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ABSTRACT: We report here the preparation and structural characterization of a series
of new crystalline materials obtained by mechanochemical mixing of cyanuric acid (CA)
and alkali halides (LiI, NaI, and KI) in the presence of molecular iodine, namely, the
isomorphous catena-poly[tetra(cyanuric acid)·lithium tetraiodide], n[CA4·LiI4], and
catena-poly[tetra(cyanuric acid)·sodium tetraiodide], n[CA4·NaI4], featuring three-
dimensional (3D) cationic frameworks able to segregate linear, infinite n[I4

−] chains in
their squared open channels and the layered solid [CA·KI3]2·I2·2H2O characterized by
alternating sheets of (i) hydrated potassium cations and CA molecules and (ii) I3

−

anions and discrete I2 molecules. The combination of X-ray diffraction (XRD), Raman
spectroscopy, and thermal analyses allowed us to elucidate the compound’s structural
features and to discuss the effect of cation size on the stoichiometry and architecture of the three ionic cocrystals (ICCs).

■ INTRODUCTION

Polyiodides are defined as polyhalogenated anionic species that
can be regarded as combinations of I2, I

−, and I3
− units.1,2 In

most cases, polyiodides can be described with the general
formula I2m+n

n− , in which n and m represent the number of iodide
anions (I−) and of iodine molecules (I2), respectively.

3,4

In the solid state, polyiodides display a vast diversity of
compositions and structures, ranging from the simplest and
linear I3

− and I4
2− to the V-shaped I5

− and zigzag I23
3− anions,

complex two-dimensional (2D) networks, and three-dimen-
sional (3D) cage-like structures, such as I9

− and I7
−; infinite

polyiodide homopolymers I∞
δ− have also been reported.4−8 The

structural diversity of polyiodides is a consequence of the
ability of I2 to catenate through I···I interactions with I− and I3

−

anions.9−11

The general preparation method of polyiodides relies on the
addition of stoichiometric amounts of I2 to a compound
containing I− or I3

− in a suitable reaction medium, usually a
liquid. Though simple, this procedure can be varied in many
ways depending on the solvent used and on the nature and size
of the cation associated with the iodide or triiodide anion.3

As a rule of thumb, large cations favor the formation of
extended polyiodide chains in the solid state,3,4,12 and various
supramolecular interactions such as hydrogen or halogen
bonds,11,13−15 caging,16,17 and anion···π18,19 concur to stabilize
the chains within the crystalline material.2

Polyiodides, though extensively studied, constitute a class of
materials still relatively poorly understood, and their intrinsic
structural unpredictability has prompted further research in
this direction,20 in particular, to rationalize the formation of
polyiodide infinite chains, which are, in turn, sought for their

potential applications as electrolytes in solar cells,21−24

electrochemical devices,25−27 and optical devices,26,28 among
others.
Linear polyiodide infinite chains are a rare subset of

polyiodide infinite chains, and, to date, only a limited number
of examples has been reported;4,20,29−32 for this reason, the
focus of the current research in the field is the systematic
investigation of synthetic methodologies able to produce and
control such structural arrangements.
Recently, we have demonstrated, using crystal engineering

principles33,34 and mechanochemical methods,35,36 that
cyanuric acid (CA) is able to form ionic cocrystals (ICCs)58

with a variety of alkali halides (MX).37,38 Recently, ICCs with
LiCl have also found applications as a solar-blind nonlinear
optical material.55

In this work, we show how the affinity of cyanuric acid for
alkali halides, and their solid-state reactivity toward iodine, can
be exploited for the mechanochemical preparation of
polyiodide-containing crystalline materials. To this end, we
have deliberately added solid iodine, I2, to solid mixtures of
cyanuric acid and the alkali iodides LiI, NaI, and KI. As a
result, three novel ionic cocrystals (ICCs) have been obtained,
namely, the isomorphous catena-poly[tetra(cyanuric acid)·
lithium tetraiodide], n[CA4·LiI4], and catena-poly-
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[tetra(cyanuric acid)·sodium tetraiodide], n[CA4·NaI4], both
featuring a 3D cationic framework able to segregate linear,
infinite n[I4

−] chains in its squared open channels, and the
layered solid [CA·KI3]2·I2·2H2O, characterized by alternating
sheets of (i) hydrated potassium cations and CA molecules and
(ii) I3

− anions and discrete I2 molecules. All compounds have
been characterized by a combination of single-crystal and
variable-emperature powder X-ray diffraction (XRD), ther-
mogravimetry, hot-stage microscopy, and Raman spectroscopy.

