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Despite a bicentennial history, the interest in polyiodides and related systems still flourishes. The
chemical puzzle provided by the intricate nature of chemical bonding in these polyanions remains
challenging these days. The advent of the halogen bond and the spreading interest in supramolecular
interactions of halogen-based systems promoted further recent interest. Research in the area of
materials, where local bonding details eventually result in desired macroscopic properties, provided a
further boost. Herein, we illustrate the consequences of contemplating a different bonding scheme for
polyiodides, one making explicit use of electron-deficient multicenter bonds (EDMBs), an emerging
concept in this area. We present a reinterpretation of polyiodide bonding using a revised approach to
the Lewis dot formulas, leading to a clearer pen-and-paper understanding of their bonding. The model
is general and can be applied to other related problems (here polyiodonium cations, and other homo-
and hetero-polyhalides). Our alternative narrative has a few interesting consequences on several
traditional and currently hot topics, including the nature of basic building blocks for polyiodides,
hypervalency vs. hypercoordination, the distinction between covalent bonds and supramolecular
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Introduction

Polyiodides have long™? been a classic among scientifically
challenging systems for chemists and physicists alike. Struc-
tural chemistry and geometrical possibilities displayed by
polyiodides are particularly rich.>* To such a richness subtends
complexity: even the simplest of polyiodides, I3, was immedi-
ately recognized as an anion defying the octet rule. The appar-
ent violation of the octet rule has led to a mainstream
explanation of polyiodides as hypervalent species and has
played a pivotal role in the understanding of, and/or constitutes
a prime example of, three-center-four-electron (3c-4e) bonds,
also known as electron-rich multicenter bonds (ERMBs).>””
On the other hand, polyiodides with a larger number of
atoms in the chain than I; also possess an interesting
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interactions, and the nature of secondary and halogen bonds.

alternation in terms of bond lengths, with many I- - -I bonds(?)/
contacts(?)/interactions(?)® that fall in an intermediate region
between single covalent (2c-2e bonds, like in I,) bonds and
supramolecular interactions, which are, nevertheless, strongly
directional.>* For this very reason, polyiodides have been a
prime crucible for the elaboration of novel concepts, in general,
in inorganic, physical, and also supramolecular chemistry. In the
latter realm, namely, secondary bonds®'° and halogen bonds"*
(and actually further models in between)'*** are here of special
relevance. To this end, polyiodides have been generally
approached with a reductionist mindset, dismantling superior
species in terms of complexes of the I,, I, and I reassuring
basic building blocks, often via an I.--I experimental distance-
based approach to differentiate them in covalently-, secondary-/
halogen-, and non-bonded fragments.**>*”

This is, in a nutshell, the summary of the first two centuries
of the history of polyiodides. What is now prompting us to
rethink the whole matter are three recent facts: (i) supramole-
cular interaction models, old (secondary bonds) and new
(halogen bonds), have been criticized on both experimental
and theoretical grounds (see discussion herein and in ref. 8 and
18 for an overview); (ii) the need and possibility of coherently
rebuilding a view of related supramolecular interactions were
advanced and contact points were highlighted;**"®' and (iii)
an apparently innocent-yet-revolutionary statement recently
made: linear multicenter bonds on more than 3 atoms must
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https://orcid.org/0000-0002-9780-7542
https://orcid.org/0000-0003-1411-8299
https://orcid.org/0000-0001-6651-9858
https://orcid.org/0000-0002-3926-1705
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cc02832e&domain=pdf&date_stamp=2024-10-04
https://doi.org/10.1039/d4cc02832e
https://rsc.li/chemcomm
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cc02832e
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC060087

Open Access Article. Published on 26 september 2024. Downloaded on 07.01.2026 17.31.04.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Feature Article

be of the electron-deficient type (i.e. 2c-le electron-deficient
multicenter bonds, or EDMBSs), even for electron-rich elements,
such as 1, with plenty (7) of valence electrons.”*>*

Herein, we start from the contributions of Manjén and
coworkers on the nature of bonding in chain-type systems,
present in pnictogens and chalcogens,***
halides,*® and work our way to re-understand polyiodide bond-
ing and geometries. These same observations - to different
extents, stemming from different backgrounds, and reaching a
variety of conclusions - are simultaneously emerging in very
recent works of several research groups around the world,
especially for halogen-related systems.>*™>”

In the following sections, we will briefly attempt to re-
explain polyiodides using a revisited version of Lewis dot
formulas. On these grounds, we will then re-discuss and re-
think current models for polyiodides and iodine-iodine bonds
and interactions.

as well as in

Polyiodides re-explained: a simple
electron disposition exercise

Arguably, the single key concept in chemistry is the covalent
bond. This is accompanied by the importance of electronic
doublets, forming part of either bonding electron pairs (BEPs)
or non-bonding lone electron pairs (LEPs). Rationalization and
prediction of bonding and geometry in molecules are - still
these days - dominated by Lewis dot formulas.”® Drawing most
molecules according to the Lewis formalism leads to easily
predicting their atomic connectivity and valence electron dis-
tribution, thus evidencing the bond multiplicities and the
number of LEPs present on each atom. From there, the well-
known VSEPR theory®® allows us to derive local molecular
geometry, granting an easy visualization of the three-
dimensional structure of molecules.

Although this approach does not have the full and stringent
predicting power of quantum mechanical calculations, it allows
us to arrive at almost correct bond multiplicities and geome-
tries (actual deviations from ideal VSEPR angles are generally
rather small and can also be foreseen and approximately
quantified within a VSEPR framework). This has significantly
contributed to the relevance of the Lewis dot formulas, which,
as a matter of fact, still constitute a fundamental topic in any
general chemistry teaching course.

Pervaded by single covalent (2c-2e) bonds and used to
drawing full bonds (-) between atoms, a chemist, when asked
to draw bonds for an infinite linear iodine chain, I, would
likely draw pairs of diiodine molecules (Fig. 1 top).

A slightly more careful thinking would have a chemist state
that there are two possible alternate chains and that the two
should resonate (Fig. 1 top and center). Uneven resonance
(possibly brought about by crystal surroundings) about covalent
and 3c-4e bonds was already envisaged by Hach and Rundle to
explain the odd bonding alternation in polyiodides.*°

Returning to I, the resonance between alternated 2c-2e
bonds and “no bonds” would indeed be a 2c-1e EDMB (Fig. 1
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Resonance Hybrid:

Fig. 1 Conceivable bonds in an infinite linear iodine chain, |,. Top and
mid graphs show alternated single covalent (2c—2e) bonds and “no bonds”
along the chain. The bottom resonance hybrid is the solution now proved
correct: extended 2c—1e EDMBs.

bottom). As a concept, EDMBSs, especially in the finite case, are
not new, nor poorly understood, having led to a Nobel Prize for
the explanation of boron hydrides, also known as boranes, in
terms of 3c-2e bonds (i.e. two interacting 2c-1e bonds).*" There
is nothing special about the 2c-1e EDMB extended to infinite,
except for the considerable cultural shock of having to admit
EDMBs as a ‘“natural” type of bond in such chains, even for
(valence) electron-rich elements, such as pnictogens, chalco-
gens, and halogens.***>*? In this sense, beyond an initial sense
of scandal, the proposition and formal demonstration of the
presence of EDMBs in infinite linear chains along one, two, and
three dimensions, including the one-dimensional infinite lin-
ear iodine chain, as advanced by Manjon and coworkers,”*>*?*
stand out as a Columbus’ egg.

