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A new linear polymeric polyiodide, catena-polyltris(1,10-phenanthrolin-1-ium)tris(1,10-phenanthroline)
heptaiodide], was prepared by one-step synthesis. Its formation is driven by hydrogen-bond assisted
supramolecular assembly in the presence of chromium(in) acetate. Its structure has been characterized by
the means of single-crystal X-ray diffraction. To date, this is only one of the few examples of organized
linear infinite polyiodides with a known structure. The interplay between the interactions within the hyper-
valent iodine chain and its supramolecular environment is elucidated. The electrical, thermal, and spec-
troscopic properties of the studied compound were investigated and associated with the structural fea-
tures. The infinite character of the polyiodide chain and its similarity to the blue starch—iodine complex
has been additionally confirmed by Raman spectroscopy. Despite the apparent structural and spectro-
scopic similarities with the previously reported 1D polymeric polyiodide, its physical properties, i.e. electri-
cal conductivity and thermal stability, differ significantly. This can be rationalized by the differences in the
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Introduction

Polyiodides are inorganic anions which can be often described
with a general formula I"™,,,.,, where n indicates the number
of iodide anions and m the number of iodine molecules. The n
and m can be any positive cardinal number ie. I;7, I, I%~
etc. In the solid state, discrete polyiodide anions with higher m
and n numbers exist, up to Io>"." Structures of larger bulky
polyiodides are stabilized by various intermolecular inter-
actions within a crystal, such as hydrogen bond, electrostatic
halogen-halogen, anion---x, and dispersion interactions.>®
Generally, the bigger cations allow for the formation of longer
stable polyiodide chains in the solid state.” Additionally, the
cation shape and its polarizability play an important role in
the final length and geometry of the polyiodide anion.®™*
Employment of ammonium cations with long aliphatic con-
stituents leads to polyiodide dimensional caging through dis-
persive interactions'>'? or even mechanical interlocking of the
polyiodides in the cation cavity, as in the case of cyclobis(para-
quat-p-phenylene) salt."* On a larger supramolecular scale, a
self-organization of polyiodide chains can be also executed
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orbital overlap within the iodine chain, as well as the distinct interactions with the cation.

within the channels of metal-organic frameworks.'>"®

Appropriate cation tailoring and reaction conditions can lead
to the formation of extended polyiodide systems. Formation of
corrugated layers, branched zigzag chains and even interpene-
trating chains has been reported.®'” >

Some examples of structures extending in only one direc-
tion include zigzag chains made of [I;7-I5| units in a 1,1
(propane-1,3-diyl)-ferrocenium  complex® or corrugated
ribbons made of rectangular iodine loops in a bipyridinium
salt.>* Moreover, polyiodide zigzag chains can form extensive
structures through metal iodide-iodine complexes, such as
Cd,lg>” or Hg,lg> ">

Infinite linear chains are less common. They have been
registered as weakly interacting I;”---I;~ (intermolecular dis-
tance >4.0 A),*® linear chains interconnected with I~ perpen-
dicular to the propagation axis,”?® or a pure linear chain with
alternating I-1 distances in (Me,Sb);I5.>° In the latter example,
however, doubts about its structure have been raised on the
basis of theoretical calculations.®* > Recently, an infinite
linear polyiodide chain has been registered in a pyrrolopery-
lene-iodine compound (prpi).>* The formation of this struc-
ture was achieved by the confinement of polyiodide units
within channels along the stacks of the planar cations. This
structure resembles the iodine arrangement in a blue starch-
iodine complex.***® Another method of catenation of polyio-
dide subunits is the application of high pressure.’*** It can
force the polyiodide building blocks (e.g. I, and I37) to link
through donor-acceptor interactions, which consequently
allows the formation of a polymeric net.*

This journal is © The Royal Society of Chemistry 2021
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Compounds containing polyiodide ions are not only of
structural curiosity, but also exhibit a wide range of electrical
conductivity. Hence, they find applications in electrolytes, bat-
teries, solar cells, and optical devices."®**™*® The I;7/I" redox
system is used not only in dye-sensitized solar cells but also in
microbicidal and viricidal agents with a long release time.*”"*®
The major disadvantage of polyiodides as functional materials
is their poor thermal stability. Most of the polyiodides lose
iodine by sublimation, even at room temperature. They decom-
pose to lower polyiodides and, eventually, to iodides.*® This
process also complicates the analysis of polyiodides by spectro-
scopic methods. It was found that the laser beam used in
Raman spectroscopy measurements can cause dissociation of
polyiodides, leading to erroneous results.***%"!