■ EXPERIMENTAL SECTION
Synthesis. Materials. All reagents were purchased from Sigma-

Aldrich and used without further purification. Distilled water and
reagent-grade solvents were used.
Mechanochemical Synthesis of n[CA4·LiI4], n[CA4·NaI4], and [CA·

KI3]2·I2·2H2O. Polycrystalline products were obtained by kneading the
reactants, weighed in the proper stoichiometric ratio (see Table 1), in

the presence of a few drops (ca. 0.1 mL) of methanol for 60 min in a
ball-milling apparatus Retsch MM 20 operating at 20 Hz, equipped
with an agate jar and two agate balls with a diameter of 5 mm.
Solution Synthesis. Cyanuric acid (CA) (60 mg (0.46 mmol)) was

suspended in ca. 30 mL of methanol, and then 0.11 mmol of LiI·
3H2O (21 mg), NaI·H2O (21 mg), or KI (19 mg) was added in
separate preparations. The resulting mixture was kept stirring at RT
overnight until a clear solution was obtained. The solution was filtered
to remove the unreacted material, refluxed for ca. 6 h, and then cooled
to RT. A slight excess of solid iodine (ca. 50 mg) was added, and the
resulting solution was left to slowly evaporate in the dark. After 1
week, yellow-orange to brown crystals suitable for XRD were
obtained, concomitantly to colorless crystals of unreacted cyanuric
acid, identified as CYURAC13.39

X-ray Diffraction. Crystal Structure Determination. Single-
crystal data for all compounds were collected at RT on an Oxford
X’Calibur S CCD diffractometer equipped with a graphite
monochromator (Mo Kα radiation, λ = 0.71073 Å). All of the
n[CA4·LiI4] samples displayed crystal twinning: data were thus treated
with the default configuration for twinned crystals of CrysAlisPro, and
structure solution and refinement were performed on the HKLF4 file
containing the nonoverlapped reflections. All structures were solved
by intrinsic phasing with SHELXT40 and refined on F2 by full-matrix
least-squares refinement with SHELXL41 implemented in Olex2
software.42 All non-hydrogen atoms were refined anisotropically; the
rigid-body RIGU restraint was applied.43 HCH atoms for all
compounds were added in calculated positions and refined riding
on their respective carbon atoms. Data collection and refinement
details are listed in Table SI-1. The Mercury44 program was used to
calculate intermolecular interactions and for molecular graphics.
Crystal data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, U.K.; Fax: (+44)1223-
336-033; or Email: deposit@ccdc.cam.ac.uk). CCDC numbers
2150725−2150727.
Powder Diffraction Measurements. For phase identification and

variable-temperature X-ray powder diffraction experiments, diffracto-
grams were recorded on a PANalytical X’Pert Pro automated
diffractometer equipped with an X’Celerator detector in the Bragg−

Brentano geometry, using Cu Kα radiation (λ = 1.5418 Å) without
monochromator in the 2θ range between 5 and 40° (continuous scan
mode, step size 0.0167°, counting time 19.685 s, Soller slit 0.04 rad,
antiscatter slit 1/2, divergence slit 1/4, 40 mA 40 kV), and an Anton-
Paar TTK 450 + LNC. The program Mercury44 was used for the
calculation of the X-ray powder patterns based on single-crystal data
either retrieved from the Cambridge structural database (CSD),45 the
Inorganic Crystal Structure Database (ICSD),46 or collected in this
work.

Thermal Characterization. Thermogravimetric Analysis. TGA
measurements on all samples were performed with a PerkinElmer
TGA7 thermogravimetric analyzer, in the 30−400 °C temperature
range, under a N2 gas flow and at a heating rate of 5.00 °C min−1.

Hot-Stage Optical Microscopy. The analyses were carried out
using a microscope OLYMPUS BX41 equipped with a NIKON DS
FI3 camera. For the temperature control, a Linkam TMS94 stage was
used. Images and movies were recorded with a 100× magnification.

