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Abstract: Triiodide salts are of interest for a variety of applications, including but not limited to
electrochemical and photochemical devices, as antimicrobials and disinfectants, in supramolecular
chemistry and crystal engineering, and in ionic liquids and deep eutectic solvents. Our work has
focused on the design of salt-solvate cocrystals and deep eutectic solvents in which the triiodide anion
interacts as a halogen bond acceptor with organoiodine molecules. To understand structure—property
relationships in these hybrid materials, it is essential to have benchmark structural and physical data
for the parent triiodide salt component. Herein, we report the structure and thermal properties of
eight new triiodide salts, three of which exhibit polymorphism: tetrapentylammonium triiodide (1a
and 1b), tetrahexylammonium triiodide (2), trimethylphenylammonium triiodide (3), trimethylben-
zylammonium triiodide (4), triethylbenzylammonium triiodide (5), tri-n-butylbenzylammonium
triiodide (6), 3-methylbenzothizolium triiodide (7a and 7b), and 2-chloro-1-methylpyridinium triio-
dide (8a and 8b). The structural features of the triiodide anion, Raman spectroscopic analysis, and
melting and thermal decomposition behavior of the salts, as well as a computational analysis of
the polymorphs, are discussed. The polymorphic pairs here are distinguished by symmetric versus
asymmetric triiodide anions, as well as different packing patterns. Computational analyses revealed
more subtle differences in their isosurface plots. Importantly, this study provides reference data for
these new triiodide salts for comparison to hybrid cocrystals and deep eutectic solvents formed from
their combination with various organoiodines.

Keywords: polymorphism; halogen bonding; crystallography; crystal structure; polyiodide salts;
mechanochemistry; deep eutectic solvents

1. Introduction

The triiodide anion represents the simplest and most common polyiodide anion in
the structural literature [1-5]. Indeed, over 200 years ago, some of the first experimenters
with iodine [6,7] documented the characteristic red color of what would ultimately be
understood as the triiodide species [8,9]. The reaction of iodide salts with diiodine is now a
well-known pathway toward the synthesis of triiodide salts [1]. Triiodides are now proving
to be of interest in a variety of fields, including antimicrobials and disinfectants [10,11], elec-
trochemistry and electrochemical devices [12-16], photochemistry/photophysics [17,18],
reagents and catalysts in chemical synthesis [19,20], supramolecular chemistry and crystal
engineering [21-26], and ionic liquids/deep eutectic solvents [27-30].

We have largely been interested in exploring how triiodides behave in these latter
applications, where halogen bonding interactions between organoiodine molecules and
triiodide anions can direct the formation of cocrystals or deep eutectic solvents. In these
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applications, it is essential to have benchmark data related to the structure and properties
of the parent triiodide salts to fully understand any influences of the halogen bonding
in any cocrystals or deep eutectic solvents involving those triiodides. For example, in
triiodide-organoiodine cocrystalline systems, the I-I bond lengths of the triiodide may be
affected by halogen bonding interactions at one or both ends of the linear triiodide [23,24].
In deep eutectic solvent systems, knowledge of the melting points and melting enthalpies of
the mixture components is essential to calculating the ideal eutectic profile for comparison
with experimental data [31,32]. We recently found tetrapentylammonium triiodide (NPeyl3)
and tetrahexylammonium triiodide (NHexyl3) form deep eutectic solvents with some
organoiodines such as 1,2-diiodotetrafluorobenzene and 1,3-diiodotetrafluorobenzene [27].
Fundamental structural and thermal characterization of new triiodide salts such as these is
thus needed.

Despite the ubiquitous nature of triiodide salts, their structural chemistry is far from ex-
hausted (Figure 1). Crystal structures of the tetraalkylammonium triiodide salts, N(alkyl)413,
are only reported for alkyl = methyl [33,34], ethyl [35], propyl [36], and butyl [37] sub-
stituents. To our knowledge, no structures of trialkylbenzylammonium triiodide salts
have been reported. Likewise, the structures of trimethylphenylammonium triiodide,
3-methylbenzothiazolium triiodide, and 2-chloro-1-methylpyridinium triiodide have not
been reported. Interestingly, some tendency toward polymorphism is observed among
those triiodide salts reported in the structural literature. For example, tetramethylam-
monium triiodide is reported to have multiple polymorphic phase transitions with two
structure types (Pnnm and P21 /c) crystallographically characterized [34]. Tetraethylammo-
nium triiodide displays polymorphism over two orthorhombic space groups, Cmca and
Pnma [35]. Methyltriphenylphosphonium triiodide has been reported in an extensive set of
five polymorphs, including two different polymorphs in Pbca, two different polymorphs in
P2, /¢, and one polymorph in P-1 [38—40].

NHex,* NMe;Ph*
2 3
Y \_\;NGD " N/
/ O\
NEt;benzyl* NBuzbenzyl* NMeBenzoS* ClMePyr*
5 6 7 8

Figure 1. Organoammonium, thiazolium, and pyridinium cations prepared as triiodide salts in the
present study, shown with shorthand notations and numbers used in this study.

The present study crystallographically characterizes eight new triiodide salts, three of which
exhibit polymorphism (tetrapentylammonium triiodide (NPeyl3), 3-methylbenzothiazolium
triiodide (NMeBenzoSI3), and 2-chloro-1-methylpyridinium triiodide (CIMePyrl3)). A
computational analysis of the polymorphs is provided. The structural features of the
triiodide anions, as well as the melting points of the salts, provide useful benchmarks for
future studies in crystal engineering and deep eutectic solvents.
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2. Materials and Methods
2.1. General Methods

Thermal Analysis: Simultaneous differential scanning calorimetry and thermal gravi-
metric analysis (DSC/TGA) measurements were made for each triiodide to determine the
melting temperature and the decomposition profile. Data were collected using a TA Instru-
ments (New Castle, DE, USA) SDT Q600 instrument and analyzed using TA Instruments
Universal Analysis software (version 4.5A). Samples were heated from room temperature
to 600 °C in nitrogen (100 mL min~1) at a rate of 10 °C min~!.