It is still challenging to predict the properties of a given
polyiodide salt based on its structure. The polyiodide arrange-
ment and even product stoichiometry often cannot be easily
anticipated on the basis of the used cation type, reaction con-
ditions, and stoichiometry. Herein, the design and synthesis of
a polymeric 1D polyiodide organic salt are described and its
structure, and spectroscopic, electrical, and thermal properties
are elucidated. The presented data are compared to a very
similar reported structure of the infinite polyiodide chain, and
are related to the elusive structure of a starch-iodine

system.>*>3

Experimental
Synthesis procedures

All of the chemicals, except chromium(mi) acetate hydrate, were
analytical grade, purchased from Sigma Aldrich. 50 mg of
chromium(m) acetate hydrate (0.2 mmol; POCh, Poland) and
108 mg of 1,10-phenanthroline monohydrate (phen,
0.6 mmol) were dissolved in 2.5 ml of dmf. Subsequently, 1 ml
of 40% hydroiodic acid and 50 mg of iodine (0.2 mmol) were
added. The solution was stirred until all of the reactants dis-
solved, and then 1 ml of the solution was transferred to a test
tube. The dmf solution was topped slowly with 2 ml of metha-
nol, avoiding mixing of the phases. The tube was sealed and
left in the dark for solvent-diffusion crystallization at room
temperature. After one week, long golden needles were formed
in the methanolic layer.

Crystal structure determination

Single crystal X-ray diffraction data were collected on a Synergy
Dualflex Pilatus 300 K diffractometer (Rigaku Corporation,
Tokyo, Japan) equipped with a Pilatus 300 K detector and a
CuKa, radiation microsource (1 = 1.54184 A). Measurements
were performed at 100.0(1) K in w-scan mode. The structure
was solved with the dual-space algorithm, as implemented in
SHELXT.”* All non-hydrogen atoms were refined anisotropi-
cally using the full-matrix, least-squares method on F* by the
SHELXL software.”” All hydrogen atoms were refined using the
riding model. Isotropic displacement factors of hydrogen
atoms were equal to 1.2 times the value of an equivalent dis-
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placement factor of the parent atoms. Crystal structure visual-
izations were performed using OLEX2.® Powder diffraction
(PXRD) experiments were carried out at the Materials Science
Beamline at SLS.>” The sample was ground and tightly packed
in a 0.3 mm borosilicate capillary. A monochromatic, colli-
mated beam with an energy of 25.2 keV was utilized. The exact
wavelength was calibrated using a NIST Si640d standard. The
measured XRPD patterns were refined using TOPAS (version 6,
Bruker AXS, Germany) software.

Other physical measurements

The UV-vis diffuse reflectance spectra were recorded on a Jasco
V-660 spectrophotometer (JASCO, Ishikawa-machi Hachioji-shi
Tokyo Japan), in a 200-800 nm spectral range, using BaSO, as
a 100% reflectance standard. Thermal analyses were carried
out with a Netzsch STA 449 F1 Jupiter thermoanalyzer coupled
with a Netzsch Aeolos Quadro QMS 403 mass spectrometer.
The samples were heated in corundum crucibles up to 800 °C,
with a heating rate of 5 °C min™" in synthetic air (20% O,,
80% N,) flow. The Raman spectra were recorded using an
HR800 (Jobin Yvon-Horiba, France) spectrometer with a spec-
tral resolution of 1.5 em™". The spectra were collected in reflec-
tion mode, by excitation with 532 nm laser light with a
nominal power of 12 mW. The laser intensity was decreased to
1% and the exposure time was 10 s. Electrical conductivity
measurements were carried out in two-probe mode using
25 pum thick golden wires as electrodes, and the data were
recorded using a Keysight 34461A multimeter. The crystal used
for the electrical measurements was needle-shaped with a
500 pm length. For the calculation of electrical conductivity,
its shape was estimated (by examination under a microscope)
to be a long cylinder with 100 pm radius.