Raman Spectroscopy. Micro-Raman Spectroscopy. Spectra for
single crystals of n[CA4·LiI4], before and after thermal treatment at
300 °C, and of [CA·KI3]2·I2·2H2O were obtained using an NRS-
2000C (Jasco International Co., Ltd. Tokyo, Japan) instrument with a
microscope of 10× magnification. All of the spectra were recorded
under backscattering conditions with a 5 cm−1 spectral resolution
using the 532 nm green diode-pumped solid-state laser driver
(RgBLase LLC, Fremont, CA) with a power of about 1 mW to avoid
sample degradation. A 160 K cooled digital charge-coupled device
(Spec-10: 100B, Roper Scientific, Inc., Sarasota, FL) was used as a
detector.

Raman Spectroscopy. Due to the high fluorescence background
observed at a 532 nm excitation wavelength, the spectrum of
thermally treated [CA·KI3]2·I2·2H2O powder was recorded on a
Bruker MultiRam FT-Raman spectrometer equipped with a cooled
Ge-diode detector. The excitation source was a Nd3+-YAG laser (1064
nm) in the backscattering (180°) configuration. The focused laser
beam diameter was about 100 μm, and the spectral resolution was 4
cm−1. The laser power at the sample was about 10 mW. The spectrum
of cyanuric acid was recorded for comparison.

■ RESULTS AND DISCUSSION

Synthesis and Structural Characterization of the ICCs
n[CA4·LiI4], n[CA4·NaI4], and [CA·KI3]2·I2·2H2O. Bulk
samples of n[CA4·LiI4] could be obtained by solution synthesis
(see the Experimental Section), but traces of cyanuric acid
were invariably present in the solid product. This can be
explained by the large differences in solubility between the
reactants as CA is only slightly soluble in methanol and tends
to crystallize before the desired product. Slow solvent
evaporation and change of solvent invariably failed to yield a
pure polycrystalline sample; however, methanol remained the
best solvent of choice. The solution to the product purity
problem could be found in mechanochemistry: the reactants
were ground together in the presence of a few drops of
methanol, and pure polycrystalline n[CA4·LiI4] was obtained
(see the SI for a comparison of powder diffraction patterns).
The same synthetic strategy was extended to sodium and
potassium iodides, and analogous mechanochemical reactions
were performed with NaI·2H2O and KI. As shown by the
powder XRD patterns recorded on the solid products, in both
cases, the presence of a new phase, different from the starting
materials, can be detected (see Figures 1 and SI-2). In the case
of sodium iodide, the pattern obtained very much resembles
that obtained with lithium iodide, thus indicating that the two
solids are likely to be isomorphous. In the case of potassium
iodide, however, the resulting pattern differs considerably from
that observed for lithium and sodium, and the presence of

Table 1. Amounts of Reagents Used in the
Mechanochemical Synthesis of n[CA4·LiI4], n[CA4·NaI4],
and [CA·KI3]2·I2·2H2O

product MIa (mg; mmol) CA (mg; mmol) I2 (mg; mmol)

n[CA4·LiI4] 84; 0.45 231; 1.80 170; 0.67
n[CA4·NaI4] 61; 0.33 170; 1.33 125; 0.50
[CA·KI3]2·I2·2H2O 78; 0.47 60; 0.46 180; 0.70
aLiI·3H2O; NaI·2H2O; KI.
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unreacted cyanuric acid indicates a different stoichiometric
ratio.
Single crystals for structural characterization were obtained

in the case of lithium by the addition of an equimolar amount
of I2 to a reactive mixture of cyanuric acid (CA) and lithium
iodide in methanol, followed by slow solvent evaporation; a
small number of yellow-orange crystals of n[CA4·LiI4] (see
Figure 2) could be recovered amidst the bulk of colorless CA
crystals.

The same solution procedure applied to sodium and
potassium iodides yielded tiny brown/yellowish single crystals
of n[CA4·NaI4] and brown single crystals of [CA·KI3]2·I2·
2H2O (see the Experimental Section).
The two ionic cocrystals obtained with lithium and sodium

iodides are isomorphous and will be described together.
In crystalline n[CA4·LiI4], the cyanuric acid molecules are

coordinated to the lithium cations [Li+···OCA distances
1.887(4), 2.096(4), and 2.590(4) Å] in a distorted octahedral
geometry (see Figure 3a); the Li+···OCO distance evidenced in
blue in the figure is longer than the values commonly observed
for oxygen coordination to lithium; an inspection of the
anisotropic displacement parameter of the lithium cation,
however, shows a “frustrated” lithium-ion position along the
−CO···Li+···OC− direction, as the lithium ion is likely to be
statistically closer to only one of the two −CO groups, but its
position is averaged on the total number of unit cells in the
crystal. In the sodium analogue, on the contrary, the larger
sodium cation is more tightly accommodated inside a less
distorted octahedron of OCO atoms [Na+···O distances
2.187(1) and 2.540(7) Å], and its anisotropic displacement
parameters are close to those of a sphere (see Figure 3b).
Crystalline n[CA4·LiI4] consists of 2D cationic layers,