Raman Spectroscopy: Raman spectra were collected using a Horiba Scientific (Kyoto,
Japan) XploRA PLUS Raman microscope with a Horiba TE Cooled detector operating
at —60 °C. All data were collected using a 785 nm laser, a 1200 gr/mm grating, and a
focal length of 200 mm. The 100 mW output power was reduced using a neutral density
filter to 25-50% (depending on the sample) to avoid oversaturating the detector and to
minimize sample heating. A 10x Olympus objective with a 10.6 mm working distance
and an aperture of 0.25 was used for all samples. Data were collected using 10 sequential
10 s acquisitions.

Powder X-ray Diffraction: Powder X-ray diffraction data were collected using a
Rigaku (Tokyo, Japan) Smartlab diffractometer with Cu K« radiation (A = 1.5408 A) and a
Hypix3000 detector. Data were collected in 0.02° steps from 5 to 45° in 2-theta at a rate of
two degrees per minute.

2.2. Solution Synthesis and Crystal Growth

All solvents and reagents were used as received. Crystals for single-crystal X-ray
diffraction measurements were obtained as follows.

Tetrapentylammonium triiodide (NPe4l3, 1a and 1b): Orthorhombic NPeyls, 1a, was
synthesized using tetrapentylammonium iodide (NPey4l, 0.034 g, 0.080 mmol) and I, (0.020 g,
0.079 mmol). The reagents were dissolved, with stirring, in 10 mL of methanol, and the
solution was allowed to evaporate under ambient conditions. Red needle-like crystals of 1a
formed after about five days. Monoclinic NPeyl3, 1b, was synthesized using NPeyI (0.052 g,
0.12 mmol) and I, (0.031 g, 0.12 mmol) in the presence of thiourea (0.010 g, 0.13 mmol).
The reagents were dissolved, with stirring, in a solution comprising 3 mL ethanol, 3 mL
dichloromethane, and 3 mL acetonitrile. The solution was allowed to evaporate under
ambient conditions. Red plate-like crystals of 1b formed after about five days. The reaction
product also contained colorless needle-like crystals of thiourea and pale yellow block-like
crystals of sulfur.

Tetrahexylammonium triiodide (NHexyl3, 2): NHexyls, 2, was synthesized using a
two-step process of mechanochemical synthesis followed by recrystallization from solution.
Tetrahexylammonium iodide (NHexyl, 0.38 g, 0.79 mmol) and I, (0.20 g, 0.79 mmol) were
hand-ground for three minutes using a mortar and pestle to produce a homogeneous red
powder. A portion (0.08 g) of this powder (later found to be NHexyI3 by comparison of its
powder diffraction pattern to that calculated from the single-crystal structure of NHexyls;
Supplementary Materials, Figure S1) was dissolved in 10 mL of methanol with stirring
and gentle heating. The solution was allowed to evaporate under ambient conditions. Red
plate-like crystals of 2 formed after about five days.

Trimethylphenylammonium triiodide (NMesPhl;, 3): NMesPhls, 3, was synthesized
using trimethylphenylammonium iodide (NMe3zPhl, 0.061 g, 0.23 mmol) and I, (0.059 g,
0.23 mmol). The reagents were dissolved, with stirring, in a solution comprising 3 mL ethanol,
3 mL dichloromethane, and 3 mL acetonitrile. The solution was allowed to evaporate under
ambient conditions. Red plate-like crystals of 3 formed after about three days.

Trimethylbenzylammonium triiodide (NMe3Benzylls, 4): NMezBenzylls, 4, was syn-
thesized using trimethylbenzylammonium iodide (NMezBenzyll, 0.055 g, 0.20 mmol) and
I (0.050 g, 0.20 mmol). The reagents were dissolved, with stirring, in a solution comprising
3 mL ethanol, 3 mL dichloromethane, and 3 mL acetonitrile. The solution was allowed to
evaporate under ambient conditions. Red plate-like crystals of 4 formed after about five days.
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Triethylbenzylammonium triiodide (NEt;Benzylls, 5): NEt;Benzylls, 5, was synthe-
sized using triethylbenzylammonium iodide (NEt;Benzyll, 0.052 g, 0.16 mmol) and I,
(0.041 g, 0.16 mmol). The reagents were dissolved, with stirring, in 15 mL of methanol, and
the solution was allowed to evaporate under ambient conditions. Red block-like crystals
of 5 formed after about two weeks, with an additional red, thick liquid presumed to be a
polyiodide product with a melting point below room temperature.

Tributylbenzylammonium triiodide (NBusBenzylls, 6): NBusBenzylls, 6, was synthe-
sized using a two-step process of mechanochemical synthesis followed by recrystallization
from solution. Tributylbenzylammonium iodide (NBuzBenzyll, 0.32 g, 0.79 mmol) and
I, (0.20 g, 0.79 mmol) were hand-ground for three minutes using a mortar and pestle to
produce a homogeneous red powder. A portion (0.06 g) of this powder (later found to be
primarily NBuzBenzyllz by comparison of its powder diffraction pattern to that calculated
from the single-crystal structure of NBuzBenzylls;; Supplementary Materials, Figure S2)
was dissolved in 10 mL of methanol, with stirring and gentle heating. The solution was
allowed to evaporate under ambient conditions. Red plate-like crystals of 6 formed after
about five days.

