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The properties of two conformers of the pentaiodide ion, a V-shaped and regularly observed Is™ ion, and
a so far undetected square-planar coordination complex of ll,~ composition, have been investigated by
computational methods. The latter compound is indicated by the analogy to the coordination chemistry
of gold with halide ligands, as well as isoelectronic main-group compounds. Static and dynamic simu-
lations at density-functional and semi-empirical level including effects of solvent and counter ions indi-
cate that the square-planar Il,~ indeed represents a well-defined local minimum on the pentaiodide
potential energy surface, albeit less stable than the typically observed V-shaped Is™. No simple pathway of
transformation between the two forms of the pentaiodide ion can be identified. Molecular dynamics
simulations indicate that the presence of cations, unavoidable during the synthesis of polyiodide com-
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pounds, may trigger decomposition of the Il;~ coordination complex into smaller polyiodide building
blocks and thus constitute the main reason why this conformer so far has not been identified in solid
polyiodide compounds. However, its intrinsic stability indicates that the square-planar form should be
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Introduction

Polyhalide compounds in general and polyiodides in particular
offer a rich structural chemistry of catenated, low-dimensional
compounds.’? The vast majority of polyiodide compounds can
be visualized in terms of simple coordination chemistry, in
which the ionic building blocks of I” and I3~ can be regarded
as solvated by the neutral solvent molecules I,. The sticky
bonding properties of the relatively small and few building
blocks generate chain-like structures, which can be attributed
to topological electron densities of the building blocks (o-
holes).>”® The predominant bonding contributions have been
assigned to secondary interactions, such as dispersion and
induction, complemented by weak covalency mediated by
overlap of the large valence orbitals of iodine.* However, this
scheme has recently been challenged and the bonding been
solely attributed to non-covalent interactions.’

More specifically, a large number of compounds named as
pentaiodides can be found in a search of the Cambridge
Structural Database (CSD).® The denotation pentaiodide refers
primarily to the stoichiometry with respect to a suitable mono-
cation, often a small organic cation. However, even such a
simple stoichiometry offers a large diversity in terms of geo-
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possible to isolate in solid compounds given the right conditions of synthesis.

metric structure. The stoichiometric pentaiodides can be
found as isolated ions or as the repeating unit in typically
chain-like structures, and they can be described as either of
V-shape [(I7)-21,] or of L-shape [(I;7)-1,], see Fig. 1."

Alongside the catenated chemistry of polyiodides, there is an
interesting analogy between the coordination chemistry of inter-
halogen compounds and gold-halide complexes. For instance,
the well-known, linear gold(i) complexes AuCl,” and Aul,” can
be compared to the interhalogen ions (complexes) ICl,~ and
II,” (i.e the triiodide ion I37) in the sense that they are structu-
rally highly similar and the coordination centre can be regarded
to be in a +I oxidation state. The view of iodine in a formal posi-
tive oxidation state as a coordination centre has recently been
highlighted in comparison to that of silver(x), as well as to gold(t
and m).”® In fact, the mixed anion, or as it might better be
described as the iodide-bridged, gold(i)}-iodide species Au,I;™ is
structurally analogous to the V-shaped pentaiodide jon.’ I
analogy, the square-planar gold(u) complexes AuCl,~ and Aul,~
can be compared to ICl,” and II,~ (i.e. another structural form
of the pentaiodide ion I57), see Fig. 2. However, here there is
one clear discrepancy, the pentaiodide ion has to our knowl-
edge so far not been found as a square-planar coordination
complex, but rather in the forms shown in Fig. 1. Why not?