We will show how it is possible to predict stability, bending,
and bond alternation in linear (i.e. not branched) chain poly-
iodides of all main series (I, Iz, I, ) with a simple pen-and-
paper approach based on the following broad concepts: (i)
Lewis dot formulas; (ii) the octet rule; (iii) the VSEPR theory;
and (iv) the single covalent 2c-2e bond, the 3c-4e bond (ERMB,
with the notion they cannot extend beyond 3 atoms)****** and
the extended 2c-1e bond (EDMB, with the notion they are the
standard bond for I, the finite charge being irrelevant in the
infinite chain limit).>?

The exercise we are going to make for polyiodides is untrivial
with standard Lewis formulas using only electronic doublets
(BEPs and LEPs), much like it is not possible to achieve a
satisfying picture of molecules like B,H, without considering
the 3c-2e EDMB (the finite version of the extended or infinite
2c-1e EDMB of 1.,). To that end, we will refer to the I, limit as
the situation in which each I atom is surrounded by 3 LEPs and
is involved in an infinite 2c-1e EDMB (Fig. 1 bottom, cf. ref. 23).

To start with, we have to stress that the electron distribution
done until now in chemistry for I, has to be reconsidered.
Instead of immediately placing a BEP among any two I atoms in
I, and then deriving the number of LEPs around each atom, as
for general Lewis formulas writing rules, we will first take into
account the linear geometry of the molecule and, according to
the VSEPR rules, ascribe six electrons to 3 LEPs to each iodine
atom (the 3 LEPs located in the plane perpendicular to the
linear chain, thus forming a trigonal bipyramidal geometry for
each iodine atom) and then populate the I-I bonds with the

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Revised Lewis dot formulas for polyiodides of the I, series.

remaining electrons.?® The same procedure is followed for any
linear chain, irrespective of the charge (x) of the I;;” chain.
Instead of drawing full bonds, we will first place one single
electron binding each I atom to its neighbours, as per the I,
limit solution. Any extra electron is then used to complete the
octet for the peripheral atoms, as for the standard Lewis
formulas writing. In the general case of an I~ chain, n + x
electrons are placed in n — 1 bonds in a simple electron
disposition exercise. As said, after ascribing 3 LEPs per iodine
atom, we start by placing one electron binding each iodine
atom to its neighbours; this means that for n atoms, we need to
distribute n — 1 electrons in n — 1 bonds in this way. In the
following (cf. Fig. 2), these are called “black’ electrons. For the
generic I, chain, we will be left with x + 1 further electrons to
be distributed along the chain. These “extra” electrons are
called “blue” electrons (¢f: Fig. 2). Graphs obtained according
to the above rules for the I, series are presented in Fig. 2.

Since the case of I, is trivial and has been commented on in
ref. 23, it will not be further discussed.

Therefore, we will start discussing the linear I; system. In
fact, the I3 drawing shown in Fig. 2 (4 electrons in the chain for
2 bonds) is already revealing. The use of LEPs and full bonds
only (Fig. 3, top) leads to a central atom surrounded by 5
electron pairs. This makes the central I atom hypervalent and
bearing, using the standard textbook definition of formal
charge (in brief, the difference between valence electrons of
the neutral atom and the electrons assigned to it in the Lewis
formula assuming BEP are heterolytically divided between
bonded atoms), and has a formal charge of —1. It is well known
that the formal charge of —1 on the central atom is not
mirrored by calculated atomic charges on the I3 anion, where
the negative charge is equally distributed on the lateral atoms
instead:*® this mismatch between drawn (Fig. 3 top and mid-
dle) and real (Fig. 3 bottom, data from ref. 32) distributions of
charge (read: electrons) already invites to a reflection about the
quality of the picture generated by standard Lewis formulas in
the special case of polyiodides.

We notice that clues about the actual electronic distribution
are also found experimentally in I; coordination modes when
this anion acts as a ligand for a metal cation, with end-on
coordination (i.e. via the terminal I atom) favoured over side-on
coordination (i.e. via the central I atom), as shown by Rogachev
and Hoffmann®’ (see also the LAQSUV crystal structure and ref.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Hypervalent and formally charge-bearing central atom in the
“doublets-only” classical Lewis formalism. Top: Hypervalent Lewis formula
with formal charge; middle: Graphic depiction of the formal charge
distribution; bottom: Actual Bader's atomic charges according to ref. 32
(color code: red positive, blue negative, transparency (in %) used to
represent non-integer charges).

34 for recently found rare species resembling a transition state
between the two possibilities, closely looking like the in silico
“sliding” intermediate discussed in ref. 33).

Equivalent pictures of related 3c-4e systems are instead
obtained using improvements to the original Rundle-Pimentel
model.>?° Beyond mere inclusion of the s,p orbital mixing (see
later),*® the resonance VB model proposed by Coulson,*®
which opens to the inclusion of the ionic resonant structure
(g I-IT- « I I' T” « I I-1), helps in arriving at a correct
picture. Modern and finer VB methods (e.g. breathing-orbital
VB)*” have led to the establishment of charge-shift bonds,***°
for those species where the covalent-ionic resonance is so
important that it becomes the major reason for stability. Model
systems showing ERMBs, such as XeF,,"’ SF, (n = 1, 2, 4), PF;
and CIF;, have been clearly discussed to be related to the
presence of charge-shift bonds.** The I anion complies with
the criteria for the hypervalency (see later) formulated in a
charge-shift bond perspective (essentially low ionization
potential for the central atom, electronegative and LEP-bearing
substituents).”" Lastly, using Slater’s cheap yet tremendously
effective trick, a strict similarity of I; and FHF can be
invoked.® In the bifluoride anion case, it is arguably easier to
see how the charge rests on the atoms at the periphery and how
H must avoid exceeding a valence electron count of 2 (8 in the
case of the central I of I3).

So on the one hand, there is plenty of evidence that the
simple I3 Lewis formula is unable predict the correct electronic
distribution, while, on the other hand, advanced computational
methods, admittedly due to their high level,*" tend to lose the
immediacy of the description, which we are here trying to
safeguard instead.

The electron-by-electron approach, we have previously com-
mented, suggests drawing the I3 anion as 2 I-I 2c-1e bonds and
then adding the 2 extra electrons. The picture shown in Fig. 2 is
similar to the standard one (Fig. 3), although upon adding the

Chem. Commun., 2024, 60, 12677-12689 | 12679
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last two “blue” electrons one is forced to mind that the external
atoms need one electron each to complete the octet while the
central one formally has already an 8-electron count. This
invites the placing of such electrons as not completely shared
with the central atom. This picture finds support in the MO
picture of the I3 anion (the two electrons populate a non-
bonding orbital, Fig. 4) and the actual charge distribution of
the anion (Fig. 3), with most of the negative charge located on
the external atoms rather than on the central one. The picture
is also in keeping with the charge-shift bond description, as
discussed earlier.*® This simple example highlights how elec-
trons can be paired (I; anion and polyiodides are generally
diamagnetic), without implying an integer bond order (bonds
in Iy are longer than in I,). In this way, the central iodine of the
I; anion is hypercoordinated but does not violate the octet rule
(for sure not achieving a 10-electron count). In other words, the
central atom can be considered to have an 8 + 2 electron
environment, with 8 electrons in the first electronic shell and
2 additional electrons in the second electronic shell (at a longer
distance than the first one), thus resolving the issue of hyper-
valency. The location of electrons in two different electronic
shells that we propose matches with a recent work that has
introduced the penetration index (interatomic distance descrip-
tion), where different kinds of interactions/bonds between two
atoms show a different interpenetration of their different
electronic spheres (the valence and the van der Waals
spheres).*” In the case of the I3 anion, the central atom would
have 8 electrons in the valence sphere and 2 electrons in the
van der Waals sphere or crust (the region of space between the
covalent and the van der Waals radii of a given element).
Therefore, no violation of the octet rule occurs for the central
atom in the I3 anion since there are no more than 8 electrons in
the valence sphere. This reasoning applies in general to all 3c-
4e bonds; therefore, there is no hypervalency but simple
hypercoordination.>*?>