3-methylbenzothiazolium triiodide (NMeBenzoSI3, 7a and 7b): Monoclinic NMeBenzoSI;,
7a, was synthesized using 3-methylbenzothiazolium iodide (NMeBenzoSI, 0.022 g, 0.079 mmol)
and I, (0.020 g, 0.079 mmol). The reagents were dissolved, with stirring, in 10 mL of
methanol, and the solution was allowed to evaporate under ambient conditions. Red
needle-like crystals of 7a formed after about five days. Triclinic NMeBenzoSI;, 7b, was
synthesized from NMeBenzoSI (0.031 g, 0.11 mmol) and excess I, (0.085 g, 0.33 mmol).
The reagents were dissolved, with stirring, in a solution comprising 3 mL ethanol, 3 mL
dichloromethane, and 3 mL acetonitrile. The solution was allowed to evaporate under
ambient conditions. Red block-like crystals of 7b formed after about seven days. The
reaction product also contained a thick red liquid, which is presumed to be a polyiodide
product with a melting point below room temperature.

2-chloro-1-methylpyridinium triiodide (CIMePyrl;3, 8a and 8b): Monoclinic (P2 /)
CIMePyrl3, 8a, was synthesized using 2-chloro-1-methylpyridinium iodide (ClMePyrlI,
0.036 g, 0.14 mmol) and I, (0.035 g, 0.14 mmol) in the presence of 2,5-diiodothiophene
(0.095 g, 0.28 mmol). The reagents were dissolved, with stirring, in a solution comprising
5 mL ethanol, 5 mL dichloromethane, and 5 mL acetonitrile. The solution was allowed
to evaporate under ambient conditions. Red plate-like crystals of 8a formed after about
ten days, along with colorless tabular crystals of 2,5-diiodothiophene. Monoclinic (P2/c)
CIMePyrl3, 8b, was synthesized using CIMePyrI (0.020 g, 0.079 mmol) and I, (0.020 g,
0.079 mmol). The reagents were dissolved, with stirring, in 15 mL of methanol. The
solution was allowed to evaporate under ambient conditions. Red block-like crystals of
8b formed after about ten days near the top of the reaction vial. The reaction product also
contained red plate-like crystals near the bottom of the reaction vial, which were found to
be a higher polyiodide species that will be discussed in a separate report.

2.3. Mechanochemical Synthesis in Polymorphic Systems

Mechanochemical synthesis was also explored for systems exhibiting polymorphic
behavior to identify if one of the polymorphic phases predominated from that approach. For
NPeyl3, 1a and 1b, a 1:1 molar ratio of NPe4I (0.60 g, 1.4 mmol) and I, (0.36 g, 1.4 mmol) was
hand-ground for three minutes using a mortar and pestle, producing a red polycrystalline
powder. For NMeBenzoSI3, 7a and 7b, a 1:1 molar ratio of NMeBenzoSI (0.50 g, 1.8 mmol)
and I (0.46 g, 1.8 mmol) was hand-ground for three minutes using a mortar and pestle,
producing a red polycrystalline powder. For CIMePyrl;, 8a and 8b, a 1:1 molar ratio
of CIMePyrI (0.20 g, 0.79 mmol) and I, (0.20 g, 0.79 mmol) was hand-ground for three
minutes using a mortar and pestle, producing a red polycrystalline powder. Powder X-ray
diffraction patterns of these mechanochemical syntheses are provided in the Supplementary
Materials, Figures S3-S5.
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2.4. Single-Crystal X-Ray Diffraction

Single-crystal X-ray diffraction data were collected in a cold nitrogen stream us-
ing Bruker (Madison, WI, USA) D8 Venture and Bruker D8 Quest diffractometers. The
data were collected using phi and omega scans (0.50° oscillations) with Mo Ko radiation
(A =0.71073 A) and a Photon 100 or Photon 3 detector. Data were processed (SAINT) and
corrected for absorption using multi-scan techniques (SADABS), both within the Apex3
suite [41]. The structures were solved by intrinsic phasing and subsequently refined by
full-matrix least squares on F? using the SHELXTL software package [42,43]. All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms attached to carbon atoms
were refined in calculated positions using the appropriate riding models. The structure of 4
was refined as a two-component pseudo-merohedral twin with a batch scale factor refined
to 0.39. The structure of 1a was refined to include symmetry-imposed disorder of the
pentyl arms of the tetrapentylammonium cation. All four pentyl substituents were refined
at general positions with half occupancy. The structure of 8b exhibited disorder of the
2-chloro-1-methylpyridinium cation, where two overlapping orientations were apparent.
These were refined in two parts, with the occupancies freely refined in a 0.83:0.17 ratio.
Several similarity restraints were utilized in these two disordered structures to maintain
chemically reasonable anisotropic displacement parameters of disordered atoms. Com-
plete refinement details are summarized in Tables 1 and 2. CCDC 2,376,730-2,376,740
contain the supplementary crystallographic data for this paper and can be obtained from
the Cambridge Crystallographic Data Centre.

Table 1. Crystallographic data for triiodides 1-5.