parallel to the ab-plane, formed by the lithium cations and
the cyanuric acid molecules (see Figure 4a). The cyanuric acid
−CO and −NH groups protruding from the 2D layer
surface (see Figure 4b) act as a hydrogen-bonding glue to
adjacent layers above and below the plane [N(H)CA···OCA
distances in the range of 2.753(7)−2.986(8) Å]; this results in
the formation of a 3D cationic network with square-section
channels (see Figure 5a) that host the n[I4

−] polyiodide chains,
as shown in Figure 5b. Analogous arrangement is found in the
isomorphous ICC n[CA4·NaI4].
The channels run parallel to the crystallographic c-axis and

possess an internal diameter of ca. 7 Å; the infinite linear
polyiodide chains n[I4

−] hosted in the channels are
characterized by an equidistant arrangement of iodine/iodide
[I···I distances 3.008(1) and 3.013(2) Å; I−I−Iangle = 180°]
(see Figure 6). In the crystalline n[CA4·NaI4], the same linear
chain is found, with I···I distances of 2.998(3) and 3.000(3) Å.
The I−···I− van der Waals distance of ca. 4.3 Å is much

longer than the ca. 3.01 Å I···I distance observed in crystalline
n[CA4·LiI4], which, in turn, is slightly longer than the I···I
distance of ca. 2.8 Å present in perturbed I2 units.

47,48

Figure 1. Powder XRD pattern comparison between the products
obtained via kneading with MeOH in the solids MI, CA, and I2 in a
1:4:1.5 stoichiometric ratio; (a) n[CA4·LiI4], MI = LiI·3H2O, (b)
n[CA4·NaI4], MI = NaI·2H2O, and (c) [CA·KI3]2·I2·2H2O, MI = KI
[asterisks indicate the peaks of unreacted CA (CSD refcode:
CYURAC13)].

Figure 2. Optical microscopic image taken under polarized light,
showing yellow-orange crystals of n[CA4·LiI4] among the colorless
crystals of cyanuric acid.

Figure 3. Distorted octahedral coordination of cyanuric acid molecules around the lithium (a) and sodium (b) cations in the ionic cocrystals
n[CA4·LiI4] and n[CA4·NaI4], respectively. Note the “frustration” of the lithium-ion position along the −CO···Li+···OC− direction (in blue)
evidenced by the lithium-ion anisotropic displacement parameters. H atoms are not shown for clarity.
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Polyiodides are usually described as (I3
−···I2)n or (I2···I

−···I2)n
modules of alternating I− or I3

− donors and the I2 acceptor
3,49

or as chains of weakly interacting I3
− discrete units.4,50 In all of

these cases, alternating I···I distances are invariably observed in
the crystals; in n[CA4·LiI4], on the contrary, all distances
between iodine centers along the chain are almost identical;
this is not due to some refinement artifact, as no disorder along
the chain could be detected in the crystal structure except for
anisotropic displacement parameters showing elongation along
the chain direction, which denotes a sort of positional
frustration also for the iodine centers. This prompted us to
perform Raman spectroscopy measurements to gain insight
into the iodine atom/iodide ion distribution within the
channels and collect further evidence of the infinite character
of the polyiodide chain (see below).
On passing from Li+ and Na+ to the larger cation K+, a

completely different ICC was obtained, with the formula [CA·

KI3]2·I2·2H2O. Figure 7a shows the presence of alternating
cationic and anionic layers in the crystal. The cationic layers
are formed by CA and H2O molecules coordinated to the
potassium cations; hydrogen-bonding interactions are at work
within these layers, with carbonyl groups on CA at a short
distance to −NH donors on neighboring CA molecules
[N(H)CA···OCA = 2.918(6) Å] and to water molecules [OCA···
Ow 2.895(7) Å] (see Figure 7b). As usually observed for metal
cations in ionic cocrystals, the geometry around the potassium
cation is not regular, and K+ is at a close distance to three
cyanuric acid molecules [K+···OCA in the range of 2.732(5)−
2.749(4) Å], a water molecule [K+···Ow 2.745(4) Å], and three
I3
− anions belonging to the anionic layer [K+···Itriiodide in the
range of 3.660(2)−3.900(1) Å]. The anionic layer is formed
by I3

− monoanions and I2 molecules (see Figure 7c). Each I3
−

anion within the layer is “kept in place” by close interactions
with the potassium cations below and above the plane, thus
forming a 2D net with cavities filled by iodine molecules.

