7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

Novel cyclen-polyiodide complexes: a reappraisal

{ '.) Check for updates ‘
of -1 covalent and secondary bond limits+}

Cite this: Dalton Trans., 2022, 51,
10728 o _
and Antonio Bianchi

Matteo Savastano, & * Carla Bazzicalupi
Supramolecular stabilization of polyiodides and iodine-dense phases is of high interest: this study explores
the possibilities offered in this sense by diprotonated cyclen, affording two novel crystal structures. One
of them contains at least one peculiar |--| interatomic distance (3.305(1) A), falling well below the region
commonly described by secondary bonding (3.4-3.7 A) and essentially equal to the accepted limit for
covalent bonding (3.30 A): in other words, according to threshold distance values, we are relatively free to
regard this interaction either as a bond or as contact. Lest the flip of a coin decides if we should or should
not draw a bond in a polyiodide, statistical insights based on CSD surveys were used to put in perspective
literature material and work out a meaningful assignment (as 1g%7). In doing so, we address how currently
accepted threshold distance values came to be in the first place, their significance, soundness, and short-
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comings in describing lg>~ and its formal fragments (I, 157, Is7). Discussion of the chemical meaning of
the line representing bonding in |-I fragments in similar fringe cases, relating CSD data herein presented
with the previous literature, is provided. Available information coincides quite well in supporting the

rsc.li/dalton necessity of a revision of broadly accepted threshold distance values.
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Introduction

In recent times polyiodide chemistry has seen a rise in popu-
larity mostly connected with novel applicative horizons,
including solid state conductors," solar cells, batteries,>™ ionic
liquids,®® and even high-energy iodine dispersing agents as
emergency biocidal countermeasures.’

Despite such a rise in popularity, and the fact that polyio-
dide chemistry has been studied for at least two centuries,
much basic knowledge is still required for rationalizing such
systems. This seems to be mostly due to polyiodides’ complex
structural chemistry, their multifaceted interaction possibili-
ties (leading to the increase of specialistic jargon, featuring
several non-equivalent but vastly overlapping terms) and their
sensitiveness to crystallization conditions, leading oftentimes
to surprising outcomes in terms of nature and types of poss-
ible crystalline phases.'®"*

In such a panorama we devoted ourselves to the study
of polyiodides’ (and other polyhalides)'® interactions with
polarized heterocycles (s-tetrazine derivatives,"® quaternized
pyridinium derivatives’*'?) as well as protonated pyridino-
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phanes with systematic structural changes (e.g. successive
N-methylation,'® introduction of further substituents into the
aromatic ring)'” and their Cu(u) complexes.'®

Herein we present two novel polyiodide crystal structures
featuring diprotonated cyclen as the cation. Cyclen (1,4,7,10-
tetraazacyclododecane, Fig. 1) is regarded as one of the all-
time favourite macrocycles in cation coordination chemistry"®
(in all its declinations) and was, to some extent, in need of
further exploration about its ability to stabilize polyiodides.>
In its simplicity, cyclen is not far from the class of cyclo-
phanes, large or small, which have been successfully employed
for such purposes.'®**

One of the crystal structures herein described is a relatively
simple salt, whose structure can be elucidated in a rather con-
solidated manner. The other, for better or for worse, is not,
and its complications arise on the basis of some ambiguous
I..-I interatomic distances.

/\
NH HN

NH HN
Fig. 1 The cyclen ligand.
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Much has been written about the nature of iodine-iodine
intra- and inter-molecular interactions and on how we should
tell them apart (¢f. Are threshold values for the I-I covalent
bond distance legitimate? section). Regarding the few relatively
undisputed (perhaps by convention, or convenience, or both)
certainties, there are a few threshold numerical values.
According to the secondary literature, it seems that 3.30 A
should be the most effective cut-off distance to regard two
iodine atoms as covalently bonded: this is the so-called
Coppens limit (1982).>*

Beyond reporting the 3.30 A Coppens limit, the authorita-
tive and influential review by Svensson and Kloo (2003) advo-
cates a “secondary bonding region”, 3.4-3.7 A, for supramole-
cular I---I interactions.'® Not much reference is given about
how such boundaries were determined. Both a sharp 3.30 A
threshold distance as well as a clean-cut 3.4-3.7 A region may
appear to be merely broadly defined. Yet both continue to find
vast application when polyiodide-based structures need to be
discussed.

As a result of this status quo, the interesting 3.30-3.4 A
region is somewhat neglected, and appears to find itself in a
weird “don’t ask, don’t tell” situation: not quite covalent, not
yet supramolecular. The same could be said, to some extent, of
the distance region that extends beyond 3.7 A up to the I.--I
van der Waals contact distance (roughly 4 A).

What should we write when we are faced with an I-I intera-
tomic distance of exactly 3.30 A (namely 3.305(1) A in our
case)? As we shall see together, our second structure contains
polyiodides that can be regarded as an [I;”I,-I;"] complex, an
[I;7I5 ] one or as a molecular I3>~ species.

In the following we will try to provide a meaningful way to
tell these possibilities apart, which we will attempt at doing
with a statistical analysis of reported Is>~ and of polyiodides
which are its formal fragments. The possibility of a more
inclusive rationalization of asymmetrical 13>~ anions, and of
superior polyiodides in general, emerges, pointing out that a
revision of commonly accepted threshold values might be
needed.

Experimental section

Crystals of [(H,Cyclen):(I)-(I5)] (1) and [(H,Cyclen),-(Is)-(Is)s-(I2)]
(2) have been obtained in the same diffusion crystallization
experiment. Cyclen (10 mg) and a 1:1 I,/I” mixture (5 eqs of
I;~ with respect to the ligand) were put inside an H-shaped
tube. MilliQ-grade H,O was carefully layered over solids on
both sides and used to fill the tube so that the two solutions
came in contact. Black crystals of 2 started forming after about
one week on the originally iodine-rich side. After three weeks
the solution appeared homogeneous and reddish-brown crys-
tals of 1 also formed on the ligand-rich side.