Results and discussion

The reaction among iodine, hydroiodic acid, and 1,10-phenan-
throline in the presence of chromium(m) acetate resulted in
the formation of long, golden needle-like crystals (Fig. 1 ESIT)
of catena-poly[tris(1,10-phenanthrolin-1-ium)tris(1,10-phenan-
throline) heptaiodide] (phenpi). The bulk purity of the product
has been confirmed by means of synchrotron PXRD (Fig. 2
ESIT). The compound crystallizes in the non-centrosymmetric
Pna2, space group (Table 1 ESIt) as a one-dimensional poly-
meric polyiodide. It is impossible to distinguish a discrete
polyiodide moiety in the structure, as iodine-iodine distances
within a chain vary between 3.129 and 3.351 A (Fig. 1a). The
asymmetric unit [(I;)*~] atoms were chosen based on the short-
est distances between the constituting I atoms, i.e. a 3.351 A
distance exists between the symmetry generated [(I,)*”] build-
ing blocks. The iodine-iodine distances within a chain do not
indicate any presence of short covalent I-I bonds (I-I bond
lengths of the solid iodine®® and the mean value for I;~ from
the Cambridge Structural Database®® (CSD) are equal to 2.7179
(2) and 2.92(5) A [n = 934], respectively) or the secondary
(>3.40 A) intermolecular halogen-halogen interactions. It is
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Fig. 1 Molecular structure and polyiodide geometry of phenpi. (a)
Asymmetric part of the polymeric iodine chain with outlined dimensions
and intramolecular |- distances (A) and (b) and (c) projections of the
phenpi structure along [010] and [001], respectively.

impossible to ascribe the formal charges to the given iodine
atoms. The formal charge of a [(I,)*”] fragment is 3-, which
indicates [317-21,] assembly.®® A polymeric iodine right-handed
ellipse helix propagates along the crystallographic [0 0 1] axis
with arc radii the along [1 0 0] and [0 1 0] directions equal to
0.619 A and 0.304 A, respectively. The pitch of this tightly
twisted helix is 22.533 A (length along the [0 0 1] axis, Fig. 1a).
Distribution of the intramolecular I-I distances is much more
narrower than that in the reported discrete I,>~ unit, where the
bond alteration was more indicative of [I"-I,-I" I,-I | assem-
bly.°® It appears that the catenation into a linear chain bal-
ances the iodine bond lengths due to the more homogeneous
charge distribution, as observed in prpi.

Two of the symmetry-related iodine helices are packed par-
allelly inside the channels created by the four hydrogen-
bonded 1,10-phenanthrolinium dimers stacked into 1D piles
along the crystallographic [0 0 1] axis (Fig. 1c). Each iodine
atom is “pinned” by C-H---I hydrogen bonds with the hydro-
gen atom of the aromatic carbon atoms from the three direc-
tions (Fig. 2).°* The length of the hydrogen bonds is in a range

Fig. 2 Hirshfeld surface overlaid onto an asymmetric part of the poly-
meric polyiodide chain in phenpi with indicated hydrogen bonds
“pinning” the chain.®® Colour code corresponds to the surface property
d. (the distance from the surface to the nearest nucleus external to the
surface), as indicated in the colour scale.
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of 3.02-3.26 A. Due to different arrangements of the inter-
action for different I atoms of an asymmetric unit, totally, the
I, chains are “pinned” from all four directions (Fig. 2).
Without the other strong hydrogen bonds in this structure, the
interplay among x---m stacking, H---I, and I---I interactions
dominates the supramolecular architecture in phenpi.