Thermal Behavior of n[CA4·LiI4], n[CA4·NaI4], and [CA·
KI3]2·I2·2H2O. The thermal behavior of n[CA4·LiI4] and [CA·
KI3]2·I2·2H2O was also investigated to evaluate the stability of
molecular iodine “trapped” inside the respective crystal
packings.

Figure 4. 2D network in crystalline n[CA4·LiI4] formed via
complexation of the lithium cations by cyanuric acid: six OCO
atoms belonging to six CA molecules are arranged in an octahedral
geometry (in orange) around each cation. (a) View of one 2D layer in
the crystallographic ab-plane and (b) side view of the same layer. The
−CO and −NH groups protruding from both sides of the layer are
available for the formation of hydrogen bonds of the −N−H···OC
type, with layers immediately above and below the plane.

Figure 5. (a) 3D cationic network in crystalline n[CA4·LiI4] and (b) polyiodide chains filling the cavities along the crystallographic c-axis direction
[Li+ orange; I/I− violet]. The same arrangement is found in the isomorphous ICC n[CA4·NaI4].

Figure 6. Top (a) and side (b) views of the infinite linear polyiodide
chains n[I4

−] hosted in the channels of crystalline n[CA4·LiI4] (and in
isomorphous n[CA4·NaI4]) are characterized by an equidistant
arrangement of iodine/iodide (see the text). Li+ ions are shown in
orange.
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The TGA trace for n[CA4·LiI4] (see the SI) shows a first
broad event in the temperature range of 200−300 °C due to
the loss of approximately 1.5 mol of I2 per formula unit,
followed by degradation. The same process was also
investigated by hot-stage microscopy: the release of molecular

I2 is particularly evident around 250 °C (see Figure 8 and
movies in the SI). In the presence of perfluoropolyether oil,
bubbles of iodine can be observed leaving the crystal from its
ends (see movies in the SI), until a colorless solid with a
preserved outer shape (see the SI) is obtained, which is no

Figure 7. (a) Alternating cationic and anionic layers in crystalline [CA·KI3]2·I2·2H2O. (b) View of the cationic layers showing the hydrogen-
bonding pattern of CA molecules and (c) of the anionic layer formed by elemental I2 (in magenta) and the two crystallographically independent I3

−

anions (in light green and light blue) (K+ ions are shown in deep orange).

Figure 8. Hot-stage microscopic images taken on single crystals of n[CA4·LiI4] (a, b) and [CA·KI3]2·I2·2H2O (c, d) in perfluoropolyether oil. Note
the formation of I2 (b) and I2/H2O (d) upon heating.

Scheme 1. Comparison of Thermal Stability toward Iodine Sublimation at Ambient Pressure Between I2, n[CA4·LiI4], n[CA4·
NaI4], and [CA·KI3]2·I2·2H2O

a

aTemperature ranges are taken from TGA measurements (see the SI) at a heating rate of 5 °C min−1.
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longer diffracting. This behavior can be rationalized by
considering the relationship between crystal packing and
morphology in n[CA4·LiI4]. As demonstrated via face indexing
(see Figures SI-6 and SI-7), the channels containing the
polyiodide chains run parallel to the crystallographic direction
[001], which, in turn, coincides with the direction of maximum
growth; therefore, I2 can flow out of the crystal without
stressing the crystal. In the absence of perfluoropolyether oil,
iodine leaves the crystals and is condensed on the crystal
surface as a black layer; the crystal, at this stage, still diffracts
the X-ray radiation, and its channeled structure is maintained.
Further removal of iodine from the channels causes disruption
of the crystalline edifice, and diffraction is no longer observed.
The TGA trace for n[CA4·NaI4] shows a first broad event in