Crystals of 1 and 2 were used for single-crystal X-ray diffrac-
tion analysis by using a Bruker APEX-II CCD diffractometer.
The integrated intensities were corrected for Lorentz and
polarization effects and an empirical absorption correction
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was applied.”® The structures were solved by SHELXS-97.>*
Refinements were performed by means of full-matrix least-
squares using SHELXL Version 2014/7.** All non-hydrogen
atoms were anisotropically refined. In 1 a riding model was
used for all hydrogen atoms linked to carbon atoms, while all
amino and one of the ammonium hydrogens were localized in
the AF map, and their coordinates were freely refined, while the
isotropic displacement parameters were constrained to have an
equal value. In 2 the nitrogen linked hydrogens were not loca-
lized in the AF map and not introduced in the calculation.

Mercury*® and UCSF Chimera® software were employed for
the visual inspection and presentation of data.

Hirshfeld surface performed
CrystalExplorer.*”

CCDC Conquest*® was used to retrieve data from CSD.>’
Information on used datasets and their generation is specified
through the text (further details in a dedicated section of the
ESIT).

The Raman spectrum of 2 was recorded with a Bruker
MultiRAM FT-Raman spectrometer equipped with a Nd-YAG
laser emitting at 1064 nm as the excitation source. The spectra
were recorded for the pure compound, and pressed in solid
pellets, with 4 cm™ slits and 5 mW power, acquiring 1000
scans.

analysis  was with

Results and discussion

Crystal structural description

[(H,Cyclen)-(I)-(I;)] (1). The structure can be qualitatively
described as composed of (H,Cyclen-I)" complexes, where the
N1 atom is certainly protonated. The opposite N3 atom is the
second ammonium group, as can be inferred by the N---N
interatomic distance. Protonation of non-contiguous nitrogen
atoms in small macrocycles is an expected result due to
charge-charge repulsion. The iodide anion is found hovering
over the macrocycle in a slightly off-centred position with
respect to the macrocycle centroid, interacting with the two
ammonium groups (I4---N1 4.030(3) and 14---N3 3.646(3) A cf.
Table S21 - only donor---acceptor distances reported for uni-
formity purposes), Fig. 2.

Each iodide anion is surrounded by a total of three macro-
cycles, one ligand as said plus two neighbouring ones interact-
ing with NH---I hydrogen bonds pointing away from the centre
of each macrocycle (14---N1' 3.443(3) A and 14---N3' 3.544(3) A,
cf. Table S21). Such contacts are among the shortest in the
crystal.

Each (H,Cyclen-)" subunit is connected to the others by
such hydrogen bonds, creating H-bonded ribbons propagating
along the a crystallographic direction (Fig. 3). Such ribbons
neutralize their charge by surrounding themselves with triio-
dide anions, mainly interacting through NH---I hydrogen
bonds and some weak CH---I contacts (Table S27).

Overall, there are no I---I contacts within the sum of the van
der Waals radii (shortest I-I distance >4.2 A) and I~ and 1~
anions can in this case be completely regarded as isolated and

Dalton Trans., 2022, 51,10728-10739 | 10729
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Fig. 2 Fundamental interaction of each iodide anion with H,Cyclen*
in 1. Actual shorter hydrogen bonds are found between I~ and a total of
3 surrounding protonated macrocycles, subtending to the formation of
H-bonded ribbons — lateral (top left) and top (top right) views of a single
(HoCyclen-)* complex; lateral view of the iodide anion surrounded by
the three macrocycles interacting with NH---I hydrogen bonds (bottom).
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Fig. 3 Top: Visualization of H-bonded (H,Cyclen:l),"* polycationic

ribbons, repeating unit (red), as discussed in Fig. 2. Bottom: Their inter-
action with |5~ counteranions surrounding and spacing such ribbons.

non-interacting. I3~ is found to be almost symmetric without
significant deviation from linearity (Table S3,} I1-12-13 angle
179.46(1)°).

[(HCyclen),-(I5)-(I3)3+(I2)] (2). As mentioned above, this
crystal structure is more complex, with two non-symmetry
related ligands interacting with several polyiodides, which,
applying the so called Coppen’s limit, can be rationalized as a
pentaiodide, two triiodides and an iodine molecule. A view of
the asymmetric unit and global packing is given in Fig. 4a.

10730 | Dalton Trans., 2022, 51,10728-10739

Fig. 4 Overview of the structure of 2. (a) Left: Asymmetric unit content
and labelling. The two non-equivalent macrocycles are depicted in
yellow and blue for simplicity. Right: Overview of cell content and
organization in rows of macrocycles of matching colour surrounded by
polyiodides. (b) Molecular shells of yellow and blue macrocycles; all
atoms are colour coded accordingly. (c) Views of overall superposition
of the yellow/blue macrocycles and of their surroundings. The yellow
triiodide box shown as in (b) to aid spatial visualization.

If a classic crystal description based on the strongest inter-
actions is attempted, the two most significant (shortest) con-
tacts involve the I;”---I,---I;~ complex mentioned in the intro-
duction, which features distances of 3.305(1) (I9---I8) and
3.483(1) A (17---16) (Table S3t). The N---I contacts are quite
long (3.50(1)-4.03(1) A, average 3.8 + 0.2 A), with the notable
exception of N4.--I3 (3.50(1) A - Table S3t). Ligand-anion
interactions are mostly of the van der Waals type, showing
little inherent directionality: they are similar in nature to what
is observed in 1, although the interactions are somewhat less
strong and directional in 2, as it can be expected in terms of
anion charge density moving to I" to superior polyiodides.
Many CH---I contacts (Table S37) are also found. A scant ten-
dency to give NH---I H-bonds and rather to share the protons
among different N atoms, has been previously observed also
for azacyclophanes, especially if small, and especially for
superior polyiodides (where the charge localization is
scarce).'®*! Polyiodides are also in contact among themselves
with interactions shorter than the sum of van der Waals radii
(e.g. T1---112 3.831(1) A, I116---14 3.856(1) A, plus several longer
contacts, cf. Table S31). The I1-112-11"-112’ and 16-17-16-17'
fragments engage in long mutual interaction in the shape of a
square (Fig. S1T). While the I1-112 contacts are almost equally
long and in the range of the van der Waals contact distance