It is noteworthy that the templating reaction performed
without the addition of chromium(m) acetate always resulted
in 1,10-phenanthrolinium triiodide, and phenpi is not formed
in such a system. The role of the chromium salt is not well
defined, but it might be connected to a redox activity of in situ
formed [Cr(phen);]>" moieties. These cationic moieties easily
undergo one-electron reduction to chromium(i) coordination
compounds.®® In the synthesis of phenpi the redox reaction
can lead to the oxidation of I;~ anions (formed instantly after
mixing I” and I,), and subsequently larger polyiodides are
formed and the final hydrogen-bond assisted supramolecular
assembly of the (I,°7), chain occurs.

The phenanthrolinium cation forms a short hydrogen bond
with one unprotonated nitrogen of another phenanthroline
molecule (Fig. 1c). The length of the hydrogen bonds within
the dimers is about 2.10 A. The angle between the phen units
engaged in the dimers is approximately equal to 45.5°, and
deviates slightly (+0.5°) between the symmetry-unrelated piles,
which is in agreement with the values observed in similar com-
pounds.®® Distances between the parallel phen units are 3.84
and 3.66 A in the respective piles. To date, there is only one
reported structure of prpi which contains a similar 1D poly-
meric polyiodide unit.*® Similarly, the previously reported
structure contains helical iodine chains stabilized in the chan-
nels between the stacked planar organic cations.

The Cambridge Structural Database (CSD)** contains 37
structures of compounds in which (PheH---Phe)" dimers exist
(Fig. 3). Most of them are (nearly) parallel to each other due to
n---n stacking, which provides higher stabilization energy than
the intermolecular hydrogen bonds (Fig. 3, inset). The length
of the hydrogen bonds and the interplanar spacing in these
cases are above 3 A. The second group includes the phenan-
throlinium dimers where the planar units form an angle >35°,
and rather variable hydrogen bonds with H---A distances in a
range of 1.9-3.4 A. In these cases, usually bulky cations separ-
ate the interacting phen units, weakening the stabilizing effect
of the n---m stacking. This group contains phenanthrolinium-
phenanthroline cations with soft anions such as NO;™, BF,,
and ClO,”. In each of these compounds, phenanthroline
stacks similarly to the arrangement observed in phenpi, with
the anions located in the channels between them. In litera-
ture-known compounds, these anions are well separated and
do not interact mutually, which is in opposition to phenpi, in
which iodine forms a 1D polymeric chain. phenpi can be
ascribed to the latter group (Fig. 3, star) on the basis of the
arrangement of phen units (forming dimers with a respective
dihedral angle and close arrangement of molecules connected
through the N-H---N hydrogen bond). It appears that in this
group, the stabilization of the crystal structure by the hydrogen
bonds and x---m stacking is energetically favoured than that

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Distribution of intermolecular distances and corresponding N—
H---H hydrogen bonds between the phen and phenH* units in bis-phe-
nanthrolinium cations (according to the CSD data). Points represent
contact lengths between two phenanthroline centroids as a function of
phen ring inclination (within a dimer). Colour of the points represents
the H---N distance of the hydrogen bond, according to the legend in the
bottom right corner. Structural insets: different conformations of phen
molecules found at different centroid separations, and the red dotted
line represents the mentioned hydrogen bond.

from pure =n---m stacking, even in the most privileged parallel
arrangement.*®

Electrical conductivity measurements were performed in
four-probe mode along the direction of the iodine chains
(importantly, with the exclusion of the use of silver paste
serving as a sample-electrode contact). A silver paste in
contact with the high-iodine content materials forms an insu-
lating layer of silver iodide, which makes the experiment not
reproducible and results in the lowering of values of measured
conductivity. The recorded resistance (proportional to the
inverse of conductivity) was >10 GQ (<1.6 nS ecm™" for the
tested crystal), which indicates an insulating character of
phenpi. This is in contrast to the observations made for prpi,
in which the conductivity at room temperature is about 0.01 S
em™'. This dissimilarity in the electrical properties of appar-
ently structurally similar materials can be explained by the
differences in iodine-iodine distances in these two com-
pounds. The I-I distances in prpi are in the 3.046-3.174 A
range (measured at 100 K), which are shorter than the respect-
ive values in phenpi (Fig. 1a), and result in different electronic
properties of the iodine chain. The shortening of I-I distances
(in an organic polyiodide salt) below 3.32 A can trigger a dra-
matic increase of electrical conductivity due to the formation
of a more covalent iodine polymeric network.*® In the case of
the conductive prpi compound the largest spacing between the
adjacent iodine atoms within a chain is below this border