In this context, it is relevant to mention some analogies to
similar and isoelectronic main-group compounds. Regarding
valence electron numbers, a square-planar II,~ can be thought
of as a congener to the well-known, square-planar molecules
SF,*” and XeF,; compounds that essentially every undergradu-

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Pentaiodide ions in V-shaped (left) or L-shaped (right) forms; isolated or as part of an extended, chain-like structure; iodine atoms (grey).
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Fig. 2 The well-known, linear Aul,™ (top left), square-planar Aul,~ complex (bottom left) and triiodide ion Il;~ (top right), as well as a hypothetical

analogous I~ ion (bottom right); gold atoms (yellow), iodine atoms (grey).

ate student in introductory chemistry has been exposed to when
introduced to chemical bonding and Lewis electron structures.
Among interhalogen compounds, the square-planar configur-
ation is observed for a series of XF,~ compounds (X = Cl, Br or
I) and the above noted ICl,” ion; where a characteristic property
is that the most electronegative element is found in the term-
inal positions; all akin to the II,~ form of the pentaiodide ion.
The analogies to the halides of the chalcogenides also include
the closely related, square-planar halide complexes of tellurium,
viz. Tel,>, that were synthesized and structurally characterized
by Krebs and co-workers."® In this context, also the unique and
to this work relevant gold coordination compound with noble-
gas ligands, AuXe,>" isolated by Seppelt and Seidel, should be
mentioned."*

A search of the CSD for square-planar I5 structural frag-
ments offers no relevant hits. A handful of structures can be
described in terms of catenated pentaiodide fragments with a
coordination resembling that of a distorted tetrahedron, but
none can be regarded as an isolated square-planar II,”
complex. As will be shown below, such a pentaiodide coordi-
nation complex resides in a well-defined minimum on the pen-
taiodide potential energy surface (PES), albeit energetically
less stable than the V-shaped form shown in Fig. 1. This work
will attempt to answer the question why such a coordination
species has not been found among the many pentaiodide
structures known; at least not yet.

This journal is © The Royal Society of Chemistry 2022

Computational

Most quantum chemical computations of static models were
performed using Gaussian 16 (Rev. B.01 and C.01)."> ECP-
based basis sets were used for I and Au employing the
Stuttgart-Dresden-Cologne group, relativistic, effective-core
potentials (ECPs; MDF60 for Au and MDF28 for I) and valence
spaces of (14s11p10d3f2gih)/[6s6p5d3f2gih] quality for
Au,”™ and (14s11p12d2fig)[6s6p4ad2fig] for 1."> Calculations
were performed at density-functional theory (DFT) level using
the hybrid functional cam-B3LYP.'® 2nd order relativistic
effects including spin-orbit coupling were considered using
and the def2-QZVP/def2-QZVP-2¢ basis sets and associated
ECPs for iodine including spin-orbit coupling coefficients and
based on the Gaussian formulation of the hybrid functional
B3LYP as implemented in Turbomole 7.2."77>° Molecular
dynamics simulations were performed at DFT level using
TeraChem v1.9-2021.05 employing the hybrid functional
B3LYP and ECP-based basis sets of single-valence quality.”"*?
A Langevin thermostat was employed at a fixed nominal temp-
erature and a time step of 1 fs extending to in total 100 ps of
simulation starting with an optimized structure of the system
under study. Semi-empirical molecular dynamics simulations
were performed using the XTB v.6.4.0 at GFN2 level in an NVT
ensemble and a Berendsen thermostat.”>>* The acetone dro-
plets consisting of 100 acetone molecules with the density of
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pure acetone were constructed using Packmol, and the solutes
were confined to the droplet centre in the XTB simulations.*®
Also the semi-empirical simulations were extended to 100 ps
with 1 fs time steps, and data were collected at every 50 fs.
Both TeraChem and xTB were operated on graphical processor
units.

Analyses of the computed molecular orbitals were made
using the Natural Bond Order (NBO) and Natural Energy
Decomposition Analysis (NEDA) functionalities in NBO 7.0 as
interfaced with Gaussian 16.>® Results from the simulations
were visualized using VMD 1.9 and GaussView 6.>7>® Details
on the evolution of atom-atom distances with simulation time
in the different systems studied are provided in the ESL.{

Results and discussion
Energies of the conformers

The initial investigation was performed to identify if a poten-
tial, square-planar II,~ complex at all is energetically feasible
with respect to both the most stable conformer, the V-shaped
Is~ ion, as well as with respect to the fragments I3~ and I, and
the fundamental fragments consisting of one I" ion and two I,
molecules. The relative total energies compared to the
V-shaped I~ ion are collected in Table 1.