This journal is © The Royal Society of Chemistry 2022
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(3.831(1) and 3.945(1) A), in the case of 16---17 contacts there is
a significant difference (short contact 3.483(1) A, long contact
3.901(1) A - ¢f. Table S3t). We have previously reported similar
packing features for networks composed of non-symmetry
equivalent I,” anions."®

The two non-symmetry related ligands (blue and yellow in
the following, Fig. 4) find themselves in quite similar environ-
ments, as depicted in Fig. 4b. They are essentially located in
boxes (hinted in Fig. 4b) formed by I1-12-13 and I14-15-16 triio-
dides (and their symmetry-related pairs). Above or under the
average macrocycle plane, either 112-113-114-115-116 pentaio-
dide or I9-110-I11 triiodide plus 17-I8 diiodine are found
(Fig. 4b), spacing out the cations.

Macrocycles are organized in rows (blue with blue, yellow
with yellow) along the ¢ direction possessing similar macro-
cycle-macrocycle distances, but a slightly different angle
(vellow, C12---C16 3.56(2) A, 3 centroids angle 177.36°; blue,
C1---C5 3.59(2) A, 3 centroids angle 172.06°) (Fig. 4a and b).

Quite expectedly, the individual blue/yellow macrocycles
can be successfully superimposed (12 atom superimposition,
RMS 0.0363 A).

Fig. 4c shows the views of the superimposed blue/yellow
macrocycles and the relative position of their surroundings
(first neighbours). The triiodides constituting boxes around
the ligands (I1-12-I3 and I14-15-16, a total of 4 pairs, Fig. 4b
and c) are strongly correlated in terms of their respective inter-
actions with yellow or blue macrocycles. The relative positions
of the anions in each pair are very similar, and only slightly
tilted relative to each other (the axis of I11-12-13 I~ to average
plane of blue macrocycle, 72.3°, axis of 16-15-14 I;~ to average
plane of blue macrocycle, 70.6°).

The biggest source of discrepancy in the ligand surround-
ings seems to be due to the presence of different iodine
species (Is~ or I;~ and I,) (Fig. 4), which nevertheless show
matching structural features, with closely related positions, at
the very least, for the atoms forming Is~ and I;7/I,.

Hirshfeld surfaces, and specifically fingerprint plots, were
employed as tools to visualize and perhaps quantify the
concept of structural similarity.>**> In this sense they are a
valuable tool to try to trace back the structural differences
among the two non-equivalent macrocycles found in this
crystal, which we successfully used in several instances for
such a purpose.”'®*? In fingerprint plots the contact distance
is broken down into d; and d. components, i.e. point by point
distances from the considered Hirshfeld surface to the closest
atom inside or outside it.

Without forgetting that in compound 2 no amino or
ammonium hydrogen was introduced in the crystal structure
refinement, the resulting Hirshfeld surfaces of both blue and
yellow macrocycles are composed of an H:--I component
(60.0% and 60.2% of total surface) (top big tip feature in fin-
gerprint plots, Fig. 5a and b), a broad H--H component
(24.1% and 23.8%) (bottom tip, Fig. 5a and b) and an N--I
component (15.8% and 16.0%) (middle tip feature in Fig. 5a
and b). At the same time, the commonplace H---H contacts
show a tip-like feature as well because, as discussed above,

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Fingerprint plot for H,Cyclen®*. (a) Blue macrocycle in 2; (b)
yellow macrocycle in 2; (c) superposition of (a) and (b) (in blue and
yellow respectively).

there are ligand-ligand contacts along the ¢ direction
(C12---C16 3.56(2) A and C1---C5 3.59(2) A for the yellow and
blue macrocycles respectively, ¢f. Fig. 4b and Table S37}). As a
matter of fact, the situation for the two macrocycles is hardly
distinguishable (as confirmed by the superimposition of the
two plots proposed in Fig. 5¢).

Notably, applying the same treatment to the Iz7---Ip---I3~
complex (ie. I4-15-16---17-18---19-110-111, Fig. 4) and to its
closely related Is™---I;~ complex counterpart (i.e. 116-115-114—
113-112---11-12-13, Fig. 4), the Hirshfeld surfaces of such
species appear almost identical, together with their fingerprint
plots (Fig. 6). This curious finding tempted us to discuss such
polyiodides in more detail. In order to do so, we are forced to
question how and if we should discriminate the two systems
as I37---I---I3~ and I5"---I37, or if we could rather find more

dob o

Tl O I el

Fig. 6 Top: Views of Hirshfeld surfaces of the formal I3™I,:13~ (left) and
formal |55~ (right) complexes in 2. Bottom: Fingerprint plots of formal
I37:I>-13™ (a) and formal 1515~ (b), together with their superposition (c).
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fitting descriptions for them, perhaps one encompassing both
situations. In this sense, the first barrier to overcome is cut-off
distances of the I-I primary (covalent) bonds (3.30 A) and sec-
ondary bonds (3.4-3.7 A),"?* as arbitrary limits are hardly
compatible with further discussion. This issue brings us to the
next section.

Are threshold values for the I-I covalent bond distance
legitimate?

In a sense, yes: there most likely are some threshold distance
values.

The questions are rather: do we know them? Do they
coincide with currently accepted values?

This is where, we believe, there is room for discussion.