It is interesting to note that it has been suggested that the
shift of the excess electronic charge toward the external atoms

L 4 4 2 4 o BEal?
®® 00 v,
00660 v

Fig. 4 Qualitative Rundle—Pimentel MO picture of the I3 anion showing
the 3c—4e bond (ERMB). The extra pair of electrons beyond the bonding
pair goes into ¥,, a non-bonding level, where they are predominantly
located on the terminal iodine atoms. Reproduced from ref. 18 with
permission from RSC, copyright 2024. Despite the Rundle—Pimentel
model for the ERMB being superior to the expanded octet rule, the
unsuitability of this simple model and the need for a more complex one
to explain many features of ERMBs has been addressed in ref. 40 and 41,
where the relationship between ERMB and charge-shift bonding has been
clearly shown.
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in molecules with 3c-4e bonds is a mechanism of the central
atom to avoid violating the octet rule.** Some similar argu-
ments to justify the lack of violation of the octet rule are also
found in the related ref. 24. Furthermore, the actual distribu-
tion of atomic charges fully supports this picture.

According to the aforementioned rules, the linear I, system
(5 electrons in the chain for 3 bonds) would be built by using 3
electrons in 3 II 2c-le bonds and adding 2 more at the
periphery of the molecule as in the standard Lewis formulas
writing. This creates the situation of 2 weakly bound I, mole-
cules by a single I-I 2c-1e bond. It is also to be noted that in
even membered linear I, chains, there are n/2 bonding MOs
and n/2 antibonding MOs, so that I, unlike I3 or I (see
below), starts populating an antibonding level (an unfavourable
situation from the energetic point of view). Moreover, the
ERMB cannot be formed over more than 3 centers®®*">* and
bending (occurring in the I5 system explained later) cannot
improve global bond order along the chain in the I, anion.
Moreover, we have to stress that the 2c-1e bond is a kind of
multicenter bond (the minimum set for the EDMB is the 3c-2e
bond), so there is a lack of a second 2c-1e bond in the I; anion,
which further supports the lack of experimental evidence of
this unit. Lastly, as for other odd-electron species, radicals are
in general high-energy species, of overall rare occurrence with
respect to even-electron species. As a matter of fact, the I,
anion has not been experimentally observed to our knowledge.>

Let us now discuss the linear I5 case (6 electrons in the
chain for 4 bonds). This example allows us to highlight the
reason for the bending of polyiodides and focus on the bond
distance alternation. The classical picture of the anion is shown
in Fig. 5 top. According to the aforementioned rules for electron
distribution, the linear I5 chain shown in Fig. 2 would result in
using 4 electrons in 4 I-I bonds and adding 2 more at the two
peripheral bonds of the molecule as in the standard Lewis
formulas writing. This would result in two external I, molecules
being weakly bonded to a central I atom via two 2c-1e bonds
(i.e. a 3c—2e bond). If the MO picture shown in Fig. 4 (for three
centers) is updated and applied to five centers, the aforemen-
tioned electronic configuration would allow us to populate com-
pletely 3 of the 5 MO levels; i.e. the two bonding orbitals and the
non-bonding orbital, so it is not so unfavorable as the I, case.

In the linear Iy chain, ERMBs cannot be formed since there
is a deficiency of electrons®! that leads to the presence of two
2c-1e bonds, i.e. EDMBs.>® However, the bending of the chain
around the central atom as shown in Fig. 2 can improve the
stability of the system. The central atom might employ one of
its LEPs to restore 3c-4e bonds around atoms 2 and 4, improv-
ing the number of bonding electrons in the chain. By doing so,
it reduces its LEP count, and finds itself surrounded by 4
domains of electrons instead of 5: VSEPR theory easily allows
local chain bending to be justified. Thus, by doing so, the
bending around the central atom is introduced and explained.
Such electron displacement has to be carefully made though, in
close analogy to I3, in order to avoid exceeding the 8 electrons
count for atoms 2 and 4. Consequently, we can state that
hypercoordination rather than hypervalency is a feature of

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Top. Traditional Lewis formula for the Is anion. Atoms at positions
2 and 4 result in hypervalent and formally negative charge bearing. Central
atom (atom 3) results formally electron-deficient and positively charged.
Bond length alternation is not manifested as all bonding electronic doub-
lets are equal. Middle: Graphic depiction of formal charge distribution.
Bottom: Actual Bader's atomic charges according to ref. 32 (colour code:
red positive, blue negative, transparency (in %) has been used to represent
non-integer charges).

3c-4e bonds."®?° The uneven sharing of bonding electrons in
3c-4e bonds, required by the octet rule as already explained for
I;, brings experimentally observed Is; anions to be V- or L-
shaped. In the V-shaped pentaiodide, the experimental bond
distances are as follows: 2.78(9) A (external 1-2 and 4-5 bonds)
and 3.1(1) A (internal 2-3 and 3-4).%° In this way, the linear 1-2-
3 and 3-4-5 chains can be seen as perturbed 3c-4e bonds with
short and long bonds. While the short external (1-2 and 4-5)
bonds can be considered closer to 2c-2e bonds, the long
internal (2-3 and 3-4) bonds can be considered as intermediate
between 3c-4e and 2c-1e bonds.

L-shaped pentaiodides, traditionally pictured as an [I3-I,]
complex, are just cases where one of the two resonant limit
structures for the V-shaped anion (i.e. the 3c-4e system on the
left or right side of atom 3) is favoured over the other (e.g. by
packing forces in the crystal). The bond distances in L-shaped
I; were quantified as follows: formal I, fragment 2.8(1) A,
formal I fragment 3.0(1) A, and bridging bond 3.1(2) A.?° still,
in comparison to the unbent chain (2.84 A and 3.40 A, Scheme 1
ref. 23, clearly showing 2c-2e and 2c-1e bond lengths), the
bending process overall shortens bond lengths along the chain,
and thus bond orders improve, formally reaching an 8-electron
count for 4 bonds. The noticeable stability of the angular I
anion (V- or L-shaped) is perhaps to be ascribed to its nature as
two fused 3c-4e systems, as also noted in ref. 24, a situation
only possible for exactly 5 atoms. The necessity for bond length
alternation emerges naturally from our depiction. In any case,
the dot model helps to see that bonds cannot be equal and to
foresee which will be the long ones (i.e. those that achieve a
formal 2-electron count due to the bending process).

This journal is © The Royal Society of Chemistry 2024
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A bolder take on the matter (one that is related to the
secondary bonding section) could be addressing the matter
from a Bent’s rule perspective: LEPs are better stabilized by s-
type orbitals (or s character in hybrid orbitals).** Linear poly-
iodine/polyiodide chains are widely pictured as combinations
of 5p orbitals. Thus, in a sense, LEP sharing and chain bending
increase the s-character in iodine bonding orbitals instead.
“Shared” LEP is not much so. The concept has also been stated
for 3c-4e systems by saying that the s,p orbital mixing would
give non-bonding levels a slight antibonding character.*®
Although connected with the discussion of ERMB bonds
(and the improvements made through the years from the Run-
dle-Pimentel>*° model to the VB model with charge-shift bond
contribution)***! rather than to EDMB, this aspect represents a
valid point to account for bond alternation in polyiodides.