la 1b 2 3 4 5
NPe4I3 NPe4I3 NHeX4I3 NMe3PhI3 NMe3BenzyII3 NEt3BeI‘lZyH3
Formula C20H44I3N C20H44I3N C24H5213N C9H14I3N C10H16I3N C13H2213N
E. W. (g/mol) 679.26 679.26 735.36 516.91 530.94 573.01
Temperature (K) 100(2) 140(2) 150(2) 100(2) 100(2) 130(2)
Crystal system Orthorhombic Monoclinic Monoclinic Orthorhombic Monoclinic Monoclinic
Space group Pbem C2/c C2/c Pnma P2y /c P2y /c
a(A) 11.4939(4) 21.5453(15) 14.3336(6) 7.0075(5) 9.4304(11) 9.3857(8)
b (A) 21.1725(8) 10.2589(7) 16.6320(7) 8.1709(6) 17.402(2) 16.6742(14)
c (A) 11.3399(4) 13.6585(9) 13.0010(5) 24.4498(17) 18.279(2) 11.9472(10)
a (%) 90 90 90 90 90 90
B () 90 116.991(2) 104.1564(14) 90 90.190(4) 112.896(3)
v (®) 90 90 90 90 90 90
Volume (A%) 2759.62(17) 2690.1(3) 3005.3(2) 1399.94(17) 2999.7(6) 1722.4(3)
Z 4 4 4 4 8 4
D (calcd) (g/cm?®) 1.635 1.677 1.625 2453 2.351 2.210
1 (mm~1) 3.401 3.489 3.130 6.664 6.223 5.428
F (000) 1320 1320 1448 936 1936 1064
Cryst. size (mm) 0.28, 0.06, 0.03 0.10, 0.10, 0.03 0.16,0.12, 0.05 0.20, 0.10, 0.02 0.22,0.15,0.02  0.28,0.12, 0.06
Detector Photon 100 Photon 100 Photon 100 Photon 100 Photon 100 Photon 3
0 range (°) 2.62t0 25.50 3.04 to 26.42 3.80 to 26.44 2.63 to 28.31 2.16 t0 26.89 3.07 to0 29.12
Reflns. collected 21653 17105 32063 10998 69050 45695
Indep. reflns. 2695 2758 3089 1859 6435 4617
R (int) 0.0434 0.0603 0.0393 0.0517 0.0809 0.0590
No. of parameters 209 111 128 72 260 157
No. of restraints 24 0 0 0 0 0
R indices (I > 20 R1 =0.0445 R1=0.0339 R1 =0.0368 R1=0.0266 R1 =0.0354 R1=0.0269
@) wR2 =0.1143 wR2 = 0.0446 wR2 = 0.0686 wR2 =0.0523 wR2 =0.0774 wR2 =0.0571
R indices R1=0.0572 R1 =0.0557 R1=0.0570 R1=10.0383 R1 =0.0467 R1=10.0321
(All data) wR2 =0.1195 wR2 = 0.0489 wR2 = 0.0767 wR2 = 0.0555 wR2 =0.0828 wR2 =0.0619
S 1.278 1.044 1.053 1.053 1.051 1.052
Largestdiff. | o (0, 0815 0730, 0635 1248, ~1.862 0919, 0725 0786, ~1414  0.983, —0.862
peak/hole (eA™7)
CCDC dep. no. 2,376,730 2,376,731 2,376,732 2,376,733 2,376,734 2,376,735
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Table 2. Crystallographic data for triiodides 6-8.
6 7a 7b 8a 8b
NBujzBenzyll; NMeBenzoSIj; NMeBenzoSI; CIMePyrl; CIMePyrl;
Formula C19H34I3N CngIgNS CgHgIg,NS C6H7CH3N C6H7CH3N
F. W. (g/mol) 657.17 530.91 530.91 509.28 509.28
Temperature (K) 100(2) 100(2) 140(2) 100(2) 100(2)
Crystal system Monoclinic Monoclinic Triclinic Monoclinic Monoclinic
Space group P2y /c P2y /n P-1 P2y /n P2/c
a(A) 14.3571(7) 7.8959(3) 7.2564(4) 7.4306(6) 12.3893(5)
b (A) 8.5155(4) 10.8757(5) 9.7552(5) 11.7159(9) 6.3108(3)
c(A) 19.6725(9) 15.0940(6) 10.8679(6) 14.0973(11) 16.1478(7)
a(°) 90 90 68.1036(19) 90 90
B () 90.4745(18) 95.2290(13) 86.239(2) 101.167(2) 107.4464(14)
v (°) 90 90 70.265(2) 90 90
Volume (A3) 2405.0(2) 1290.78(9) 670.28(6) 1204.02(16) 1204.46(9)
4 4 4 2 4 4
D (calcd) (g/cm?) 1.815 2.732 2.631 2.809 2.808
i (mm— 1) 3.900 7.387 7.113 7.960 7.957
F (000) 1256 952 476 904 904
Cryst. size (mm) 0.24, 0.05, 0.03 0.17,0.03, 0.03 0.09, 0.04, 0.04 0.24,0.19, 0.04 0.18, 0.09, 0.04
Detector Photon 100 Photon 100 Photon 100 Photon 100 Photon 3
0 range (°) 2.50 to 27.91 3.38 to 26.42 2.39 to 28.32 2.28 to 30.56 3.66 to 27.16
Reflns. collected 48,095 22,116 25,766 70,939 30,317
Indep. reflns. 5737 2638 3324 3676 2656
R (int) 0.0481 0.0522 0.0446 0.0331 0.0541
No. of parameters 212 119 123 100 121
No. of restraints 0 0 0 0 40
R indices (I > 20(1)) R1=0.0235 R1=0.0276 R1=10.0273 R1 =0.0396 R1=10.0328
wR2 =0.0363 wR2 = 0.0402 wR2 =0.0521 wR2 =0.1054 wR2 = 0.0725
R indices R1 =0.0361 R1=0.0440 R1 =0.0399 R1 =0.0405 R1=0.0376
(All data) wR2 =0.0389 wR2 = 0.0438 wR2 =0.0556 wR2 =0.1058 wR2 =0.0755
S 1.015 1.044 1.038 1.298 1.039
pea%(a/r}“fslset $g;3) 0.443, —0.552 0.729, ~0.718 2.064, —0.873 2.473, —2.068 1313, —0.960
CCDC dep. no. 2,376,736 2,376,737 2,376,738 2,376,739 2,376,740

2.5. Computational Methodology

The DFT calculations were carried out through the PBEsol exchange-correlation func-
tional [44], as implemented in the Quantum Espresso version 5.4 software [45,46]. The
corresponding SSSP PBESol Efficiency pseudopotentials were taken from the Computa-
tional Materials database [47]. The van der Waals forces were considered using Grimme’s
D3 approach [48]. The energy and charge density cutoffs were set at 60 and 480 Ry, respec-
tively, within a 10~8 convergence threshold for the self-consistency cycle. Additionally, a
Periodic Energy Decomposition Analysis (PEDA) [49] was performed at the all-electron
SCAN-D3(BJ)/DZP level [50-53] to better understand the interaction between the frag-
ments formed by the triiodides and the nitrogen derivatives. The PEDA breaks down the
interaction energy, AE;,;, into four physically meaningful terms, as follows:

AEint = AEpguli + AVeistar + AEorp + AEdisp

where AEp,,;; is the repulsive term associated with electrons with the same spin, AV,g,; is
the quasi-classical Coulombic interaction, AE,,;, results from stabilizing the crystal orbitals
with respect to the corresponding fragments, and AE;s, accounts for the weak van der
Waals forces. As weak interactions are essential in favoring one polymorph over another, the
identification and visualization of non-covalent interactions (NCIs) between the triiodide
fragments and ammonium derivatives within the crystal were estimated by evaluating the
NClI indices based on the ratio between the gradient and reduced gradient of the electron



Crystals 2024, 14, 1020

7 of 17

density [54]. The resulting isosurfaces were plotted using the IGMPLOT program [55,56],
where the color code reveals whether the intermolecular regions have weak (green) or
strong (blue) interactions or repulsive (red).