The first bit of information required for such debate is that,
as appealing and convenient as it might sound, no universal
set-in-stone cut-off distance might exist, especially if we intend
to apply it to a plethora of polyiodides, different in nature
among themselves (hybridization, electronic structure, etc.).

The 3.30 A Coppens limit is extremely convenient,
especially for rationalization and structural description pur-
poses; yet such a value was merely devised as a likely limit,
with the open objectives to keep polyiodides within the frame-
work of mere simple building blocks and avoiding the neces-
sity to describe certain peculiar cases as polymeric iodine
chains.'®?? The first goal might still appeal in terms of broad
rationalization of such species. However, while only 17, I,, I~
and Is;~ would survive according to Coppens (and 1980s data)
if such a limit is used,?® reports of further polyiodides with
bond lengths within 3.30 A should now comprise other species
as well, like e.g. 1,>~ and some I;>~ (see below), reducing the
strict significance of the said bond length threshold.
Moreover, as nowadays some interesting polyiodide polymers
are indeed reported, like the recently described I.,°~ (which
displays I-I alternating distances all below the Coppens
limit),>* there is no necessity to aprioristically refute polyio-
dide polymers anymore. These conceptual issues prompt veri-
fication of the 3.30 A threshold against the contemporary
dataset, as the available data were greatly expanded in the last
40 years.

In an effort to simultaneously introduce our methods and
understand how the 3.30 A limit came to be in the first place,
we re-drew an I---I interaction distance (covalent or supramole-
cular) CSD* survey limiting the dataset at the structure de-
posited before 1983, in order to look at the same picture
Coppens might have looked at when formulating such a limit:
the results are displayed in Fig. 7.

Even before delving into further statistics, the reader will
recognize the familiar 2.77 and 2.92 A distances typical of I,
and I;~ fragments (vide infra). These peaks are separated by a
valley, suggesting indeed that iodine-based systems contain
one, the other, or both structural units, limiting any possibility
of merging or other ambiguous situations.

The 3.30 A limit effectively discriminates the end of the bell
profile due to covalent bonds in triiodide (yellow in Fig. 7) and
the beginning, at 3.4 A, of the curve due to secondary bonds

10732 | Dalton Trans., 2022, 51,10728-10739
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Fig. 7 Reconstruction of the available literature material at the end of
1982, year of publication of ref. 22. Up to 4.5 A a total of 235 unique |-
distances (intra- and inter-molecular) were reported. Bins of 0.05 A
were used for describing the distance distributions. The inset attempts
at representing currently accepted interpretation, with primary
(covalent), secondary, and long (van der Waals and/or aspecific) distance
regions highlighted in yellow, red, and cyan, respectively. Further details
in the ESL}

(red in Fig. 7). As such it appeared as a meaningful threshold
value in the early ’80s.

While conceptually developed by Bent® and Alcock®®
between the end of the ’60s and the beginning of the ’70s, the
term “secondary bonding”, once formally referring to a certain
type of interaction and spanning good portions of the periodic
table, nowadays survives by extension mostly to indicate those
interactions we seem to be hardly able to define in iodine
systems, ie. it coincides with the said 3.4-3.7 A I.--I contact
range.'® In other words, the once chemically meaningful “sec-
ondary bonding”, became a mere, and quite generic, range of
contact distances. At the same time the “conceptual space” left
void by the disappearance of the secondary bond theory was
soon occupied by the sigma-hole’” and halogen bond*®
nomenclature, not without some lexicon difficulties.!*

The secondary bond appears to be well-defined in Fig. 7
(red), being located between the sudden increase in contacts at
around 3.4 A and concluded before 3.8 A, beyond which a
minimum and then a progressive increase in contacts are
found (suggesting the loss of specificity as we move towards
distances greater than twice the I van der Waal radius, I =
2.04 A,* cyan Fig. 7).

Let us now look at the contemporary data, reported in
Fig. 8 both as generic I---I distances (covalent and inter-
molecular, blue) and separated in its components as results
from CSD (black and red for covalent and intermolecular dis-
tances, respectively).

We might start noticing several things.

(i) The dataset size is vastly different (there is 40 times as
much data available now compared to before 1983);

(ii) It is possible to obtain plots with a significantly better
resolution, which allows the appreciation of finer details and

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2dt00185c

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

Open Access Article. Published on 09 1400. Downloaded on 17/11/1404 10:28:46 ..

(cc)

Dalton Transactions

800

—=—all
o covalent
O intermolecular

291 107

700

600

500

400

Counts

300 ~

20047

100

26 2. g ! 4 36
Bin Center (A)

Fig. 8 Actual data for polyiodide I-I distances in the CSD.2° Blue: All
I---1 distances (covalent and intermolecular). Black: |- covalent bonds.
Red: I--1 intermolecular contacts. The inset shows how well reduced
covalent/intermolecular datasets account for global data, with focus on
the 3.1-3.7 A region. Up to 4.5 A, a total of 9560 unique distances are
reported. Bins of 0.02 A have been used.

more accurate evaluation of the characteristic distances
(vide infra);

(iii) I-1 covalent bonds in CSD extend in the long-distance
range up to 3.4-3.6 A;

(iv) I---I supramolecular interactions in CSD do not subside
completely in the low-distance range until 3.2-3.1 A;

(v) The 3.4-3.7 A range hardly shows any appreciable
specific behaviour;

(vi) Distances in the 3.3-3.4 A range show almost equal
probability of having been assigned to covalent bonds or
supramolecular interactions;

(vii) Hardly any break is found between the bell profile
associated with formal I;~ (covalent), featuring a long tail, and
secondary bonding region;

(viii) The distribution is heavily-biased towards I, and 137,
as these fragments are encountered in even the most compli-
cated molecular polyiodides.

A little comfort on such statistical data arises from several
reports: over the years it was popular to address the matter by
computational studies on the prototypical I;~ anion or on the
I, + I” reaction energy profile.