Finally, it must be noted that, in terms of atomic charges,
our model clearly shows how linear I5 molecule is supposed to
have atomic positions 1 and 5 with a valence electron count
shifted towards 8, else atoms 2 and 4 would significantly violate
the octet rule (in a similar situation to the I3 case). The bending
process in I5 can be read as a formal electron donation from
atom 3 towards atoms 2 and 4. It should be noted, as com-
mented, that the ability of atoms 2 and 4 to accept such
electrons is again limited due to octet rule concerns. Overall,
our dot graph suggests positions 1, 3, and 5 as those bearing
most of the negative charge. This finds confirmation in in silico
data of both linear and bent I; anions.?**> Notice how this
picture (Fig. 5 bottom) is significantly different from that
obtained from the standard Lewis formula (Fig. 5 middle).

Regarding the linear Iy molecule (7 electrons in the chain
for 5 bonds), this system has similarities with the linear I,
molecule (5 electrons in the chain for 3 bonds). I, has a single I-
I bond, which could not be helped by bending (a 2-electron
process), whereas Iy has 3 I.I bonds, thus, like in I, there is a
lack of another I'I bond, and there is no possible symmetric
bending to stabilize the system. Moreover, any possible bend-
ing process would have 4 iodine atoms in a row connected by 2
electrons each: as ERMB cannot extend beyond a 3-atom
system,”®"* there is little to do to resolve the I anion instabil-
ity. As a matter of fact, Is has not been experimentally observed
to our knowledge.’

The case of the linear I; molecule (8 electrons in the chain
for 6 bonds) is also interesting (Fig. 2). Here, the reasoning for
the linear molecule is similar to that of the linear I; molecule.
In fact, a similar situation to I5 is envisaged, only with the
requirement of bending around two atomic positions (atoms 3
and 5), in a Z-like fashion, thus reaching formally 12 electrons
for 6 bonds. Octet concerns arise due to the bending process for
atoms 2 and 6, while atom 4 finds itself in a linear 3-atomic
moiety, 3-4-5, which is in an I3-like situation. Thus, the
interpretation of the I; molecule as an I,-I;-I, formal complex
emerges naturally, together with expected (and experimentally
found) average bond lengths (2.7(3) A - bonds 1-2 and 6-7,
3.2(1) A - bonds 2-3 and 5-6, and 2.9(2) A - bonds 3-4 and 4-5 -
CSD data on 19 deposited crystal structures, cf, ESIT).*® There-
fore, the Z-like bent I; molecule can be seen again as 3 merged

Chem. Commun., 2024, 60, 12677-12689 | 12681


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cc02832e

Open Access Article. Published on 26 september 2024. Downloaded on 07.01.2026 17.31.04.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Feature Article

3c-4e systems fused for 2 atoms (3 and 5), although the
electron sharing becomes more and more uneven, a feature
already observed for I5 with respect to I . Proposed graphs help
show how the existence of longer bonds in polyiodides, like
those within the formal I, and formal I3 fragments, arises
naturally as per a necessary compromise between donating
electrons from LEPs to 2c-1e bonds and violating the octet
rule for some involved atoms. Thus, both bond modulation and
bond lengths beyond the Coppens threshold (3.30 A)'” appear
to be justified. The complete dismissal of such long bonds as
non-covalent interactions requires reconsideration in the light
of the EDMB model.>>** Structural arguments in support of
this view were previously raised®® and find here a conceptual
framework.

The reasoning we have just demonstrated up to here could
be extended to longer polyiodides, yet with I, we already have
the onset of structural isomers, ie. branched species, like
pyramidal I7, which can be considered as 3 fused 3c-4e systems
with a single atom acting as the pyramid vertex and three
branches of two atoms, so that all branches are characterized
by linear 3c-4e bonds. One may thus expect Iy to be the next
logically stable polyiodide in the series, although its rare
reports only saw it as a branched rather than a linear species.
If it were assumed as linear, our reasoning suggests that
bending would occur at atoms 3, 5, and 7, i.e. the existence of
the anion as a formal series of 4 fused 3c-4e systems held
together by weaker (intermediate between 2c-2e and 2c-1e)
bonds. It should be noticed that increasing the number of
formally fused 3c-4e systems (e.g. moving from I5 to I7) already
results in significant lengthening of the longest bond in the
chain, meaning that an anion of formula Iy (much like I;)
would likely propend for branched geometries instead.

These and other complex systems with more I atoms are
beyond the scope of the present discussion. The reason is
manyfold. First, for what concerns further infinite chains (e.g.
the zigzag one), they were recently addressed.”® Second, charge
and odd/even number of I atoms suffice to have a global
reference MO picture of linear polyiodides (see later): such is
not the case for branched or cyclic structures, which would
require dedicated individual attention. Third, the more
complex the polyiodide, the more subtle the bond/interaction
issue, i.e. if it should or should not be described as a molecule
(a theme which is instead developed later in dedicated sec-
tions). Lastly, this contribution is intended as an original look
back to existing literature and cannot aspire to solve all open
questions. In this sense, we mention having personally encoun-
tered differences in bonding, even with analogous ligands, in
transitioning from 11- to 18-membered (supramolecular, some
would say) polyiodide rings.>* Still, lacking the conceptual
framework here provided, we limited ourselves to observation
and description. In due time, provided the view herein pre-
sented is accepted, we might tackle more complex species in
which iodine atoms are involved.

In conclusion, it is thus observed how I,, stable anion series
should be of the I, type, being bent molecules preferred over
linear ones for molecules containing more than 3 centers;
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i.e. beyond I. This does not stem from the formal necessity
of polyiodides to derive from I, and I" building blocks, but
rather from the fact that anions of the I,,,; series have an even
number of bonding electrons to be distributed among an even
number of bonds along the chain. This is required by the 3c-4e
bonding per se in I; or stems from a partial donation of some
LEPs into EDMBs in bent polyiodides, ultimately leading to 2n
electrons distributed in n bonds. Chains of odd electron
counts, I, polyiodides, do not have access to such a stabili-
zation process and are not encountered in nature.

The arguments provided in the previous paragraphs can be
easily extended to the I,~ and I,  series, so that bonding
electrons must always be an even number. For the 12~ series,
even-numbered polyiodides (I,,,>") are stable according to the
above even/odd number of bonding electrons in the chain,
whereas for the IJ” series, the odd-numbered polyiodides
(15> ") are favored. Notably, the simplest experimentally
encountered polyiodides of 2— and 3— charge are I3, I~ (even
number of I atoms, even number of chain electrons), and
I3~ (odd number of I atoms, even number of chain electrons).?

The above even/odd arguments regarding the existence or
non-existence of molecules of the 12~ and I3~ series, are also
supported by the energetic arguments that we have already
discussed for the I,, series. Even-numbered I,, chains have n/2
bonding and n/2 antibonding MOs, while odd-numbered
chains have (n — 1)/2 bonding, 1 non-bonding, and (n — 1)/2
antibonding MOs.*® Thus, L,,,”~ and I,,.5>~ series do begin to
populate antibonding orbitals, reducing their intrinsic stability.
In particular, anions of the I,,.,>  series fill 2n/2 bonding
orbitals and 1 antibonding orbital, while anions of the I,,,3*~
series fill 2n — 1 bonding orbitals, 1 non-bonding orbital, and 1
antibonding orbital. In other words, any polyiodide of superior
charge would need to put extra electrons in antibonding levels.
The energetic instability caused by the population of antibond-
ing orbitals allows an explanation as to why no polyiodides with
higher charge are generally experimentally encountered.?

We have to notice that even the simplest of the I,,.,”” and
Lnss®  anions (I37) was predicted to be unstable.*® Still, its
instability with respect to the formal I, and I" components is
not marked: even scholars who predicted the anion to be
unstable stated that it could be possible for crystal packing
and further supramolecular interactions to stabilize the
anion.” In fact, higher level calculations, a quarter of a century
later, have validated I~ as a stable adduct.”” Interestingly, I3,
I3~ and even I3~ have been experimentally observed in the solid
state, often in situations in which ligand/anion shape/size
stereo-electronic complementarity was deliberately sought
(supramolecular caging of polyiodides type studies, ¢f. dedi-
cated section in ref. 4). A discussion of our suggested Lewis dot
graphs for some of these poly-charged anions (Fig. 6) is
instructive and is briefly presented later.