We can extract two pieces of qualitative information from
the results in Table 1; first, both molecular ions are stable rela-
tive the components of an iodide ion and two iodine mole-
cules, albeit the square-planar II,” is slightly less stable than
the combination of a triiodide ion and an iodine molecule;
second, the square-planar II,~ complex is energetically stable,
though less so than the commonly found V-shaped structure
and should therefore be regarded as a meta-stable form of the
pentaiodide ion. Although inclusion of spin-orbit coupling
significantly shifts the total energies of the systems, the rela-
tive energies remain essentially unchanged and therefore do
not alter these conclusions. In this context, it can be noted
that the square-planar II,~ complex displays no negative eigen-
values in the Hessian upon a vibrational spectroscopic ana-
lysis, and the totally symmetric vibration mode can be found
at 118 cm™', which because of significant overlap with typical
polyiodide Raman bands would be difficult to single out in a
normal Raman spectrum of a polyiodide system. Nevertheless,
11, represents a true (local) minimum on the PES of the pen-
taiodide ion system.

Table 1 Relative total energies of the different forms of a pentaiodide
system, also including the effects of relativistic spin—orbit coupling

No spin-orbit coupling Spin-orbit
coupling
Is~ system I-1 distance/A AE/eV AE/eV
(17)-21,, V-shaped 2.815, 3.093 0 0
11,7, square-planar 2.923 +0.94 +0.91
I" &twol, 2.663 +2.09 +2.08
L~ &L 2.663, 2.952 +0.67 +0.67
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Bonding analyses of the V-shaped and square-planar pen-
taiodide forms using NBO7 and NEDA show a significant
degree of covalency in both ions with Wiberg bond indices of
0.33 and 0.45, between the top/central iodine atom and the
closest neighbours, respectively, and a corresponding NLMO
bond order of 0.20 and 0.34. As a reference, from electron
counts based on simple molecular-orbital diagrams one would
expect the corresponding I-I bond order in I, to be 1 and in a
centrosymmetric and linear I;~ to be 1/2. The Wiberg and
NLMO bond indices, as anticipated, emerge as 1.03/1.01 and
0.53/0.52, respectively, for the two molecular systems. NEDA
analyses of the energy contributions to the interaction energy
for the V-shaped Is~ ion and I;~ (the latter, although centro-
symmetric, treated as an I"-I, unit) show that the charge-trans-
fer contributions to the overall bonding energy are quite similar
in the two systems, indicating that covalent interaction contrib-
utes significantly to the interaction between the I" ion and the
two iodine molecules in the V-shaped I5~ polyiodide ion. In the
square-planar conformer, the charge-transfer contribution is
significantly higher and dominates completely with a factor of
about 8 with respect to polarization contributions.

It can be noted that although different types of frontier
orbitals will be predominant bonding orbitals in the two ana-
logous, square-planar Aul,” and II,~ complexes, from a quali-
tative point of view the bonding scheme will be similar.
Bonding in polyhalides is typically dominated by the halogen
p-orbitals, as shown by Pimentel, Rundle and others.”>*°
Thus, visualizing the ligand iodine atoms as iodide ions, they
will predominantly dominate electron density from their filled
p-orbitals into available empty orbitals on the central atom,
viz. Au(+3) or I(+3). The available orbitals on gold(m) will be
d-orbitals (i.e. the d(x*—y*)-orbital) and on iodine(u1) p-orbitals
(i.e. the p(x)- and p(y)-orbitals), if assigning bonding to the (x,
y)-plane. In terms of electron density, the resulting systems
will be highly similar, although symmetry will of course differ
considering that d-orbitals are centrosymmetric and p-orbitals
are not, as highlighted in Fig. 3.