Slater*® used an H; model for linear 3-atomic molecules in
order to explain the deviation of triiodide from linearity
observed by Mooney-Slater*' in some of the earliest reports of
polyiodide crystal structures: the beginning of covalency was
thought to be >3.5 A (on a 5 crystal structure dataset).
Svensson and Kloo, who in their 2003 review indicate the 3.30
and 3.4-3.7 A common limits, have addressed together with
Rosdahl the issue of secondary bonding.*” They concluded
that the covalency alongside dispersion interactions is a good
model, and that the orbital overlap for polyiodides might start
at about 5 A, offering a stabilizing contribution that limits

This journal is © The Royal Society of Chemistry 2022
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charge-charge repulsive effects. In more recent times, when
the name of such interactions already drifted to sigma hole-
bonding,"" Mealli and co-workers computationally investigated
the basic building blocks of polyiodides (I7, I, 137, 1,>7),
finding significant sigma electron sharing and scant evidence
of sigma holes,”® signifying that the interaction in such
systems cannot be purely electrostatic as a sigma hole model
would suggest (limitations of the pure electrostatic model were
already demonstrated in early seminal work on polyiodides
such as those of Wiebenga et al. in the '60s).**** For the tran-
sition between an I,---I" system and a fully symmetric I3~
anion, a pseudo-plateau energy profile was found.*® By investi-
gating chalcogen and halogen bonds (please mind how the
wording of such interactions evolved again!),"* Lippolis and
co-workers reported bonding analysis for homo- and
heterotrihalides.***® Regarding triiodide,*® they found that
the transition from covalency to supramolecular interaction is
almost smooth. This is mirrored also by the observation of the
I;~ structure-energy relationship as pioneered by Biirgi.*’
Alcock himself, while proposing secondary bonding as a
theory, noted that orbital diffuseness is the first step towards
that kind of electron delocalization that finds its fullness only
in metallic bonding.*®

It is also clear that crystallographers, on a case-by-case
level, have disregarded the Coppens limit on several occasions,
hence our ability to retrieve I-I covalent bonds in the CSD
longer than 3.30 A. In some instances, the in silico assessment
of the nature of long bonds ensued.’® This testifies that part of
the community perceived the limitation of an arbitrary
threshold.

The matter has also been discussed through a Raman spec-
troscopy approach,’"** a notoriously relevant technique for poly-
iodide characterization.' I-I bonds longer than 3.30 A still influ-
ence the spectra and are generally rationalized as donor acceptor
complexes (with various degrees of strength) among I;~ and I,,
formal and well-characterized components. Regarding this
assignment, some advocate for strict global reduction of polyio-
dides to I, and I~ (together with I") basic fragments;*" and
others discuss simple model examples (up to Is~ or I;”), and
then suggest that, although elucidation can be attempted
(especially if paired with structural data), superior polyiodides
can be rationalized similarly, even though the spectral features
are expected to become increasingly hard to assign.'®

To some extent, also UV-Vis evidence has been put forth,
showing broadening and/or appearances of shoulder peaks in
superior polyiodides with respect to mere I", I, and I;~ build-
ing blocks."°

According to the above results, we believe that there is more
than enough statistical and theoretical ground to question, at
the very least, commonly accepted cut-off distances for polyio-
dides, if not even the existence of general-purpose unique
threshold values.

While analogous situations can be envisaged for other
elements showing the tendency for catenation and formation
of 3c-4e bonds (notably Br), I is probably the most in need of
attention owing to its polarizability and high atomic number.
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Covalent bonds in I;>~ and its formal components: a statistical
CSD survey

Iodine, I,. The I-I bond distance in I, is 2.715 A at
110 K. Such a measurement might be influenced by other
interactions in the crystal (namely the 3.496 A within layers
contact distance). General statistics reported above in Fig. 8
suggest 2.76(8) A as the peak value (¢f Table 1). As this
value is in excellent agreement with the I-I bond distance
in I,(s), we will take 2.76(8) A as the reference value in the
following.

Triiodide, I;~. The I-I bond length in I;~ is displayed in
Fig. 9a. As discussed elsewhere'' it is best fitted with a
Lorentzian curve centred at 2.9179(1) A and possessing a full
width at half maximum (FWHM) of 0.0436(3) A (R* = 0.997, y*
=13.27). The mutual dependency of I~ internal distances and
the possibility of formal [I,-I"] asymmetric triiodides are well
known.'”™ A tentative dissection of overall data into sym-
metrical and asymmetrical I;~ has been done on the basis of
the abovementioned FWHM, ie. assuming symmetrical all
triiodides displaying bond distance differences up to 0.044 A.
With this approach, both symmetrical triiodides (1 peak) and
asymmetrical ones (2 peaks), return to familiar Gaussian pro-
files (inset Fig. 9a). Parameters are as follows: symmetrical I;™:
centred at 2.9186(1) A, FWHM 0.0362(2) A, R* = 0.999, * =
17.29; asymmetrical I, ™: peak 1, centred at 2.8775(6) A, FWHM
0.048(2); peak 2: 2.9657(9) A, FWHM, 0.059(2); R* = 0.942, y* =
23.42. The area ratio for the two peaks of asymmetrical I;~ is
about 1 (1.0(1)), as it should be, while the global counts are in
a 1.6:1 ratio in favour of symmetrical 137, in line with the
anion intrinsic preference for such a geometry.

We remind the reader also that the global length of triio-
dides can vary.'®** On average the I,” length is 5.84(9) A, i.e.
for most triiodides, ~68% or ~95% if ¢ or 2c thresholds are
considered; the allowance on the total length is observed in
the 1.6-3.0% range. This notion will be instrumental in the
following.

Pentaiodide, I5;~. The pentaiodide I-I bond length distri-
bution is shown in Fig. 9b.