3. Results and Discussion
3.1. Synthesis and Crystal Structures

The structures of the triiodide salts are shown in Figure 2, with triiodide geometries
summarized in Table 3. Solution synthesis approaches to NPeyI3 produced two polymorphs,
1a and 1b, crystallizing in Pbcm and C2/c, respectively. The polymorph structures are
distinguishable by their packing structures and the asymmetric versus symmetric nature
of their respective triiodide anions. In 1a, all three iodine atoms of the triiodide anion
sit on 4d Wyckoff sites, and the triiodide is asymmetric (A I-I = 0.0824 A). The nitrogen
atom of the NPey* cation likewise sits on a 4d Wyckoff site, and its substituent pentyl
arms are disordered by symmetry, with these atoms half occupied at general positions.
The anions and cations stack in alternating fashion along the b-axis, with triiodide anions
spanning between neighboring columns of NPe;s* cations that are stacked along the a-axis
(Figure 3). In 1b, the triiodide anions are symmetric, having inversion symmetry. The
packing structure indicates a layered arrangement of anion and cation layers alternating
along the c-axis (Figure 3). Given the occurrence of both polymorphs from solution reactions
differing in solvent identity (methanol for 1a and a mixture of ethanol, dichloromethane,
and acetonitrile for 1b), we pursued a mechanochemical synthesis to see if one form was
preferred from that approach. Powder diffraction data (Supplementary Materials, Figure S3)
suggest that a majority of the product is the orthorhombic polymorph 1a. However, weaker
peaks in the experimental data corresponding to the monoclinic polymorph 1b are also
represented. A pure sample of 1a was obtained from the crystals harvested from solution
synthesis in methanol, enabling a reliable melting point measurement, as reported below.

Triiodide salts 2-6 did not exhibit polymorphic behavior in our hands, but their
structures are briefly discussed here. The synthesis of 2 is worth particular comment
since direct reactions of NHexyl + I, in various solvents did not yield suitable crystals
for analysis. An alternative approach was taken to react NHexyl + I, mechanochemically,
which produced a red powder, and then to recrystallize that powder. Recrystallization
in methanol fortunately produced red single crystals, 2. The structure of 2 features a
symmetric triiodide anion with two-fold rotational symmetry and a symmetric NHex,*
cation, which also has two-fold rotational symmetry through its nitrogen atom. The long
hexyl substituents of the cations form a framework containing channels (Supplementary
Materials, Figure S6) along the a-axis in which the triiodide anions reside (though the
linear axes of the triiodide anions are not oriented directly along the a-axis). The packing
of anions and cations alternates along the b- and c-axes. A comparison of the calculated
powder diffraction pattern from the single-crystal structure to the precursor red powder
obtained by mechanochemistry suggests they are identical species, and the crystal growth
successfully proceeded through simple recrystallization.

The triiodide salts 3-6 (packing diagrams in the Supplementary Materials, Figures S7-510)
are based on cationic species that contain three alkyl and one phenyl or benzyl substituent
to form the organoammonium cation, potentially introducing C-H---7t or 7---7t stacking
contacts. All these salts displayed asymmetric triiodides with distortion ranging from
A T-1=0.0051 A in 3 to 0.0746 A in one of the two unique triiodides in 4. The packing
structure of 3 features alternating anions and cations along the b-axis and alternating pairs
of anions and cations along the c-axis. In particular, the cation pairs display a C-H---mt
contact with H---centroid of 2.606 A and C-H:--centroid = 177.7° (Supplementary Materials,
Figure S11). C-H:-I contacts occur at only one end of the triiodide anion but serve to
extend the long-range structure. The packing structure of 4 contains stacks of NMezbenzyl*
cations and triiodide anions along the g-axis, with alternating anion and cation stacks
occurring along the b- and c-axes. The long-range structure of short contacts involves
C-H---I interactions between cations and anions. The NEtsbenzyll; salt, 5, packs with a
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7a

c7

layered pattern of cation layers and anion layers alternating along the b-axis. Within the
cation layers, the NEt3benzyl™ cations form dimers through C-H---7t interactions involving
hydrogen atoms of CHj, carbon atoms oriented toward the edge of a neighboring benzene
ring (Supplementary Materials, Figure S12). In 6, cations and anions stack in alternating
fashion along the a4- and b-axes. Similar to 2, the bulkier cations create a channel-like
framework along the c-axis in which the triiodide anions reside. The intermolecular short
contacts occurring in 6 are C-H---I interactions between the alternating anions and cations
along the b-axis. Also similar to 2, 6 required the two-step process of mechanochemistry
followed by recrystallization from methanol in order to obtain suitable single crystals.

cs 7b 8a 8b

Figure 2. Crystal structures of triiodides 1-8, shown as 50% probability ellipsoids. Hydrogen atoms
are omitted for clarity. Note that extended asymmetric units are shown for triiodides 1b, 2, 7b, and
8b in order to show complete molecules. In these cases, the central atom of the triiodide anions sits
on a special position, with the remaining two iodine atoms produced from only one unique iodine
atom at a general position. In this way, there are two unique half-triiodides in the asymmetric unit of
7b and 8b, both expanded to their full triiodide geometry but shown with only one cation.
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Table 3. Triiodide geometries in compounds 1-8. Two I-I bond lengths are provided, I-I, and I-I,,
occurring from the central iodine atom to the terminal iodine atoms of the triiodide anion. A I-I
is the difference in these bond lengths as a means of quantifying triiodide asymmetry. If multiple
triiodide anions occur in the asymmetric unit (as in 4, 7b, and 8b), their geometries are provided in

separate rows.