This journal is © The Royal Society of Chemistry 2021
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value. In contrast, in the case of phenpi one of the in-chain
distances is longer than 3.32 A already at 100 K. Thus, it does
not allow for electron transport due to the disruption of the
continuity of the electronic band. Even though the I, chain is
polymeric in phenpi (forming an infinite discrete species), the
electronic structure shows a discontinuity, as is the case of tet-
raetylammonium diiodine triiodide at high pressure.*® Apart
from the potential conduction along the iodine chain, the
effect of the cation has been demonstrated to play a major role
in some of the organic conductors containing polyiodides. For
example, in the case of tetrathiatetracene and perylene polyio-
dide complexes, the unusually high electrical conductivity has
been mainly ascribed to the cation stacks.®”””® These salts
show the non-stoichiometric iodine content and incommen-
surability of the cation and polyiodide sublattices, often
coupled with the structural disorder. In the case of phenpi,
none of the abovementioned effects were observed. It was
additionally confirmed that the electrical conductivity of
phenpi crystals after thermal annealing at 80 °C was virtually
the same as in the fresh crystals. One cannot, however, rule
out any electronic transitions at low temperature due to Peierls
distortion.”"”?

Thermochemistry

phenpi melts at around 90 °C (versus 113.7 and 117.0 °C for
pure iodine and phenanthroline, respectively) and after 105 °C
starts to decompose (Fig. 4). The decomposition is total and
occurs in two stages. Mass spectra collected during the
decomposition confirm that phen combustion and iodine
release occur in both stages (Fig. 3 ESIT). The larger part of
iodine is removed in the first stage, which is indicated by the
high iodine content in volatile products (Fig. 3 ESIt). The pro-
posed pathway of phenpi decomposition, which is best fitted
to mass losses, assumes that in the first stage (105 °C-285 °C)
two phen, one phenH', and I;~ are removed (experimental/
theoretical mass loss: 59.62%/59.50%). The intermediate
product is 2phenH'-phen-2I", which decomposes totally
directly after the first stage (285 °C-420 °C). The formation of
iodides as intermediates is a known phenomenon, which was
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100 Lexo
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60 -1
40 3
20
-3
0
-4

100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 4 TG (green) and DTA (red) curves for phenpi.
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observed in the case of
polyiodides.*®7*7*

The iodine content in the intermediate product may also
indicate the presence of I, adducts but at a temperature
around 285 °C their presence is strongly unlikely. The absence
of the mass signals higher than m/z = 127 in the mass spectra
(Fig. 3 ESIt) is noteworthy. This confirms that during
decomposition evaporating iodine does not form any organic
derivatives with phen decomposition products. The immediate
start of decomposition after the melting point proves the role
of the crystal lattice in the thermal stabilization of the iodine
moieties. Once the structure collapses, the weak hydrogen
bonds between phen and iodine break, subsequently allowing
the dissociation of iodine chains (which were kept in the chan-
nels existing between phenanthrolinium piles). Accordingly,
crystals of phenpi do not lose a substantial amount of iodine
in air at ambient temperature, as indicated by the iodometric
titration of the samples kept in an open container for 14 days.
It is noteworthy that the starch-iodine compound starts
decomposing at the higher temperature, i.e. at 168 °C.”* The
structure and multiple hydrogen bonds between the amylose
helices allow higher sustainability of the iodine molecules
within the helix channel than in molecularly more simple
systems such as phenpi.