Table 1 Numerical results of statistical analysis on polyiodides. The
table reports significant ranges as average (FWHM) values (in A) for the
above-discussed polyiodides divided among contacts between recog-
nizable formal I, I” and |5~ units

Formal bond type

Species (subtype) I-1inI, I-1in I3~ -1, LI,
I 2.76(8)

I;~ (global) 2.92(4)

I;~ (symmetric) 2.92(4)

I;~ (asymmetric) 2.88(5) 2.97(6)

Is~ (V-shaped) 2.78(9) 3.1(1)

Is~ (L-shaped) 2.8(1) 3.0(1)" 3.1(2)"
I~ 2.8(2) 3.0(1) 3.4(1)

“Evaluated as 2-HWHM due to broadness and convolution with neigh-
bouring peaks.
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Fig. 9 |-l bond length distribution in (a) I3~ (violet), (b) Is~ (blue), and (c)
Is2~ (green) represented with bins of 0.01, 0.05 and 0.08 A, respectively.
The dataset for Is~ and s~ taken from ref. 11. The dataset for 1g%~ is
reported in the dedicated section of the ESI.{ The inset in (a) represents
symmetrical (red) and asymmetrical (black) triiodides; Gaussian fittings
are shown in black and green, respectively. The inset in (b) represents
V-shaped (symmetrical, red) and L-shaped (asymmetrical, black)
pentaiodides.

It is immediately observed that the distribution is more
complicated than in the above discussed simple case.

Pentaiodide is generally conceptually broken down into an
[I"+(I,),] complex (also known as symmetrical or V-shaped pen-
taiodide) or an [I3™I,] complex (also known as asymmetrical or
L-shaped pentaiodide)."® These categories have been applied
to the above graph: pentaiodides were classified as V-shaped if

This journal is © The Royal Society of Chemistry 2022
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both the difference of proximal I-I distances and the differ-
ence of distal I-I distances are below 0.05 A (comparable with
FWHM of I;7, c¢f. above). The procedure results in the red
(V-shaped) and black (L-shaped) are shown in the insets in
Fig. 9b.

V-Shaped symmetrical pentaiodides show only two
maxima: 2.78(9) (formal I,) and 3.1(1) (I"-I, bond) in a 1:1
peak area ratio. L-Shaped pentaiodides instead show 3
peaks: 2.7(1) (formal I,), 3.02(15) (formal I;7) and 3.1(2) (I;"-L,
bond).

Octaiodide, I3>~. Differently from polyiodides that show iso-
merism issues, Is>~ can be almost unambiguously pictured as
a formal [I;7-I,-I;"] complex. The data displayed in Fig. 9c
reflect just this. We have an expected formal I, feature (2.8(2)
A, notice how the value is larger than for anions of the I,,.;~
series), a peak corresponding to I;~ (3.0(1) A, again larger than
that in isolated I;7) and a long-range maximum, formally
corresponding to the I;7-1, bond length, at 3.4(1) A.

Summary of statistical evidence

The average bond length data are reported for the examined
polyiodides in Table 1

Data show the following:

(i) I, I;~ and longer components (associated with formal
I'-I, or I;7-I, bonds) can be individuated for all model
polyiodides;

(ii) Superior polyiodides (I,”~ with n > 3) show at least one
characteristic I-I bond above 3.1 A;

(iii) The 3.1-3.3 A region is minimally populated in the
global statistic (Fig. 8) and is essentially not populated in the
data pool contemporary to Coppens’ work®® (Fig. 7); as all
superior polyiodides (I,”~ with n > 3) contribute to it (point
ii), we can assume that most contemporary I-I bonds in such a
range are indeed due to superior polyiodides;

(iv) Even peaks associated with I, and I;~ formal fragments
show variability, demonstrating how the exact structural situ-
ation of each type of polyiodide affects the I-I bond even of
model fragments.

For what we are concerned, i.e. for the implications of stat-
istical evidence about the molecular nature of I;>~, we note the
following. As anticipated, it must be acknowledged that one of
the main conceptual pillars of the 3.30 A cut-off distance, i.e.
that with such a choice all known structures could be reduced
to I7, I, I;~ or I;7,>* does not fully hold for modern data, as
further polymeric or molecular polyiodides (e.g. 1,>7, cf. ref. 10,
and I>~, ¢f. above) show bond lengths within such a limit.
This simple observation is especially noteworthy in a field his-
torically torn between a reductionist approach based merely on
I, I, and I;~ building blocks (and even triiodide had to
struggle to be considered as a molecular species in the past),>
and claims of superior complexity not fully supported by data
(cf: critical reviews of certain questionable superior polyiodides
reported in ref. 10).

In the second instance, the observed 3.4(1) A length for the
long formal I;™---I, bond in I;>~ still falls within a region
ascribed to bonding interactions by a series of further reports.

This journal is © The Royal Society of Chemistry 2022
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In the rare accounts of Iy~ anions, the long bond length is
in the 3.24-3.46 A region, according to the cases reported in
ref. 10, i.e. comparable to the 13>~ data. Svensson and Kloo in
their prominent review'® describe I;,>~ as an I~ dimer, with
the long bond connecting such units of 3.44 A, i.e. again in
line with the Iz~ data. Anions of the I,,.;°~ series have been
seldomly reported, especially when small. To the best of our
knowledge the smallest member of such a family is I,°~, which
contains the bare minimum I atoms to bridge formal I™
anionic sites with formal I, molecules (charge-charge repul-
sion is significant). In the exemplificative (HMTAHD?>*.1,°")
case reported by Metrangolo, Resnati and co-workers, the I,
fragments, displaying a 2.81 A interatomic distance, are found
at 3.43 A from central I” and 3.39 A from terminal I".°* As a
further indication, calculations of the I-1 bond length in the
I,” radical (bond order 0.5, i.e. not negligible), placed its bond
length at around 3.3 A (depending on the basis set and level of
theory).”> Moreover, crystalline I, (intra-layer distance 3.496 A
and 3.972 A, inter-layer distance 4.269)'° metallizes at room
temperature at around 16 GPa while still in its molecular form,
with all intermolecular distances being >3.5 A.°® Dissociation
of I, molecules to give a classic metallic phase occurs at
around 21 GPa at room temperature, with relatively little
volume change (4%), with interatomic distances still beyond
3.30 A (3.362 A measured at 30 GPa).”” These findings suggest
the possibility of interaction beyond pure electrostatics at dis-
tances greater than 3.30 A (to be fair, most data are successive
to Coppens work and to secondary bonding original defi-
nition). Everything seems to coincide well with reports assert-
ing the existence of diffuse orbitals*> and a pseudo-plateau
behaviour of the potential energy surface in moving from a dis-
torted electrostatic complex to a fully symmetrical polyiodide
for the prototypical I, + I” = I~ reaction.***®