When drawing linear 15, it is instructive to stop at the I,
neutral chain, in consideration of the fact that extra electrons
occupy an antibonding orbital. Note that a full EDMB is only
possible in extended systems or, equivalently, that bond alter-
nation is more significant in shorter chains. This results in the
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Fig. 6 Revised Lewis dot formulas for polyiodides of the IZ,HZZ’ series.

obvious instability of a neutral I, chain towards 2 fundamen-
tally not bonded I, molecules (c¢f. Fig. 1). The addition of two
further electrons to the I, system (in order to produce the
I~ dianion) allows for stabilization of the system at the price of
increased electrostatic repulsion. I~ dianion is generally
depicted as 2 external I" ions weakly interacting with a central
I, molecule. Beyond electrostatics, the reason for bond alter-
nation can be found in concerns about the octet rule for atoms
2 and 3: maintaining 2c-2e bonds on both sides would mean
having more than 8 electrons in the valence sphere. In that
sense, a careful reader could object that atoms 2 and 3 of the
I;~ anion must exceed the 8-electron count (more than atom 2
of the I; case); a clever answer would be that exceeding the
octet rule comes at the price of stability and that those same
extra electrons, as far as MO is concerned, start filling anti-
bonding orbitals, as preventively stated earlier. This further
argument supports the view of chains of p bonding orbitals,
rather than d orbitals involvement. Despite the above facts
pointing to the limited stability of this anion, the linear I3~
anion has enough stability to be sometimes isolated in the solid
phase thanks to packing forces.

Experimental bond lengths for the I3~ anion are easily
understood and justified within this context (3.3(1) A - bonds
1-2 and 3-4, and 2.811(5) A - bond 2-3 - CSD data on 30
deposited crystal structures cf, ESIt).*® These experimental
results sustain the idea of a residual covalency even for the
long bond that separates formal I” and formal I, fragments,
advocating for a [I'IL,-I]>” picture rather than from a mere
electrostatic explanation of the bond lengths. Note that the
external 1-2 and 3-4 bonds with 3.3 A are in the region of 2c-1e
bonds, as suggested by Fig. 8 to be later discussed. This is not
surprising since the linear I3~ anion is not found isolated in
nature but in the solid phase linked to other ligands. These
ligands can receive charge from the linear I;~ anion thus
reducing the charge of the external bonds of the I3~ anion, as
has been already found in “end-on” bonded linear I3 anions to
different ligands.*?

As a further argument, it is tempting to consider I~ also as a
resonance hybrid between [I3-I"] and [I"-I3] situations (in
agreement with the fact that ERMB cannot extend beyond 3
centers). In such a resonance hybrid, the 2-3 bond remains
short in both limit formulas, and the 1-2 and 3-4 bonds must
be longer, as experimentally observed.

For the neutral I chain, the argument of instability towards
3 I, molecules also applies, as for the neutral I, chain. The
Iz~ dianion (Fig. 6 center) is instead a special case and, despite
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correct (even) chain electron count, it is the most experimen-
tally elusive anion of the I3, series.*® Although it might seem
that the anion can form a chain with 2n electrons distributed in
n bonds, as our model easily shows, the cause of instability is to
be found in the impossibility of the ERMB to extend beyond 3
centers, making Iz~ unstable towards 2 I3 anions (understood
as a formal displacement of the central black/blue electron pair
in Fig. 6 to reinforce bonds 2-3 and 4-5, leading to two
independent I3 units with their corresponding 3c-4e bonds).

The case of the I~ chain (bottom of Fig. 6) is again effective
in illustrating the bending stabilization mechanism (around
atoms 3 and 6) and the limited ability of atoms contributing
with electrons of their LEPs to provide bonding electrons for
chain stabilization (avoiding a severe violation of the octet rule
by neighbour atoms). Again, our simple sketch allows us to
forecast and rationalize the existence of this species as a weak
[15-1,-1;]~ formal complex and to adequately predict the experi-
mentally encountered bond alternation (2.8(2), 3.0(1), 3.4(1) A
for formal I, I3 and I,---I; bonds).>® Long bonds are, again,
those whose shortening will lead to a significant violation of the
octet rule.

The case of the linear I;™ chain (Fig. 7) is similar to that of
the I3~ chain, with the chain needing to bend around its central
atom to achieve 2n electrons for n bonds. Its detailed discus-
sion would not add much to the above-exposed arguments. The
impossibility of forming ERMBs of more than 3 centers results
in the formation of a weak [II,-I-,-I]>~ formal complex as
shown in the bottom of Fig. 7.

Adding more electrons to a polyiodide (i.e. further increas-
ing its charge via a reduction process) will result in filling more
antibonding orbitals (reducing overall bond order), and thus
reducing the stability of the resulting species. Still, it is instruc-
tive to notice here that, among the cases critically evaluated by
Svensson and Kloo in their 2003 review,® a potential Iig
sutvives, featuring two formal I3~ units connected by a long
bond (3.45 A).>° Therefore, the possibility of encountering
superior polyiodides with higher charge cannot be entirely
ruled out since, when the number of atoms in the chain
increases, also the number of bonding levels increases. In other
words, much like in an infinite chain (finite charge is

. [ga) .
Q- 000 -0-0-0
I 2 3 4 5 6 7

Fig. 7 15~ Lewis dot graph and the (symmetrical) anion found in the
PEKKEX crystal structure.*® || interatomic distances are 3.388 (1-2 and
6-7), 2.813 (2-3 and 5-6) and 3.427 A (3-4 and 4-5). Adapted from ref. 4
with permission from RSC, copyright 2021.
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irrelevant),> very large chains (n = 16 in this case) could be able
to stabilize higher charges. Although not likely to be frequent,
we cannot rule out that further high-charge linear chain poly-
iodides could be observed (in which case, our arguments allow
us to predict their geometries).

In conclusion, we have shown how the introduction of
EDMBs in electron-rich atoms and the impossibility of having
ERMBs longer than 3 centers (otherwise a violation of the octet
rule would occur), together with well-known and fully estab-
lished broad chemical concepts, such as those of the VSEPR
theory, provides a comprehensive picture of linear chain poly-
iodides, which, in our opinion, never appeared so clear and
accessible in the past. The huge number of literature studies
discussing bonding features and/or presenting high-end calcu-
lations even for simple polyiodides supports our claims of
increased clarity.

Within an octet-rule framework, this new view can predict:
(i) stable and unstable linear polyiodides; (ii) where and why
they are bent; (iii) bond alternation; (iv) correct qualitative
charge distribution, and (v) finer modulation of bond lengths.
These appear as significant advantages over the standard Lewis
dot formulas. All of the above with the simplicity and elegance
of a pen-and-paper electron disposition exercise in which a
revised version of Lewis dot formulas is formulated.