some higher organic

Spectrometric studies

The electronic spectrum of solid phenpi shows three distinct
broad absorption maxima (Fig. 5). The first (in the UV region)
originates from a set of © — n* transitions within neutral phe-
nanthroline organic molecules. This set is composed of three
different 5 — n,*, 1y — n,*, and ©, — m,* transitions,”” broad-
ened and overlapping due to the presence of three structurally
different phenanthroline molecules in a slightly different
environment. The second maximum is even broader and more
complex. It comprises three different n — xn* transitions within
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Fig. 5 UV-vis (DRS) electronic spectrum (top) and Raman spectrum
(bottom) for phenpi.
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neutral phenanthroline and charge transitions”® within a poly-
iodide chain (as was proven above on the basis of electrical
conductivity measurements, the molecular orbitals cover only
a finite number of atomic centers within a chain, which allows
respective charge transitions). The third absorption maximum
originates from the sets of n — n* transitions within the phe-
nanthrolinium ion and phenanthrolinium/phenanthroline
interacting systems. This third maximum contains an arm at
longer wavelengths (at about 500 nm) caused by ©* — ¢* tran-
sitions within the polyiodide chain.

Raman spectroscopy of polyiodides allows for easier
exploration of the iodine-iodine vibrational mode region, in
comparison with infrared spectroscopy. The wavelength of the
incident radiation during Raman spectrum acquisition was
chosen on the basis of visible radiation absorption (polyiodide
moieties exhibit a resonant Raman signal enhancement).’®”®
The available laser with 532 nm wavelength was selected, as its
radiation was mostly absorbed by the iodine in the studied
crystal. Unfortunately, protonated phen also partially absorbs
the utilized laser light and emits fluorescence with a
maximum at about 410 nm.”” It is visible in the Raman spec-
trum as a background characterized by the high exponential
component (Fig. 5). Apart from this obstacle, the vibrational
modes arising from the iodine fragments are observed (Fig. 5).
The single band at 99 cm™, with an overtone (2v,) at 201 em™"
points to the presence of the symmetric I;~ v; mode.”® Usually,
this mode is found at around 110 cm™". Strong wavenumber
lowering has been observed in some N-alkylurotropinium
L-shaped pentaiodides (100 cm™").”® Such a red shift exempli-
fies the influence of the strong donor-acceptor interaction
between I, and I3~ on the force constants. In fact, some of the
segments of the polyiodide building blocks in phenpi can be
regarded as asymmetric I3~ forming such interactions with the
adjacent iodine fragments, as described above. The presence
of asymmetric triiodides can be indicated by the v; mode at
around 143 cm™'. The other clearly distinguishable bands at
239 and 708 em™' are caused by the presence of two non-
bonded phen.”® It is noteworthy that as in the case of 1D poly-
meric prpi and the starch-iodine compound, the signal from
Y(I,) (at around 180 em™" for the solid iodine®") is absent,
which implies that the polymeric polyiodide chains are not
only extended donor-acceptor (e.g. (I3”---1,),) adducts, but also
form a real I, entity. This observation contradicts some con-
temporary views that polyiodides higher than I3~ are not real
moieties, but should be considered as adducts.”

Conclusions

The synthesized compound consists of ordered linear poly-
meric I,”~ chains and stacks of phenanthrolinium cations and
phenanthroline molecules. Even though its structure
resembles the one found in prpi, their physical properties are
different. The title compound is an electrical insulator, while
another one shows electrical conductivity. It can be explained
by the variation of molecular orbitals formed in the respective

This journal is © The Royal Society of Chemistry 2021
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polymers (different covalent characters of I-I bonds).
Spectrometric studies show that the homoleptic iodine chain
acts as a distinct multinuclear system, and its Raman spec-
trum resembles the one produced by the starch-iodine com-
pound. This observation supports the model of infinite polyio-
dide chains embedded into an amylose helix. It was proven
that the hydrogen bonding between the iodine chain and
cations can contribute to the retainment of the supramolecu-
lar architecture of the iodine helices, influencing their thermal
stability. Even though the vibrational spectra are similar, the
stability and electrical conductivity of different infinite polyio-
dides are in contrast and depend on the fine supramolecular
alteration of their structures.
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