In other words, there is evidence for the meaningful and
covalent nature of the I-I bonds in the 3.3-3.5 A range for the
selected systems: this includes Ig>".

Assignment of polyiodides contained in 2 and secondary
bonding considerations

The crystal structure of 2, evaluated with a 3.30 A limit on the
I-1 bond lengths, contains 3 different triiodides, 1 pentaiodide
and an iodine molecule.

A first triiodide (I1-12-13, Fig. 4) shows bond lengths typical
of I;7 (2.959(1) and 2.860(1) A, cf. Table $3f) and long inter-
molecular contacts close to the van der Waals limit (I3---I11,
12---116, 11---112 and I1---I12' 3.878(1), 3.891(1), 3.831(1) and
3.945(1) A, respectively, ¢f. Table S31), hence it is easily assigned
as a typical I5™.

Pentaiodide (I112-113-114-115-116, Fig. 4) is also classic in
terms of bond lenghts (in the range 2.793(1)-3.133(1) A, con-
tacts with neighbouring I;~ from 3.831(1) to 3.945(1) A,
cf. Table S37).

The two remaining I;~ and the I, molecule (Fig. 4) are strongly
interacting (3.305(1), 3.483(1) A, Table S31), hence we should
decide if they should be regarded as an I;”-I,-I;~ complex, an
I;"I;~ complex (two possibilities) or as an I>~ anion.
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As displayed in Fig. 10, the most satisfactory interpretation
would be that of Ig%~, where the observed I-I distances would
fall shortly below and after the statistical probability peak
centred at 3.4 A.

To reinforce such an assignment, an interesting parallelism
can be drawn.

Let us consider again I3~ as a 3 centre 4 electron system,
where the symmetrical I3~ anion is the energy minimum pro-
vided the extreme I atoms are below a critical distance, while
an I,-I" asymmetrical complex is obtained if the extremes are
too spaced out (i.e. the symmetrical form of the anion is prone
to distortion under small external perturbations).

A similar situation could be envisaged for 1> a formal I,
molecule is disputed between two different I~ ions, much like
dogs and bones in a popular visualization of covalent
bonding. The optimal (i.e. most represented in the CSD)
I;7-I;” distance is placed by statistical data at approximately
9.48 A (the 2 x I;7-I, distance peak in I;>~, observed at 3.36 A,
plus I-1 bonding in I, 2.76 A); please see Fig. 11 for reference.

If the formal I;”---I;~ distance in an Iz~ anion is signifi-
cantly greater than 9.48 A (or, equivalently, if the symmetric
structure of I;>~ is perturbed by interactions with its surround-
ings in the crystal), the disputed I, molecule would experience
a tendency to fall in one of the two energy wells corresponding
to the asymmetrical Is"-I;~ complex, similarly to what happens
for elongated I3

If we look at the Ig>~ anion in 2, the I,”---I,” distance in
such a species is 9.543(1) A, ie. slightly longer than the
minimum energy configuration inferred from the statistical
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Fig. 10 Informed assignment of the 111-110-19.--18-17-.-16—15-14
complex. Green dashed lines represent dotted interactions in the
formula. (a) Graphical representation of Table 1 data, i.e., average value
+ FWHM of the longest bond length in examined polyiodides (black
slashes signal different polyiodide charges). Superposition of distances
under discussion with pentaiodide (b) and octaiodide (c) bond length
distributions. While possible, an I5™---13~ assignment would require both
a quite unusual Is~ bond length (on the fringe of the Gaussian) and a
short non-explained Is --:13~ contact. Assignment to distorted 12~
instead makes both distances close to statistical maximum, one shorter
and one longer as expected in the case of distortion, a very common
phenomenon in polyiodides.
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Fig. 11 Superposition of polyiodides in 2, with details of I-I distances.
This superposition is actually a depiction of how transition from an
asymmetric Igz’ to an Is™:ls~ complex is consumed within a mere 2%
elongation of the central |4 fragment.

data. As a consequence, formal I;7-I, bonds in said 13>~ are
found one shorter and one longer than the average value
(Fig. 10), i.e. some distortion towards an I5 -I;~ type complex
is already present. The “typical” I~ (I12-113-114-115-116
Fig. 4) also interacts with neighbouring I;~. The shortest of
such interactions was found at 3.831 A (I1---112, Table S3,} i.e.
with I11-12-13 137, Fig. 4) and is above regarded as supramole-
cular. However, if one looks at such an [I5-I3”] complex again
as an Ig>~ anion, the two formal I;~ contending the I, molecule
are 9.71 A apart.

The bonding difference between an (almost) molecular Ig>~
and a Is I3~ complex is all consumed in the lenght difference
between 9.5 and 9.7 A (Fig. 11).

As the symmetrical situation is no more possible with such
long distances, the system prefers to shorten significantly the
formal I;7-I, bond in the pentaiodide unit (3.305 A in 1,27,
3.097 in Is7) and to simultaneously elongate the I ---I3~
interaction.