A few consequences
Encouraged revision of polyiodide formal building blocks

In light of the above arguments, we would also like to suggest a
revision of commonly accepted formal building blocks for
polyiodides, traditionally I,, I; and I" fragments.? In a sense,
the inclusion of I has always been somewhat problematic. I"™
is a fragment which, if strongly representative, would imply
that the I~ chain, i.e. the molecule/anion is broken somewhere
or almost so, in such a way that it would not be a molecule. We
advocate here for the following alternative: polyiodides are made
of I, I; and I.I fragments, as discussed earlier, i.e. they are made
of covalent- (2c-2e), electron-rich multicenter- (3c-4e), and
electron-deficient multicenter-like bonds (2c-1e). There are no
changes in terms of expected spectral features; typical Raman
bands are as follows: 2c-2e bond of I, 170-180 cm ™ *; 3c-4e bond
of I3, 110 cm™'; bands in the region of 140-180 cm ' are
diagnostic of superior polyiodides (presenting 2c-1e bonds), and
correspond to weakened covalent bonds.™® I; is likely the better
characterized superior polyiodide: in its linear form, it is char-
acterized by a 150 cm ™! Raman band,! while in solution (DMSO),
it is possible to follow its transition from V-shaped (170 cm™ ") to
its L-shaped forms (165 cm ') upon interaction with a ligand.>>
Still, this very simple change of view suggests the inclusion of long
I-I 2c-1e EDMBs within a picture of normality for these systems
and provides a theoretical framework (easily accessible via pen-
and-paper means) to rationalize them. This is important as it
reduces the sense that polyiodides are formed by simple building
blocks “glued” together by mysterious forces, and rather passes
the idea that we have a good general model for them. In other
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words, the model herein presented is in good - arguably better -
keeping with experimentally observed spectral features. Bond
length variability seems to mostly arise from the compromise
that needs to be made in maintaining a formal count of 2n
electrons for n bonds, like in any typically covalent setting, with-
out exceeding the octet rule significantly for any atom.

An implicit message is that polyiodides, and in reality all
molecules, are concerned with their total energy, rather than
(see later) with mere intrinsic hierarchy, or energy, of individual
bonds. An all 2c-2e bond chain, although individual bonds are
more stable than alternatives, would lead to severe and expensive
(energy-wise) octet rule violations:** such appears the driving
force for the coexistence of covalent bonds, ERMBs, and EDMBs
in these systems, which leads to observed bond length alterna-
tion. The impossibility of extending 3c-4e ERMBs over more
than 3 centers creates, under a valence bond (VB) setting,
preferred resonant formulas, also contributing to bond length
alternation. The view of chains of covalent bonds, ERMBs, and
EDMBs also resolves some issues connected with the interpreta-
tion of the Raman spectra of polyiodides, which were reduced to
I, and I3 fragments eventually perturbed (note that long I-I 2c-1e
bonds will lead to vibrational modes below 100 cm ™" as corre-
sponds to longer bonds and with less electronic charge than 3c-
4e bonds)."® The nature of the invoked perturbation appears now
much clearer and changes in bond force constants for the three
possible bond types are both expected and rationalized.

Hypervalent or hypercoordinated?

The above reasoning is also in line with avoiding the violation of
the octet rule, or almost so, for polyiodides; thus, it is against the
picture of triiodide featuring 10 electrons at its central atom, and
in agreement with the criticism of a classical hybridization
model assuming the important role of d orbitals in 3c-4e
systems. Such an argument has been reviewed elsewhere,'
finding one of its first critics in Pauling,*® and the development
of this very theme led to fundamental contributions by
Pimentel,” Rundle,* Hoffmann,>*>® among others, to establish
the 3c-4e ERMB model. The point was further explored, and
quantitative data finally provided to show that d orbital involve-
ment gives a minor contribution to total binding energies, as
revisited in the charge-shift bond-related literature.***!

At this point, besides what is conveniently taught in general
chemistry courses, it is about time we start recognizing I
and polyiodides in general as hypercoordinated species rather
than hypervalent ones. We had commented on this point
previously.'82%:23

Covalent or supramolecular?

We previously commented how, instead of showing different
intra- and inter-molecular distances,”” the different I-I dis-
tances in polyiodides show a relatively smooth transition from
covalency towards what has been dubbed secondary or halogen
bonds.?® The “no man’s land” in between covalent and supra-
molecular forces,* generating a peak of confusion in the assign-
ment of experimental data centered around 3.3-3.4 A, can now
be properly explained.

This journal is © The Royal Society of Chemistry 2024
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If we adopt Pauling’s formula for calculating bond order
from bond length data (d = d, - clog(n)),>® we can clearly show
how the longest bonds in each polyiodide show a smooth
transition to lower and lower bond orders (Fig. 8 top). Such a
transition mirrors the tailing of I-I ‘“covalent” experimental
distances towards the “supramolecular”’ distance range (Fig. 8
bottom).

Intriguingly, I3~ and higher charge polyiodides (I3~ and I,

bond length variability not reported since the number of
observations is insufficient) start accumulating in a similar
spot with a bond order of about 0.1. In any case, this is a
qualitative bond order view of the Lewis dot formula considera-
tions made earlier. In other words, polyiodides showing bonds
in the 3.3-3.4 A range show Pauling bond orders > 0.2. As a
reference, 3.40 A is also the 2c-1e bond distance calculated for
the longest bond of the linear I; chain.>® Thus, the view of
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Fig. 8 Top: Experimental longest bond distance in each polyiodide vs.
bond order according to Pauling’s formula (Pauling's do = 2.67 A (ref. 53)
and two times Alvarez's vdW radii = 2.04 A (ref. 57) are reported as limits).
Bottom: Experimental distribution of I-I distances and their respective
assignments as inter- or intra-molecular interactions in the CSD database.
Partially reproduced from ref. 26, with permission from RSC, copyright
2022. Covalency fades into supramolecular interactions as per an Sy2-
type coordinate.
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polyiodides as a mixture of (modulated) 2c-2e-like, 3c-4e-like
and the now included 2c-1e-like multicenter bonds, it concep-
tually resolves the “no man’s land”* regions of bond lengths
that are experimentally observed between intra- and inter-
molecular bonds. This proposed scheme also suggests the
revision of the 3.30 A sharp cutoff distance for covalency,'” as
we previously advocated based on interatomic distances,”® and
has been also recently questioned in periodates.””

In conclusion, calculations using Pauling’s formula clearly
suggest that the bond length increases as we go from the 2c-2e
bond to the 3c-4e bond and further to the 2c-1e type of bond;
i.e. as the number of electrons shared (ES) between two atoms
decreases. This result is in agreement with the decrease of
the calculated ES values between two atoms (obtained from the
quantum theory of atoms in molecules)’® when we go from the
covalent bond (ES =~ 2) to the ERMB (2 > ES > 1.4) and further
to the EDMB (ES < 1.4).%*>%

This sort of continuum between different kinds of bonds
(electron distribution description) matches what is seen under
the lens of the recently introduced penetration index (intera-
tomic distance description),** which allows the differentiation
between different kinds of interaction/bonds between any two
atoms depending on the different interpenetration of their
valence and so-called van der Waals spheres. Mentioning such
a holistic descriptor conveniently introduces the theme of the
next section.

Neither secondary, nor halogen bonds, nor necessarily holes:
onto the need for a new model for supramolecular interactions

Some of us tried to humbly tackle the raising nomenclature
issue in the near past, when the concern was still mostly
circumscribed to the halogen bond and there was still room for
manoeuvre.* The old school secondary bond model seemed to
hold better than the more modern halogen bond model. Naming
efforts continued at the community level regardless.”® A more
pressing critique, not just to the halogen bond concept, but to
the whole group-by-group nomenclature, was recently presented,
raising several conceptual and historical arguments against it."®
Intervention by IUPAC was suggested.