the temperature range of 150−250 °C due to the loss of
approximately 1.5 mol of I2 per formula unit, followed by
degradation. TGA measurements on the potassium ICC [CA·
KI3]2·I2·2H2O show a broad event between 50 and 150 °C,
corresponding to the loss of I2 and H2O molecules, followed by
degradation (see the SI). Hot-stage microscopy evidences the
concomitant loss of I2 and H2O in the range of 40−150 °C
(see Figure 8d), thus confirming the TGA results. A TGA
measurement on elemental solid iodine shows that I2 sublimes
in the RT-100 °C range (see the SI). The three ICCs,
therefore, show a marked stability increase toward iodine
sublimation, as can be seen from a comparison of the iodine
release intervals in Scheme 1.
The higher stability for the lithium ICC with respect to the

sodium is likely dependent on the higher polarizing effect of
lithium toward molecular iodine/iodide chains inside the
channels.
Polycrystalline powders of n[CA4·LiI4] and [CA·KI3]2·I2·

2H2O were finally analyzed by variable-temperature powder
XRD. In the case of n[CA4·LiI4], the loss of molecular iodine,
observed upon heating, is accompanied by a loss of
crystallinity, already appreciable at 200 °C (see Figure SI-8),
and by the appearance of peaks due to pure CA. Upon further
heating, at 300 °C, only peaks of CA can be observed (see the
SI), and the sample becomes colorless. The behavior of [CA·
KI3]2·I2·2H2O is different, as the loss of I2/H2O is
accompanied by a phase transformation into a yellow, new
crystalline powder, that, as confirmed by the Raman section
(see below), can be formulated as CA·KI3. XRD peaks of CA
and KI are also visible in the pattern at 160 °C and back to RT
(see the SI), likely due to the further loss of I2, upon standing
at a high temperature, from the triiodide contained in CA·KI3.
Raman Spectroscopy. One of the best methods to study

polyiodide species is Raman spectroscopy,31,51 especially when
combined with XRD techniques. Figure 9 shows the micro-
Raman spectrum of an n[CA4·LiI4] single crystal in the low-
wavenumber region, i.e., where I−I modes are reported to fall.
The spectral pattern in this range appeared significantly
different with respect to pure cyanuric acid (whose spectrum is
reported for comparison) for both wavenumber positions and
band relative intensities. With respect to the latter aspect,
polyiodide moieties appeared to exhibit a resonant Raman
signal enhancement at a laser excitation wavelength of 532
nm4,52 so that it is not surprising that vibrational bands at 109
and 158 cm−1 were observed as the strongest of the spectrum
of n[CA4·LiI4]. Bands at similar wavenumber positions and
with analogous full width at half-maximum were reported for
pyrroloperylene−iodine complex,6 which was found to contain
I∞
δ− infinite polyiodide chains. These authors identified the

above-mentioned Raman bands as characteristic of I∞
δ−, and

based on similarities between their spectrum and the published
low-frequency Raman signatures of starch−iodine complex,53

they inferred the presence of infinite polyiodide chains also in
the pyrroloperylene−iodine complex. Actually, finite chains of
I5
−, I7

−, and I9
− were found to show bands at higher wavenumber

values, i.e., in the 160−180 cm−1 range,31,54 while I2 has a
characteristic band at about 180 cm−1.31 The absence of the
latter spectral features implies that the polymeric polyiodide
chain forms a real I∞

δ− entity,4 in agreement with XRD data,
rather than extended donor (e.g., I− or I3

−)−I2 acceptor
adducts.49 On the other hand, some authors have observed
bands at similar wavenumber positions to ours for very
asymmetric triiodides,56 with a ratio of 1.65 between the
wavenumber positions of the vibrational high- and low-energy
stretching modes (at 165 and 100 cm−1, respectively).
According to Kalina et al.,57 this value was interpreted as
diagnostic for very asymmetric triiodides.56 In our case, this
hypothesis may be excluded on the basis of the XRD results,
which showed almost identical distances between iodine
centers along the chain. Moreover, it must be stressed that
the above-mentioned ratio was only 1.4, i.e., significantly lower
than that reported for very asymmetric triiodides. The band at
692 cm−1 is assignable to the ring out-of-plane bending
vibration of cyanuric acid.55 This band, which is the strongest
in the spectrum of the ligand (Figure 9), was observed as a
weak spectral feature in the spectrum of n[CA4·LiI4];
moreover, it appeared shifted with respect to pure cyanuric
acid (702 cm−1), according to a trend previously reported in
cyanuric acid−melamine adducts.55 Upon heating at 300 °C,
the bands below 200 cm−1 significantly decreased in relative
intensity, consistently with iodine loss (Figure SI-10); the
bands observed in the spectrum are consistent with the
presence of cyanuric acid, in agreement with XRD results.
The micro-Raman spectrum in the low-wavenumber region

