that of iodine (gold 2.4 and
iodine 2.5).2%°2 In addition, gold is considered as
having halogen-like behavior in several complexes.??°
This implies that gold iodides should show similari-
ties to the polyiodides. A comparison between some
gold halides and polyhalides is shown in Table 6. The
Aul,™ ion is linear and thus geometrically analogous
to the I~ ion. Both the AuCl,~ and ICl, ions are
square-planar. However, no example of a square-
planar polyiodide has been characterized. As shown
in section 111, only linear and V/L-shaped penta-
iodides are known.

Table 6. Comparison of Gold and lodine lons

ox state gold halide polyhalide geometry
-1 Au~ - ~
+1 Auly~ 1P linear
+1 AuCl,~ ICly~ linear
+111 AuCls~ ICl,~ square planar
Aul,~ Is~ square planar; linear

or V/L-shaped

When comparing the energies for Aul,~ and Is7, it
becomes clear that the square-planar geometry not
is the most stable one in either case. For both ions,
the L-shaped geometry is lower in energy, 58.6 and
75.8 kJ mol~* (MP2) lower than for the square-planar
geometry of Aul,~ and Is™, respectively.1®® In the case
of Is~, an even lower total energy can be obtained by
allowing the ion to relax into the V-shaped geometry
discussed above. However, this conformation is only
favored by 3.9 kJ mol™* (MP2) compared to the
L-shaped one.

The difference in energy between different geom-
etries is small in both systems being of the same
order of magnitude as moderately strong hydrogen
bonds (10—65 kJ mol™%). Despite all this, it is
interesting to note that the angles in the two L-
shaped ions Aul,~ and Is~ are almost identical, and
that the only significant difference is the length of
the linear component (terminal I---1 distance in Aul,™
5.312 A and in I3~ 5.940 A).168
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The similarity between the L-shaped Aul,~ and Is~
implies that Aul,™ is an appropriate guest molecule
in polyiodide structures, and that Aul,™ and I5~ could
be expected to be exchangeable. The PES’s of I37+-:1;
and Aul,™--+l, interaction support this assumption.

The PES of I3~ and I, (Figure 31a) display two
minima, one corresponding to the L-shaped geometry
described above and one T-shaped. This is surprising
since to date no discrete, T-shaped polyiodide struc-
tures have been reported. However, BSSE (basis set
superposition error) contributes significantly to the
interaction energy in the investigated range. The
largest contribution, and hence the largest error, is
found for the T-shaped structure. The energy differ-
ence between the L-shaped and the T-shaped geom-
etry is significant, and even larger when corrected
for BSSE. The relative difference in energy might
explain why only L-shaped Is~ ions are observed
experimentally. However, in solid triiodide com-
pounds the triiodide ions often form T-shaped ag-
gregates and networks.

The corresponding PES of Aul,~ and I, (Figure 31b)
displays only one minimum, the one corresponding
to the bent L-shape. This indicates that it should be
possible to use Aul,™ to replace I3~ in polyiodides, or
vice versa in gold(l) compounds containing AuX;™.

A comparison between the two PES shows that the
interaction between Aul,” and I, is significantly
stronger than the one between I3~ and Iy, I37+I;
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Figure 31. The counterpoise corrected PES of (a) I3+,
and (b) Aul,++:1,. Chem. Eur. J. 1999, 305, reprinted with
permission of Wiley-VCH. Copyright 1999.

having a flatter potential surface than Aul, :-:l..
Therefore, the potential energy surface for the pure
polyiodide is more strongly affected by BSSE. After
counterpoise correction the interaction energy is
decreased by 20% at the L-shaped minimum com-
pared with a modest change of 7% for the PES of
Aul, 1>,

Thus, calculations show that Aul,” and 13-, and
Aul,~ and s~ are closely related and that both
complex Aul,™ and Aul,~ ions are suitable candidates
as guest molecules in polyiodide networks. This
hypothesis is also verified, at least partly, by the
experimental isolation of such exchange compounds
(section 111.6.1).

V. Concluding Remarks

Polyiodide compounds exhibit a vast diversity of
structures, preferentially of low-dimensional char-
acter, with conducting properties ranging from in-
sulators to metals. The present review is the first
comprehensive overview of polyiodide chemistry since
the 1970s, during which time the results of a large
number of investigations have been published. These
studies on both their structures and physical proper-
ties, of pure and substituted, solid as well as liquid
polyiodides, have shown that their macroscopic prop-
erties can be understood through the level of inter-
action between three fundamental, simple building
blocks: 17, I, and I5™.
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In this review, increasing structural complexity is
attributed to the increase in I, content of the com-
pounds and through the interaction between the
fundamental building blocks. The literature data
have been systematized and relations to the corre-
sponding charge-transfer as well as metal-iodide
substituted compounds have been made. The struc-
tural and physical properties have also been related
to the bonding properties in terms of weak covalent
bonding extending to rather long I—1I separations.

The fundamental knowledge of polyiodide materi-
als is now such that the application of polyiodide
systems into interesting directions involving elec-
tronic and magnetic materials, host—guest com-
pounds and as electrolytes for use in electrochemical
devices, such as batteries and solar cells, is unprec-
edented.
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VII. Abbreviations

Ad adamantyl

BEDT-TTF bis(ethylenedithio)tetrahydrofulvalene

BOS bond order surface

BSSE basis set superposition error

CCsD coupled cluster singles and doubles

4-cnpy 4-cyanopyridine

Cp cyclopentadienyl

CSsD Cambridge Structural Database

dafone 4,5-diazafluoren-9-one

dber dibenzo-18-crown-6

DMET 2-(4,5-dimethyldidelenol-2-ylidene)-5,6dihy-
drodithiolo [4,5-b]dithiin

DMFc decamethylferrocene

DMSO dimethyl sulfoxide

DMT-TTF bis(dimethylthio)tetrahydrofulvalene

Dod dodecyl

Dtpcp2,11-  paracyclophane

dithia[3.3]

(Et)4todit 4,5,6,7-tetrathiocino[1,2-b:3,4-b"]diimidazolyl-
1,3,8,10-tetraethyl-2,9-dithione

EXAFS extended X-ray absorption fine structure

Fc ferrocene

(GH), glyoxime

HF Hartree—Fock

hmt hexamethylenetetramine

HOMO highest occupied molecular orbital

L (CsHs)Fe(CsH4)C(O)CH,Fe(CsHs)(CO).

LUMO lowest unoccupied molecular orbital

LXS liquid X-ray scattering

mbit 1,1'-bis(3-methyl-4-imidazoline-2-thione)-
methane

mebesel N-methylbenzo-thiazole-2(3H)-selone

MP2 Mgller—Plesset perturbation, 2nd order

u-N (u-nitrido)((tetraphenylporphyrinato)iron)-
((phthalocyaninato)iron)

NLMO natural localized molecular orbitals

NPA natural population analysis
Oc n-octyl
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OETPP octaethyltetraphenylporphyrin

Pc phthalocyaninate(2-)

PES potential energy surface

Phen 1,10-phenanthroline

i-PrTaz 1,3,5-triisopropyl-tetrahydro-1,3,5-triazini-
um

Py pyridine

Pz pyrazolato

RDF radial distribution function

Rotimdt 1,3-dialkylmidazolidine

Salen N,N'-ethylenebis(salicylideneiminate) dian-
ion

TAAB tetrakis-(anhydroaminobenzaldehyde)

TCNQ tetra-cyanoquinodinlethanide

TTT tetrathiatetracene

ur urotropin, hexamethylenetetramine (cf. hmt)

vdw van der Waals
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