Transitions

Having established that the square-planar conformer of the
pentaiodide ion is energetically feasible representing a local
energy minimum on the pentaiodide PES, a logical next step
will be to investigate if there is a straightforward route of tran-
sition between the square-planar and the commonly observed
V-shaped conformers. Two different approaches were utilized.

The first approach described in this section involved the
extraction or addition of I, units to an I3~ core placing the
iodine molecule either with all atoms in the same plane or the
I, unit perpendicularly to the triiodide ion. As is obvious from
Fig. 4, in none of the investigated systems a straightforward
pathway from or to the square-planar II,~ by addition of or
extraction of a neutral I, molecule can be identified. In
addition, none of the nine normal vibrational modes of the
square-planar II,~ ion offer any insights as for potential routes
of transformation into a more commonly encountered form of
the pentaiodide ion.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 The total electron density surfaces of Aul,™ (top left) and ll;~ (top right), and the corresponding surfaces of the highest occupied molecular
orbitals (HOMOs, bottom); iso-surface values used are 0.04 e/(au)® for the total electron density and 0.025 [e/(au)®]*’ for the molecular orbitals.

The second type of analysis described in the subsequent
section will involve molecular dynamics at ab initio and semi-
empirical level in order to allow the investigation of the effects
of dynamics, as well as potentially allow the identification of
reaction routes of inter-conversion not formulated a priori.

Dynamics

In the above analysis, the isolated polyiodide fragments were
investigated. However, in real-life syntheses both solvent and
counter ions are involved, and in this section such effects will
be taken into account.

The first molecular dynamics simulations at ab initio level
focussed on the isolated V-shaped and square-planar pen-
taiodide units extending to 100 ps. A primitive methodology
to provoke reactive events is to increase the nominal simu-
lation temperature in order to increase the probability of
reaction events to take place. Therefore, the simulations at
ambient temperature were complemented by further ones at
300 and 600 °C. The square-planar II,~ ion remained intact
during all simulations emphasizing that it should be
regarded as a locally highly stable entity. However, upon
increasing the simulation temperature for the V-shaped and
commonly encountered I5~ ion, that ion showed an increas-
ing tendency to split into its expected and smaller building
blocks, I3~ and I,; at 600 °C, that separation was observed
(towards the end of the simulation time) and persisted
throughout the simulation time (see Fig. S1f for more
details). This may reflect that the square-planar II,” ion does
not have well-defined reaction pathways with relatively low
reaction barriers to smaller fragments, whereas the V-shaped
15~ does.

This journal is © The Royal Society of Chemistry 2022

When synthesizing polyiodides, useful solvents are polar
organic molecular systems, such as ethanol or acetone. It is
therefore a natural first extension of the study to involve a
solvent in the molecular dynamics studies. Acetone was
selected as a suitable system, since it is commonly employed
in polyiodide synthesis and will not complicate the polyiodide
system by strong hydrogen bonding (known to have effects on
the speciation and the structure of polyiodide compounds syn-
thesized). A droplet consisting of 100 acetone molecules at a
typical density for the solvent was constructed and the two
conformers of the pentaiodide ion were placed in the system
centres. The systems are quite big, and therefore semi-empiri-
cal simulations were employed. The simulations were extended
to 100 ps at ambient temperature, see Fig. 5 and Fig. S2.}
Again, the square-planar II,~ complex remained intact over the
entire time of simulation, whereas the V-shaped Is~ almost
immediately split into the expected I;~ and I, fragments with
I, diffusing to the outer rim of the acetone droplet.