Compound -1, (A) I-I, (A) ATI(A) I-1-1 (%)
1a 2.8727(11) 2.9551(11) 0.0824 178.95(4)
1b 2.9232(3) 2.9232(3) - 180
2 2.9384(5) 2.9384(5) - 176.63(2)

3 2.9215(5) 2.9266(5) 0.0051 178.99(1)
A 2.8808(8) 2.9554(8) 0.0746 175.43(2)
2.8907(8) 2.9306(8) 0.0399 178.74(3)
5 2.9097(3) 2.9410(3) 0.0313 178.69(1)
6 2.8984(3) 2.9461(3) 0.0477 175.62(1)
7a 2.8928(5) 2.9310(5) 0.0382 175.21(2)
b 2.9197(3) 2.9197(3) - 180
2.9257(3) 2.9257(3) - 180
8a 2.8425(7) 3.0378(7) 0.1953 176.25(2)
sh 2.9200(4) 2.9200(4) - 180
2.8961(4) 2.8961(4) - 179.18(3)

S

1la

1b

Figure 3. Packing diagrams of NPe4I3 polymorphs 1a and 1b, viewed along the a-axis and b-axis,
respectively. Unit cell axis designations are a-axis = red, b-axis = green, and c-axis = blue. Iodine
atoms are shown in dark purple, nitrogen atoms in light purple, carbon atoms in gray, and hydrogen
atoms in white.

The thiazolium system NMeBenzoSI; also resulted in two polymorphs (7a and 7b,
Figure 4), with 7a crystallizing in P2; /n and 7b crystallizing in P-1. The polymorphs again
occurred from reactions differing in both the amount of I used and the solvent identity
(7a occurring from a 1:1 ratio of NMeBenzoSLI, in methanol and 7b occurring from a 1:3
ratio of NMeBenzoSI:I; in a mixture of ethanol, dichloromethane, and acetonitrile). The
polymorphs are again distinguished by the asymmetric triiodide anion (A I- = 0.0382 A)
in 7a versus the symmetric triiodide in 7b. The presence of sulfur on the cation makes
this system additionally susceptible to differences in intermolecular contacts related to
halogen or chalcogen bonding. In 7a, anions and cations form alternating layers parallel
to (—101). This results in the anions and cations alternating individually along all three
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unit cell axes. Chains of I---S interactions occur along [—1 0 1], linking the layers of anions
and cations. The I---S interactions occur toward the electropositive region capping the ends
of the triiodide anions, with I---S distances of 3.6097(13) A and 3.7634(12) A and I-I---S
angles of 140.77(2)° and 151.01(2)°, consistent with halogen bonding interactions. Here, the
shorter I---S halogen bond is associated with the longer I-I bond of the triiodide. In 7b, the
presence of two unique symmetric triiodide anions (half of each molecule is unique, sitting
on inversion centers) changes the nature of the layers that are formed. This appears to be
driven by different intermolecular interactions in 7b, where symmetric S---I interactions
(S---1=3.6899(12) A) sandwich one triiodide anion between two cations, while the second
triiodide anion maintains no short contacts within the sum of the van der Waals radii. The
S---l interactions here are characteristic of a chalcogen bonding interaction, occurring from
one of the electropositive caps on a C-S bond to the electronegative region on the side
of the terminal iodine atoms of the triiodide (C-S---1 = 156.74(14)° and S---I-I = 97.38(2)°).
Mechanochemistry was again pursued to identify the preferred polymorph from that
synthetic approach. Powder X-ray diffraction indicated a predominance of 7a with a minor
contribution of 7b (Supplementary Materials, Figure S4).

/ /

7a 7b

Figure 4. Packing diagrams (top) of NMeBenzoSI; polymorphs 7a and 7b, viewed along the b-axis,
and I---5/S---I interactions (bottom, blue dashed lines) occurring in polymorphs 7a and 7b. Unit cell
axis designations are a-axis = red, b-axis = green, and c-axis = blue. Iodine atoms are shown in dark
purple, nitrogen atoms in light purple, sulfur atoms in yellow, carbon atoms in gray, and hydrogen
atoms in white.

The pyridinium system, CIMePyrI; (8a and 8b), exhibited polymorphism (Figure 5)
across two monoclinic space groups, P2;/n for 8a and P2/c for 8b. They again differ
in the asymmetric (8a) versus symmetric (8b) nature of the triiodide anions and in the
nature of the solvent from which they were synthesized (8a from a mixture of ethanol,
dichloromethane, and acetonitrile, and 8b from methanol). The triiodide anion in 8a is the
most asymmetric of the salts in the current study, with A I-I = 0.1953 A. This may indicate
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movement toward a halogen-bonded I,---I interaction, and while the I-I-I bond lengths are
near the short and long ends of what are typically classified as triiodides, they still remain
in range to be considered to be an I3~ entity [2]. The cations and anions pack in alternating
fashion along the a-axis and c-axis and in alternating but slightly offset fashion along the
b-axis. The resulting intermolecular interactions show the formation of halogen-bonded
triiodide chains (I---I = 3.9372(7) A) involving the anions and cationic chains formed by
C-H:--Clinteractions. Both chains propagate along the b-axis. The offset nature of the cation
and anion packing along the b-axis allows the chains to propagate in parallel, where the
zigzag triiodide chains accommodate the methyl groups extending from the pyridinium
chains. In 8b, packing occurs in a layered fashion, with anion and cation layers stacked
in alternating fashion along the g-axis. The two unique triiodide anions (again present as
two unique half molecules in the asymmetric unit, one having inversion symmetry and the
other having two-fold rotational symmetry) show different short contacts in the structure.
One of the triiodide anions is oriented to be a Cl.--I halogen bond acceptor sandwiched
between two cations (Cl---I = 3.7142(15) A and 3.8564(17) A). The other triiodide anion is
pinned in place by numerous C-H---I interactions. Mechanochemical synthesis of CIMePyrl
+ I, produced polymorph 7b, with no detectable presence of 7a based on powder X-ray
diffraction (Supplementary Materials, Figure S5).