It is impossible to accommodate here the whole reasoning.
The bare-bones underlying misconception in halogen (and
related) bonds lies in the oversimplistic nucleophile-electro-
phile reading of the o-hole bond model for intermediate
interactions between covalent bonds and mere van der Waals
contacts.®® This oversimplification: (i) prevents the apprecia-
tion of a subtending reaction coordinate (generally an Sx2
one);'®*3%1:62 (ij) does not allow for the categorization of
interactions featuring fractional bond orders; (iii) creates coun-
terintuitive interactions; and (iv) ultimately aspires to reduce
the whole matter to static o-holes. Moreover, a lack of attention
to part of the last century’s discussion on the matter, notably
ideas related to secondary bonds, and the unclear relationship
with Lewis acid and base alternative nomenclature, was
highlighted.'® Fragmentation of interactions steered by the
same basic mechanism into countless names is also potentially
detrimental to effective communication."®**
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As the present contribution was being prepared, a recent
perspective paper by Taylor, criticizing the group-by-group
nomenclature of supramolecular interactions, also appeared.®
In line with us, Taylor strongly opposes, on both similar and
diverse conceptual grounds, both proliferation and usage of the
group-by-group nomenclature of supramolecular interactions,
further demonstrating the urgency of addressing this issue by
IUPAC. As a relevant point for debate, which he also wisely left
up for discussion in the community, Taylor propends for -, ©-
(eventually p-) hole interactions naming. This “hole” nomen-
clature is not chosen here for three main reasons: (1) it arguably
carries strong descriptive power in terms of interaction geome-
tries, but not necessarily in terms of electronic distribution,
which is the key point of the present discussion; (2) the case of
multicenter bonds was addressed by Taylor suggesting ‘peri-
covalent” or “peri-hypervalent” names, stating that further
naming attention to this specific “subtype” of interactions
might indeed be needed (and we do agree); (3) among
“bonded” (whatever we mean by the term) iodine atoms of
an arbitrarily large chain, there are no holes in-between atoms.
Notice that it is undeniable that hole interactions and multi-
center bonds are conceptually linked.*'*2%*>?* We hope that
the relevant arguments exposed herein, which favour a (possi-
bly equivalent) covalent, ERMB and EDMB description, ie. -
regardless of names - a description that directly conveys
electronic distribution rather than interaction geometry, will
also be taken into due account as the community tries to agree
on a satisfactory naming scheme.

Interestingly, very recent publications related to the present
study, also envisaging the possibility of 2c-1e bonds in poly-
iodides, decided to adopt a general picture of c-hole/secondary
bonding (rather than halogen bonding).>***?*?” We did the
same stating we would shortly return on the matter.”® In
particular, we notice here two main facts. First, the failure of
all attempts to reduce polyiodide complexity to mere electro-
statics was demonstrated in seminal studies of the 1960s.°%%° It
does not really matter if we call them in the old-fashioned way
of “nucleophilic bumps and electrophilic hollows” or in the
new-wave ‘“c-lumps and c-holes”: the “static” c-hole picture
will hardly work for these soft systems since electron reorgani-
sation is inherent to the formation of multicenter bonds, either
EDMBs or ERMBs, whose formation mechanism comprises up
to three stages.>*>*°%¢

Second, the choice of secondary bonding terminology,
rather than halogen bonding, is interesting, as one can see
how the nomenclature issue has become pressing for such
systems and needs immediate attention. While we do agree that
secondary bonding carries a superior generality (in terms of
applicability to the periodic table) in comparison to the halogen
bond, we still feel that secondary bond terminology is ulti-
mately out of place here.

Notice that there are both theoretical and practical argu-
ments against ascribing long bonds in polyiodides to the
category/model of secondary bonds. On the theoretical side,
“secondary Lewis acid-base interactions”® were traditionally
intended to be a sort of second-sphere or -close-shell
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interactions. After all primary (i.e. valency) needs have been
satisfied, molecules/ions retain some sort of interaction hot-
spots, although much weaker than those belonging to the
valence shell,”'® and that can be considered to be located at
the van der Waals crusts.”” The situation of polyiodides is at
odds with this original view, as the long bonds in polyiodides,
especially if admitting the participation of 2c-1e EDMBs, still
are contributed by the primary/valence sphere; i.e. it could be
catalogued as share-shell interactions as well as in ERMBs.°®
Therefore, the categorization of multicenter bonds and even
asymmetric multicenter bonds as secondary bonds does not
really apply, as it was already pointed out by Espinosa et al.
when discussing stage II in the formation of ERMBs, such as
those in FHF~ anion.®®

Even if Alcock’s rules framework is used, ' it is expected that
secondary bonds are formed collinearly and opposite to the
central atom’s substituent. This view would force one to
imagine that, choosing any I atom along an arbitrarily large
polyiodide chain, one side of the chain is a substituent and the
opposite side is an incoming external interacting moiety. There
is the same degree of arbitrariness in this procedure as there is
in picturing which is the I, molecule and which is the I anion
in a perfectly symmetrical I; species, which overall is the same
pitfall of the group-by-group nomenclature when it demands
that a nucleophile and electrophile should be identified
(it might not be apparent in the I3y example, but symmetry can
be easily broken, also nomenclature-wise, e.g. by considering a
Ch- - I- - I, Ch = chalcogen, as done in ref. 18). On the practical
side, Alcock’s rules,'® although fully functioning, had a clear
pragmatic inspiration and lacked the conceptual and quantum
mechanical depth that we can finally give to these concepts
nowadays, as correctly stated in ref. 24.

As a result, long I-I bonds in polyiodides cannot be reduced
to secondary bonds as they involve valence electrons, thus
being in truth, despite reduced bond order, primary bonds
for what the secondary bond model is concerned. This empiri-
cal model, established well before Nobel recognition of supra-
molecular chemistry itself,®” served us well in the last 50 years,
but it should not surprise that is now in need of revision.

According to the above arguments, we are left now with two
unsatisfactory models. On the one hand, the halogen bond
recommendation,®® that does not cover situations like those
encountered in polyiodides and that has possibly overlooked
older studies and alternative concepts,'® and on the other
hand, the secondary bond concept, dominated by an old, if
not outdated, empirical framework.

Given the contingency (see above), and the fact that the
present contribution and a number of recent studies open
interesting perspectives on the relevance of 2c-le bonds
in electron-rich systems,****>?” we are, once again,”'® advo-
cating for a global overhaul of present views on related supra-
molecular interactions. Furthermore, there is an emerging
feature due to the consideration of the EDMB model,?*?*?%
the recent criticism of group-by-group naming,®'® the reaction
coordinate reasoning, and the revised Lewis dot formulas
presented earlier.

This journal is © The Royal Society of Chemistry 2024
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As shown in ref. 18 (and references therein), the halogen
bond lies on an Sy2/Walden’s inversion coordinate, which has,
as its middle point, a 3c-4e system centered on the halogen
itself. In other words, using resonant formulas, the general
halogen bond between an X-R molecule and a Y moiety can be
pictured as: [Y: X-R < Y---X---R < Y-X:R], where : denotes a
LEP, - denotes the covalent bond, and --- denotes the 3c-4e
bond. Stated in words, the halogen bond can be thought of as
arising from resonance between the LEP of the Y moiety and a
covalently bonded fragment (X-R). Note that the formal equiva-
lence of a 3c-4e bonding view and a n — o* charge transfer was
noted by Chen and Hoffmann.’® This resonance is well
explained by a model that combines the possible VB config-
urations and takes into account the charge-shift bond.***' As
shown in the opening, 2c-1e EDMB arises instead from the
resonance between a bonded and a non-bonded situation, like
the one encountered in an infinite linear I, chain (Fig. 1).
Therefore, it can be concluded that 3c-4e multicenter bonds
are fundamentally different from 2c-le multicenter bonds
(although they share partial bond order and strong direction-
ality). In particular, we have shown that the halogen bond
formally belongs to the first category (3c-4e) and demonstrated
that long bonds in polyiodides formally belong to the second
one (2c-1e). Consequently, the two bonding situations are not
at all equal. Fig. 8 top provides a further visual aid to see the
differences between ERMBs and EDMBs. So that, as we already
stated on different grounds,”'® the very concept of halogen
bond ironically does not apply to long bonds in polyhalides,
prime systems for its conceptual and historical development.
This further element, again, calls for revision of our way of
depicting relevant supramolecular interactions.