of a [CA·KI3]2·I2·2H2O single crystal is shown in Figure 9. The
observed pattern confirms the structural data, being consistent
with the presence of a substantially unperturbed I2 molecule,
band at 182 cm−1,31 and symmetrical linear triiodide, band at
110 cm−1.31,54 The slight asymmetry of the latter band could
account for the presence of two nonequivalent triiodide ions,
as detected by single-crystal XRD. Also, in this case, the ring
out-of-plane bending vibration of cyanuric acid was detected
(687 cm−1).

Figure 9. Low-wavenumber Raman spectra of (a) n[CA4·LiI4] single
crystal, (b) [CA·KI3]2·I2·2H2O single crystal, and (c) cyanuric acid
(CA).
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Figure SI-11 shows the FT-Raman spectra of the polycrystal-
line product obtained after variable-temperature PXRD
(thermal treatment) of [CA·KI3]2·I2·2H2O, and pure cyanuric
acid, reported for comparison. The bands at 1727, 703, and
553 cm−1 confirmed the presence of cyanuric acid already
detected by XRD. The other spectral features are consistent
with CA·KI3. In the low-wavenumber range, no band around
180 cm−1 was observed, suggesting the absence of unperturbed
I2 building blocks and confirming the I2 loss disclosed by XRD.
The band at about 110 cm−1, assignable to linear symmetrical
triiodide,31,54 was split into two components at 116 and 104
cm−1. The strongest spectral feature below 200 cm−1 appeared
at 154 cm−1; this band can be due to a perturbed diiodine
molecule in a more asymmetric triiodide unit (i.e., I−···I2
adduct).49,51,54 Going from cyanuric acid to CA·KI3, the ring
out-of-plane bending vibration shifted to a lower wavenumber
value (i.e., 689 cm−1), as previously observed for n[CA4·LiI4].
On the contrary, the mixed mode at 526 cm−1 (CO in-plane
bending + side-chain in-plane C−N bending55) shifted to
higher wavenumbers (i.e., 534 cm−1) and significantly
strengthened. As expected, the CO stretching band shifted
from 1727 to 1765 cm−1 due to metal coordination.

■ CONCLUSIONS
In this work, we have reported the preparation and structural
characterization by XRD methods and Raman spectroscopy, as
well as the investigation of the thermal stability of three novel
ionic cocrystals (ICCs) obtained by reacting a series of alkali
iodides (MI, with M+ = Li+, Na+, and K+) with cyanuric acid
and in the presence of molecular I2, namely, n[CA4·LiI4],
n[CA4·NaI4], and [CA·KI3]2·I2·2H2O.
Mechanochemistry turned out to be essential to quantita-

tively prepare polycrystalline samples of such hybrid organic−
inorganic materials, whose components show extreme
solubility differences. Crystalline n[CA4·LiI4] and n[CA4·
NaI4] are isomorphous and feature the presence of a 3D
cationic framework able to segregate and stabilize linear,
infinite n[I4

−] chains in its squared open channels, whereas the
crystal structure of [CA·KI3]2·I2·2H2O consists of a layered
solid characterized by alternating sheets of hydrated potassium
cations and CA molecules and I3

− anions and discrete I2
molecules. The Raman spectral patterns observed in the low-
wavenumber range were consistent with the structural features
determined by XRD, confirming the usefulness of Raman
spectroscopy as an investigation tool of polyiodide-containing
systems.
Thermal features of the materials have also been studied;

between the two isomorphous ICCs, n[CA4·LiI4] shows a
marked stability increase toward iodine sublimation that can be
likely ascribed to the higher polarizing effect of lithium toward
molecular iodine/iodide chains inside the channels, whereas
the behavior of [CA·KI3]2·I2·2H2O is different, as loss of I2/
H2O is accompanied by a phase transformation into a new
crystalline powder, which, as confirmed by Raman, has been
formulated as CA·KI3.
These findings complement our previous results with

cyanuric acid and alkali halides with smaller anions37,38 and
further demonstrate the versatility of cyanuric acid in the
formation of complex architectures.
Further research is ongoing to extend the same synthetic

approach to earth-alkali iodides and to explore the opportunity
to obtain novel supramolecular structures that stabilize
polyiodide systems.
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