SRS~

C

%9 W =
NI ST ESISY s
TR e A

Figure 5. Packing diagrams (top) of CIMePyrl3 polymorphs 8a and 8b, viewed along the a-axis and
b-axis, respectively, and selected intermolecular interactions (bottom, blue dashed lines) occurring in
polymorphs 8a and 8b. Unit cell axis designations are a-axis = red, b-axis = green, and c-axis = blue.
Iodine atoms are shown in dark purple, nitrogen atoms in light purple, chlorine atoms in green,
carbon atoms in gray, and hydrogen atoms in white. Only the major component of the cation disorder
in 8b is shown.

3.2. Computational Evaluation of Polymorphs

For additional exploration of the preference of one polymorph over the other, we
performed DFT calculations (Table 4, Figure 6) with periodic boundary conditions. The
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nature of the interaction between the iodine atoms and the ammonium units was charac-
terized by a Periodic Energy Decomposition Analysis (PEDA). This analysis decomposes
the interaction energy, AEjy, into specific physical terms, i.e., the Coulombic electrostatic
interaction, AV gy, the orbital interaction, AEy,, and weak van der Waals dispersion
forces, AEgisp. The analysis also includes the repulsive counterpart associated with the
Pauli exclusion, which includes the destabilizing steric fraction between the occupied
orbitals of the fragments. For instance, the PEDA indicates that the interaction energy
between the triiodide and tetrapentylammonium fragments in 1a is —798.4 kcal/mol per
unit cell, which is significantly lower than 1b, —1194.0 kcal/mol. The main destabilizing
factor in 1b is apparently due to Pauli repulsion, almost doubling the value of 1a. This
remarkable difference might be explained by the cation disordering in 1a. That is, the fully
ordered arrangement of cations in 1b favors higher interaction energy within fragments.
Despite the noticeable difference in the strength of interaction between the fragments in
the tetrapentylammonium triiodide polymorphs, the way they interact is similar. The
interaction is predominantly orbital (88.0-91.3%) and with electrostatic and dispersion con-
tributions of less than 10%. Weak interactions between fragments are represented as green
isosurfaces in Figure 6. Noticeably, the contacts in 1a are between iodine and hydrogen
atoms, while in 1b, more ordered contacts are found, as well as some I---CH, interactions.

Figure 6. Non-covalent interactions (NClIs) plot of the triiodide polymorphs. Green isosurfaces
represent weak van der Waals interactions. The corresponding isovalues are 0.3 a.u.
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Table 4. PEDA considering the triiodide and ammonium fragments within polymorphs. The analysis
is computed using an all-electron SCAN-D3(BJ)/DZP level. The values within parentheses show the
percentage of the total attractive contributions.

AEint AEpauli Steric AVestat AEom, AEdisp
1a —798 4 97.4 65.3 ~321(36) —817.8(91.3) —46.0 (5.1)
1b ~1171.9 184.7 68.7 ~116.0 (8.6) —1194.0(88.0) —46.6 (3.4)
7a —4163 78.4 0.9 —775(157) —3789 (76.6)  —38.3(7.7)
7b 4228 66.6 6.6 ~60.0(123) —393.8(80.4) —35.8 (7.3)
8a —393.7 70.3 —37 —740(17.1) 3553 (81.9) —34.7(7.4)
8b —402.4 66.9 —37 —70.6(122)  —364.5 (63.1) —(21;13;.)0

Regarding the thiazolium systems, the DFT calculations using PBEsol indicate that
the lattice energy of 7a is only 2.6 kcal/mol more stable than 7b. However, the triiodide
fragments interact with the 3-methylbenzothiazolium moieties slightly stronger in the
former by about 6.5 kcal/mol according to the PEDA at an all-electron SCAN-D3(BJ)/DZP
level. The most notable difference is that in 7b, the Pauli repulsion is lower. In addition,
the losses in electrostatic interaction with respect to 7b are recovered by the corresponding
orbital term. The dispersion contribution is also very similar, as indicated in the PEDA
and the NCI plot (Figure 6). According to the NCI plot, the predominant contacts of the
iodine atoms are with sulfur atoms, the methyl group, and the five-membered ring. The
interaction with the five-membered ring stands out the most. In 7a, it appears to be with
the entire ring, while in 7b, it is primarily with the nitrogen atom.

In the case of the pyridinium polymorph 8a, DFT predicts a lattice energy 11.5 kcal /mol
lower than 8b. However, the corresponding PEDA suggests stronger interaction between
the iodide and ammonium fragments in the latter, which can be explained in part by
a decrease in the Pauli repulsion as well as a stronger orbital interaction between the
fragments (Table 4). More specifically, the PEDA values indicate that both orbital and
electrostatic interactions in the asymmetric system (8a) are stronger. The analysis suggests
that the interaction between triiodides and pyridine moieties in both systems is mainly
orbitalic, accounting for 63.1 and 81.9% of the attractive interactions. Remarkably, the steric
hindrance is identical in both systems, but the dispersive forces are significantly higher
in 8b; that is, they account for 24.7% of the total interaction, compared to the asymmetric
arrangement, which makes up 7.4% of the attractions between the components. In that
sense, NCIs in 8a show that the contacts are more centralized, i.e., both chlorine atoms
point toward the same side and toward the iodine atoms, while in 8b, the weak interactions
are more dispersed. Indeed, more contacts are visible between iodine atoms and hydrogens
of the amino ring (Figure 6).