In summary, considering the criticism of the halogen bond/
c-hole picture on the one side, the slow obsolescence of
secondary bond notions on the other side, and the newfound
understanding of the topic, it seems that the time is about
ripe for piecing back together the whole supramolecular
puzzle by coherently reworking all these notions into a single
comprehensive view.

Extension of the Lewis electron-counting model

The pen-and-paper method we propose in this work is not
limited to anions nor to iodine-based species. As a demonstra-
tion, we will consider here the case in point of the polyiodo-
nium Is" cation, which results from eliminating two electrons
from the I5 molecule (blue extra ones in Fig. 2). This leads to
the scheme depicted in Fig. 9, in which a chain containing four
2c-1e bonds is obtained. Much like the impossibility of having
ERMBSs in molecules longer than 3 centers, this linear configu-
ration of EDMBs is also not stable since the octet rule would be
satisfied for the internal atoms (2, 3, and 4) but not for the
external ones (there is a lack of one electron for each of the
external atoms 1 and 5 of the chain). This chain could formally
restore a 2-electron-per-bond situation by bending at atoms
2 and 4. In this way, atoms 1 and 5 can fully accept a
further electron (achieving 8 electron count), while the central
atom (atom 3) cannot: this explains bond length alternation

This journal is © The Royal Society of Chemistry 2024

View Article Online

Feature Article

I o .(.6}. o .{6}. e

Fig. 9 Lewis dot model and expected bending in the Is™ cation and a
depiction of Is* experimental geometry as observed in the IZUXOS crystal
structure.®®

(longer internal bonds than external bonds) in the I5" cation.
Atomic experimental coordinates from the 1ZUXOS®® crystal
structure correspond exactly to our conclusions. The stability
and geometries of polyiodionium cations could be thus esti-
mated with this approach. As our Lewis dot model uses the
infinite linear I., chain (any finite charge is irrelevant), its
conclusions, as demonstrated in the case of the I;* cation,
remain valid whatever the charge.

Concerning the extension of our reasoning to non-iodine-
containing systems, the easiest ones to examine are clearly
other systems with 7-valence electrons, such as the rest of the
halogens. Accordingly, we searched the CSD*° for polyhalides,
excluding iodine atoms. It turns out, of course, that general
odd/even, charge/electron count, and bending sites, are all
congruent with what we have previously proposed for polyio-
dides (Table 1).

Another interesting fact is observed. We have already com-
mented that atomic charges as seen from our dot model are not
the same as those predicted by Lewis formulas using only
electronic doublets (Fig. 3 and 4). We have also shown how
our simple dot scheme better responds to calculated atomic
charges/electron distribution. Experimentally, whenever we are
in the presence of a heteropolyhalide, the positions we draw as
surrounded by fewer electrons are those that are actually
occupied by the least electronegative element (atom 2 for a
trihalide, atoms 2 and 4 for a pentahalide, ezc. ..). This is not a
new observation. We mention here specifically a contribution
by Linn and Hall in 1993.%* They predicted the same molecular
geometries using other concepts like VSEPR, dative bonds, and
c-holes, i.e. with electrons still localized/belonging to certain
specific atoms (see the above section): such a picture could not
possibly account for 2c-1e bonds. Incidentally, the interesting
mix of concepts calls again for the systematization of these
interactions. For what concerns the notions of positioning of
less electronegative atoms in heteropolyhalide chains, although
Lin and Hall correctly demonstrated the point, they needed to
calculate first the Bader’s atomic charges®® for each investi-
gated system. Alternatively, our way of drawing the Lewis dot
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Table 1 Overview of relevant non-iodine-containing unbranched polyhalides. Geometries, distance alternation (for the different atoms, in bold), and
positioning of less electronegative atoms in heteropolyhalides are all congruent with the dot model presented above for polyiodides. Details about CSD

datasets are reported in the ESI

Hits Counts Angle® (%) Distances” (A)
Trihalides
F-F-F 0
cl-Ccl-Cl™ 9 9 178.2 + 0.7 A0.2 +0.2°
Br-Br-Br 274 345 178 £ 2 A 0.07 £ 0.09°
Others 12 8 CI-Br-Cl—
2 Cl-Br-Br~
1 F-CI-F~
1 F-Br-F
Tetrahalides
Br,>~ 3 3 2 176(3) 1-2 3.00(5)
3176(3) 2-3 2.41(2)
3-4 3.00(5)
Pentahalides
Brs~ 6 6 2 176(3) 1-2 2.389(7)
3 97(9) 2-3 2.79(8)
4177(1) 3-4 2.70(5)
4-52.41(2)
CI-Br-Cl-Br-C1~ 3 3 2 177.1(7) 1-2 2.24(4)
3104(11) 2-3 2.60(7)
4 175.2(4) 3-4 2.60(3)
4-5 2.25(2)
Hexalides
None
Heptahalides
None
Octahalides
Clg>™ 1 1 Bent on atoms 3 and 6 Bond alternation as for I3~
Brg®~ 2 2 Bent on atoms 3 and 6 Bond alternation as for I3~

“ Numbers in bold refer to atomic positions indexes; figures in parenthesis indicate the standard deviation on measured quantities. ° In the case

of trihalides we report the difference (A) of the two bond lengths.

formulas in this work offers an immediate qualitative descrip-
tion of the localization of atomic charges, which allows for a
correct interpretation with a pen-and-paper approach, making
understanding the matter much easier.

Conclusions

As said in the Introduction, the nature of chemical bonding in
polyiodides and related systems is currently a hot topic. In this
work, we have played an apparently innocent electron disposi-
tion game for polyiodides in which the consideration of the
VSEPR (geometry) and Lewis-Langmuir (octet) rules lead in a
natural way to simple covalent (2c-2e) bonds, electron-rich
multicenter (3c-4e) bonds, and electron-deficient multicenter
(2c-1e) bonds. The consideration of these three types of bonds
leads to a fresh outlook on polyiodides and some interesting
considerations:

(1) Some aspects confirm previous views, namely hyperva-
lency vs. hypercoordination issue, which is nevertheless still
challenged due to the first-year undergraduate simplistic orbi-
tal hybridization view.

(2) Some concepts restated reappreciated
under a new light, one which makes them more accessible:
chain bond alternation and bending in polyhalides, and, in
the case of heteropolyhalides systems, the positioning of less
electronegative atoms.

are and

12688 | Chem. Commun., 2024, 60, 12677-12689

(3) Some arguments challenge basic knowledge, inviting
us to rethink the building blocks for polyiodides, revisit the
“no-man’s” land in-between covalent and non-covalent forces,
and reestablish a coherent and comprehensive nomenclature
for such interactions.

Finally - with full respect to the results of high-end calcula-
tions - when it comes to understanding a matter, there is
arguably nothing better than being able to work it out by
oneself in front of a plain piece of paper.

As a closing, anticipation, and a measure of the quality of
the present discussion, we leave here a quote by Galileo Galilei:
“True conclusions have thousands of favorable re-encounters
that confirm them”.”® This seems to be the case for the concept
of electron-deficient multicenter bonds in electron-rich sys-
tems, here applied to the understanding of chemical bonding
and geometries of polyiodides and previously used to under-
stand the chemical bonding and geometries (hypercoordina-
tion) of phase change materials, pnictogens, chalcogens,?®?>*??
and periodates.>”

”
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