As a side-comment, the diffusion of hydrophobic entities
to the droplet rim during simulations in polar solvent
models is a quite common phenomenon, in particular when
studying biomolecules in water. Sometimes this is referred
to as vacuum being hydrophobic. However, that is not a fully
accurate description of the driving forces for the observed
effect, since it is essentially the molecule-molecule inter-
actions between the polar solvent components that are dis-
turbed or reduced, and as a consequence the less polar
solutes are pushed to the position where they interfere with
the intrinsic solvent interactions the least, i.e. to the out-
skirts of the droplet. This is also the phenomenon that we
observe for the I, unit split off from the V-shaped I~ ion. In

Dalton Trans., 2022, 51,14182-14189 | 14185
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Fig. 4 Relative energy scans of (a) in-plane I, extraction from Il,~; (b) in-plane I, addition to I37; (c) perpendicular extraction of I, from Il,~ (with a
linearly restricted I3~ unit); iodine atoms (grey).
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Fig. 5 The two initial models of square-planar Il;~ (top left) and V-shaped Is~ (top right), and the end results after 100 ps simulation under ambient
conditions (bottom left and right, respectively); iodine atoms (bronze; different atom colour from the other figures for sake of clarity).

summary, we observe the same trends as noted for the non-
solvated  pentaiodide ions, although the polar
solvent accentuates the tendency of the V-shaped I5~ ion to
decompose into I3~ and I, also at low simulation
temperatures.

In polyiodide synthesis of course electroneutrality must be
fulfilled, and thus the anionic reactants are by necessity
accompanied by cationic counter ions. It is also in this aspect
that the use of polar organic solvents makes sense, since they
are good solvents for both the iodide salts and for the more
non-polar iodine molecules. Depending on what type, struc-
ture and size of polyiodide is your target product, different
cations and solvents can be selected. In the subsequent study,
two quite different types of simple cations have been selected
for aiMD simulations, Li* and Au’. The lithium cation was
selected because it is small and polarizing, and therefore will
enhance any disrupting effects of a cation on the pentaiodide
structures. It is well known from literature that cations of this
type interact strongly with the polyiodide fragments and often
in a bridging position between the ionic and neutral building
blocks (like between the I” and I, fragments). In this section,
only the square-planar pentaiodide system was studied, since
the interactions of the V-shaped pentaiodide with cations is
well investigated and described in the literature. Thus, the
main target is to provoke any type of reaction of the square-
planar II,~ complex in the presence of cations in order to
extract insights into the reasons why such a species has not

This journal is © The Royal Society of Chemistry 2022

been observed albeit that it obviously, if formed, should be
considerably stable.

The aiMD simulations for the anionic II,~ system was
repeated at ambient temperature and at 300 °C, but no reac-
tions could be observed. However, at 600 °C, the square-planar
I1,” eventually split into the notorious building blocks I;~ and
I,, where the I;” ion is coordinated by the Li" ion in the
expected asymmetric coordinating position found in most
solid polyiodide structures, see Fig. 6 and Fig. S3.f The
dynamics of decomposition is not straightforward; after
approximately 40 ps of simulation Lil splits off from the
system leaving the remaining four iodine atoms in a less
ordered heap, whereafter Lil again approaches the iodine heap
to extract away an I, entity and as a result the Li-I3 and I, units
diffuse away from each other. Further details are given in
Fig. S3 in the ESL{ The main conclusion is that cation inter-
action very well may disfavour the formation of the square-
planar II,~ complex to the benefit of the regularly known,
chain-like polyiodide building blocks.

The Au’ ion was included mainly for two reasons; first, it
represents a completely different type of cation than Li*; 2, the
resemblance of the gold and iodine coordination chemistry
may provide some new insights into the interaction between
gold and iodine in the combined systems. Indeed, already at
ambient conditions complex reactions can be observed; not
always with easily interpreted results in terms of expected
coordination compounds, though. At 25 °C, Au' almost

Dalton Trans., 2022, 51,14182-14189 | 14187
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Fig. 6 The initial Li*-ll;~ model as obtained from static geometry
optimization (top), and a snapshot of the end products after approxi-
mately 60 ps simulation; iodine atoms (grey), lithium atoms (cyan).