To further strengthen this view, the Raman spectrum of
solid 2 (Fig. 12) was recorded. The spectrum consists of a
strong band centred at 168 cm™', a medium one at 113 cm™"
(typical of I3~ symmetric stretch v1) and a weak one at 62 cm™
(I3~ bending, v2). Beyond the 113 cm™" band, the other bands
clearly show signs of convolution, as can be expected from a
crystal containing more than one polyiodide species.

The 168 cm™" band falls in the 140-180 cm™" range, typical
of superior polyiodides.”® In similar literature instances, a
double intense band was found for Is>~ (174 and 161 cm™,
assigned to I, and I"I,, respectively) accompanied by medium

1
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Fig. 12 Raman spectrum of 2.

I;~ asymmetric stretching at 139 cm™" (XRD formal I3;7-I,-I5~
bond distances 3.358 and 3.471 A).°? In 13>~ displaying slightly
longer formal I;7-I,-I;~ bonds (3.417 and 3.485 A), both
strong bands at 172 cm™" and 144 cm™' were observed.”' In
the case of 2, compresence of different polyiodides gives rise
to peak convolution. As in the case of all polyiodides, the spec-
trum can be described by discrete I, and I;~ units “perturbed”
by their mutual interactions.”® If by “perturbation” a certain
degree of covalent/donor-acceptor character can be implied,
then description as a mixture of different Is>~, with a different
extent of molecular character, can be proposed.

The so-called secondary bonding in these systems appears
to be much closer to a way of finely considered electron
sharing between systems with such diffused orbitals (as it
seems to have been in the intention of original proposers)*>*°
than a generic distance range suggestion.

Reduction to a mere universal distance range with clean-cut
boundaries (the popular 3.4-3.7 A range) is conceptually
impossible, as bonding might start at much longer distances
and it remains vastly dependent on the nature of the interact-
ing polyiodides. At the same time, bonding thresholds are
extremely useful and widely employed. A coherent revision of
commonly accepted values, taking into account the nature of
the interacting fragments and further structural parameters,
which remains beyond the scope of the present study, is prob-
ably necessary.

Strongly asymmetrical triiodides (long bond 3.1-3.2 A,
short bond 2.85-2.75 A)'®'! are still considered to be co-
valently bonded despite the fact that such systems already
behave as in the I"-I, complex limit. As detailed above (cf I3~
section), for bonded I~ the elongations in the 1.6-3.0% range
are commonplace. In the present case, a difference of 0.2 A on
an average of 9.64 A, i.e. about 2.0% elongation of the central
I, fragment, should entirely change the way we draw bonds
among the involved atoms. To further fuel scientific discus-
sion, we can go as far as stating that, in a sense, an I5 I3~
complex, even with a long 3.8 A I,™---I;~ contact distance, is
still somewhat a “bonded” Iz, meaning that it is but the

This journal is © The Royal Society of Chemistry 2022
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asymmetrical structure of the I;>~ system shown in Fig. 11,
which is analogous to asymmetric I;~. This is not stating that
the covalent bonds in polyiodide extend to 3.8 A (cf. the pre-
vious section and how the real limit is case dependent and
seems to be around 3.5 A even considering the statistical distri-
bution). Rather, we want to point out, as substantiated by
many other studies, that when orbitals are highly diffused,
and species highly polarizable, a certain extent of electron
sharing may arise.

This kind of consideration allows us to see 2 as containing
substantially a single [H,cyclen®"I;>7] unit, and to rationalize
the symmetry lowering of I;°~ using the familiar I;~ paragon.
It is also interesting to notice how bond localization accompa-
nying symmetry lowering tends to intrinsically favour simpler
polyiodides, yet this apparent simplicity does not remove exist-
ing secondary bonds. As secondary bonding, by definition,
involves electronic redistribution, ie. it affects the intra-
molecular bonds of the interacting partners, it is quite poss-
ible that the complexity and broad distribution of bond
lengths in superior polyiodides can be justified accounting for
significant interactions even in a longer range than tradition-
ally accepted cut-off values suggest.

Conclusions

Novel structural data herein reported support the diprotonated
form of cyclen as a useful scaffold for the stabilization of
simple and superior polyiodides, in particular of the rarely
encountered I;>~ anion. Perhaps more importantly, the struc-
tural and statistical analysis herein reported, combined with
previous reports and calculations, suggests the need for a revi-
sion of currently accepted cut-off values for covalent bonding
in polyiodides. It appears that a single general-purpose
threshold value cannot be identified (as it remains dependent
on the nature of the polyiodide), but that the upper limit for
covalent bonding in large and/or polycharged polyiodides
should be moved from 3.30 A towards the 3.4-3.5 A range, to
encompass and justify some systems. The secondary bonding
region, generally defined in the 3.4-3.7 A range, has also been
addressed and rediscussed in terms of interactions in hyperva-
lent systems characterized by 3c-4e and related bond-types, in
an effort to give a more holistic view of complex polyiodides,
partially conflicting with traditional reductionist approaches.
Afterall, the emerging properties of complex systems have long
been a concept in supramolecular chemistry: the fact that
assemblies might possess properties that their individual com-
ponents do not have urges caution about rushed reduction of
polyiodides to mere I", I, and I3~ building blocks.

As a final comment, we notice that the previously reported
H,cyclen**-polyiodide structure GAFGEA,*° entirely different
from 2 (different symmetry, the number of I per macrocycle,
the presence of co-crystallized solvent H-bonded to the macro-
cycle, etc.---) also features I3---I,---I3; moieties (assigned as
such) where the supramolecular contacts are 3.309 A and
3.506 A, ie. almost identical to those observed in 2. If in a
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global revision process (beyond the scope of current study) we
could assign such species to I;>~, we would then be forced to
notice that H,cyclen®" seems to effectively stabilize such an
uncommon moiety in the solid state. This will lead us to
wonder why, sparking scientific curiosity and helping to ident-
ify 13> -specific templating cations. The same could be envi-
saged for other superior polyiodides as well.

We trust that our contribution might assist others in future
assignments of superior polyiodides.
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