3.3. Thermal Analysis

The thermal stability of the triiodide salts was studied by DSC/TGA and is summa-
rized in Table 5. Plots of the DSC/TGA data and derivative mass loss are provided in the
Supplementary Materials, Figures S13-520. Data for polymorphs 1b, 7b, and 8a are not
included since those materials could not be isolated in sufficient quantity and purity for a
reliable thermal analysis. In all cases, a melting endotherm is observed well prior to any
mass loss. In triiodides 1-6, decomposition appears in multiple consecutive steps based on
the derivative mass loss. In general, the first of these decomposition steps correlates well to
the loss of I, from the triiodide anion (typically within about 5% of that expected for I, loss).
The loss of I, from the I3~ anion is the typical pathway reported for triiodide decomposition
in other triiodide salts, such as tetramethylammonium triiodide [57]. Decomposition of
7a and 8b may proceed in the same manner, though distinct steps in the derivative mass
loss could not be reliably identified, giving the appearance of a single decomposition step.
Regarding the melting points, for the tetraalkylammonium triiodide salts 1a and 2, we
observe a decreasing melting point with increasing alkyl chain length, a trend generally
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consistent with other tetraalkylammonium triiodides. For example, commercially available
tetrabutylammonium triiodide is reported to melt at 69-71 °C, tetrapropylammonium
triiodide around 98 °C [36], tetraethylammonium triiodide estimated around 115 °C [58],
and tetramethylammonium triiodide also estimated around 115 °C [57]. A similar trend
is observed in the melting points of the trialkylbenzylammonium triiodides 4-6 in the
present study, where increasing alkyl chain length is correlated with lower melting points
(as well as lower decomposition onsets). Trimethylphenylammonium triiodide, 3, having
the highest melting point observed in the current study, benefits from the short methyl
groups as well as the stabilizing C-H.---7t contact involving the phenyl rings of neighboring
molecules as described above.

Table 5. Thermal analysis of triiodides 1-8. Values for the mass loss from the first decomposition step
could not be determined (N.D.) for 7a and 8b since decomposition occurred in a single event with no
apparent steps detected in the derivative mass loss.

Decomposition = Decomposition

Compound Méltmstg, (I:(()jl)nt Temperature First Step Mass E]j( pecte;c} N(I:;s)s
nse Onset (°C) Loss (%) 0ss of f2 o
la 54.5 219.3 33.6 374
2 28.8 212.1 36.4 34.5
3 115.5 158.6 45.7 49.1
4 95.3 205.7 40.5 47.8
5 91.2 198.1 34.5 443
6 63.3 179.8 33.3 38.6
7a 90.7 2129 N.D. 47.8
8b 61.5 176.7 N.D. 49.8

3.4. Triiodide Raman Spectroscopy

Symmetric and asymmetric Raman stretching bands of triiodides 1-8 were studied
and summarized in Table 6 and shown in the Supplementary Materials, Figures 521-528.
The Raman stretching frequency of I-I in solid state I, occurs around 180 cm ™! [59] and
moves to lower frequencies in systems where the I-I bond lengths of I, are lengthened
through strong intermolecular interactions [60]. In the linear and symmetric triiodide
anion, the symmetric stretching vibration is Raman active and typically produces a band at
100-120 cm~! [1], while asymmetric stretching and bending vibrations are not Raman active.
The asymmetric stretching vibration of a triiodide becomes Raman active when a distortion
occurs in the triiodide anion. This leads to an additional band of medium intensity around
120-140 cm ! [1,61]. The symmetric stretching bands are all well represented as strong
bands in all the triiodides 1-8 studied here. For those salts containing asymmetric triiodide
anions, the asymmetric stretching band is likewise observed. The asymmetric stretch for 3
appeared as a slight shoulder on the symmetric stretch and had to be approximated.

Table 6. Raman analysis of triiodides 1-8.

Compound I-I Symmetrif 1Stre’cching I-I Asymmetriﬁ(‘:1 Stretching
(em™1) (cm™1)

1a 112 135
2 113 -

3 113 118
4 112 125
5 111 119
6 112 138
7a 115 127
8b 114 -
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4. Conclusions

Eight new triiodide salts are reported with full crystallographic characterization. Three
of these salts exhibit polymorphic behavior, and the crystal structures of two polymorphs
each of tetrapentylammonium triiodide, 3-methylbenzothiazolium triiodide, and 2-chloro-
1-methylpyridinium triiodide, were compared. Each member of the polymorphic pairs
exhibited significantly different packing patterns than its partner compound. Of particular
note is that each pair of polymorphs was represented by one polymorph with an asymmetric
triiodide anion and the other polymorph with a symmetric triiodide anion. A computational
analysis of the polymorphs revealed more subtle differences in their isosurface plots. The
most notable differences are observed in the interaction energy of polymorphs 1 and
in the dispersive forces of polymorphs 8. Both disparities can be explained by cation
disordering. The ordered arrangement favors higher interaction energy in the former, while
it favors weak interactions in the latter. The polymorphs were generally within an energetic
threshold of one another, where both could be stable under the solution synthesis conditions
employed. Mechanochemical synthesis was useful for obtaining the majority representation
of one of the polymorphs in each case, but only in the case of 2-chloro-1-methylpyridinium
triiodide did it lead to a single polymorphic phase. All eight triiodide salts that could be
obtained in sufficient quantity and purity were studied by thermal analysis and Raman
spectroscopy techniques. This, along with the structural characterization, establishes
important baseline values for these compounds and bodes well for their future use in
crystal engineering or in the preparation of new deep eutectic solvents.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ cryst14121020/s1, Figures S1-S5: PXRD patterns; Figures S6-512:
additional packing diagrams and intermolecular interactions; Figures S13-520: DSC/TGA;
Figures 521-528: Raman spectra.
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