immediately becomes integrated into the II,~ structure
forming a linear Aul,-type of entity at the edge, but with
unclear interaction with the remaining three iodine atoms.
After about 50 ps of simulation I, is separated from the
other atoms leaving behind, from a coordination chemistry
point of view, a rather obscure entity; an odd-looking Aul;~,
see Fig. 7. Comparisons to regular Aul,” and Aul,” complexes,
as well as to a more non-intuitive Aul(I,) unit consisting of Au"
coordinated by an iodide ion on the one side and an iodine
molecule on the other, the latter constellation comes out as
the most likely end product in the aiMD simulation. A separ-
ately constructed and geometrically optimized Aul(I,) complex
at DFT level offers highly analogous results. Both NBO charges
and atom-atom distances match the end product of the MD
simulation quite well (Au, I and I,: +0.29, —0.44, and close to
zero in the simulation, +0.34, —0.40 and close to zero in the
optimized structure; Au-I, Au-I, and I-I: 2.589, 2.615 and
2.897 A in the simulation, 2.537, 2.623 and 2.712 A in the opti-
mized structure). The simulations at higher temperatures
display the same outcome, although arriving at the end com-
ponents after much shorter time of simulation (see Fig. S4
with associated discussion in the ESIf). The rather odd end
product of Aul(I,) can most likely be regarded as a product of
how the scene of chemistry/composition was set in the simu-
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Fig. 7 The initial Au-ll;~ model as obtained from static geometry
optimization (top), and a snapshot of the end products after approxi-
mately 60 ps simulation; iodine (grey), gold (yellow).

lations; inclusion of further electron donors or Lewis acids,
viz. more iodide ions, will produce more common gold-iodide
complexes together with more common polyiodide building
blocks. The addition of one further iodide ion to the molecular
dynamics system results in what can be described a more
regular and linear gold(i) complex with the two ligands com-
prising one iodide ion and the II,” complex. At 600 °C the
additional iodide ion and the thermally induced dynamics
splits off one I, unit leaving an Aul(I3) complex behind
showing occasional further extrusion of I,. One further iodide
ion (two extra in total) in the starting configuration results in
two separate entities, one linear Aul,” complex and the quite
stable square-planar II,~ pentaiodide complex. In this context,
it can be mentioned that the only compound we have found in
the literature that structurally offers a fragment close to an II,~
unit displays a complex one-dimensional structure of the com-
position [AgsIs~ ], containing rather flat, pentagonal pyramidal
hexaiodide units bridged by the Ag™ cations.’’ The I-I dis-
tances from the central iodine atom in this pentagonal
pyramid spans 2.92 to 3.01 A, but the typically encountered
Ag-1 distances indicate that the interesting hexaiodide con-
figuration is coincidental, emerging as result of the Ag-I
coordination in the complex cage structure.

The main conclusion is that gold and iodine forms a plat-
form for much interesting chemistry involving a large flexi-
bility regarding both oxidation states and coordination
geometries.

This journal is © The Royal Society of Chemistry 2022
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Conclusions

The current study shows that the Aul, -like coordination
complex of II,~ indeed represents a local minimum on the pen-
taiodide PES. It is less stable than the V-shaped form typically
found in solid pentaiodide compounds and should therefore be
regarded as meta-stable. No straightforward pathway of trans-
formation between the square-planar and V-shaped forms could
be identified. However, the inclusion of attached cations to the
square-planar II,~ complex triggers decomposition into smaller
polyiodide building blocks. This may hint to why the coordi-
nation compound version of the pentaiodide to our knowledge
so far has not been identified in solid polyiodide compounds.
The intrinsic stability of the square-planar II,” version suggests
that it should be possible to isolate also this form of the pen-
taiodide system providing that proper synthetic conditions are
applied. Two synthetic strategies appear most straightforward:
either using rather large and weakly coordinating organic
cations or alternatively (Fig. 7) smaller polarizing cations in
combination with a strongly solvating, polar solvent.
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