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ABSTRACT: Halogen bonding interactions of 15 crystalline 3-
iodopyridinium systems were investigated. These systems were
derived from four N-alkylated 3-iodopyridinium salts prepared in
this study. The experimental results in the solid state show that
halogen bonding acts as a secondary intermolecular force in these
charged systems but sustains the high directionality of interaction
in the presence of other intermolecular forces. Halogen bonds
donated by polytopic 3-iodopyridinium cations are also sufficient to
enclose guest molecules inside the formed supramolecular cavities.
The experimental data were supplemented by computational gas-
phase and solid-state studies for selected halogen-bonded systems. Calculations of the model systems with the increasing number of
halogen bond donors and acceptors showed the halogen bond strengths to be exaggerated for the smallest of model systems. The
agreement between experimental and calculated structures improved for larger systems that were able to account for the influence of
other intermolecular interactions. The best agreement between experimental and calculated structural parameters were found for
solid-state calculations with periodic boundary conditions. Comparison of the halogen bond interaction strengths with the strength
of other lattice interactions showed the halogen bonds to come second to electrostatic interactions in stabilizing the structures but
having a major role in directing the packing of the solid-state structures.

[l Metrics & More ’ Q Supporting Information

1. INTRODUCTION Zyp (>160°).>* Neutral 3IPy usually forms XB contacts, which

The halogen bonding (xB)' story is considered to have begun e(a)reoozfs simiIIar ;enfth to theIPI--i'O ig 2—bce1nzoyl—.3§Pyl. (Rxclf:
around 200 years ago,z’3 but XB has started to invoke extensive 90)™ or etweerﬁ 31Py-ligan ISI and cyant \e, 18ancs
research interest only during the last quarter of a century’™* (R b(l)‘8286) I-;n the [Cuf (3IP1¥ )] [C;l (IS)IH))(}IYS)Z};[W (Cl\{l)s]z
and is still a rapidly developing research topic in the fields of ;ssem P Y d 1.(l)<we.ver,ha eV\II s ortle; 1sfta;<l;es avle
structural, biological, and supramolecular chemistry. Most of een found, like In the polymorphic structure of 2-benzoyl-

the XB research has concentrated on strong interactions, which
utilize strong halogen bond donors, like dihalogens,™ "
perﬂuorohalocaﬂ:)ons,6_8’12_14 N—X donors,">™7 or halonium
(X*) ions,"®"** and strong nucleophilic acceptors. This
contrasts with the XB systems found in the nature where
such strong donors are scarce, while plenty of good acceptors
exist.”’ For the research aiming to gain a better understanding
of XB in biological systems, including the interactions of
halogenated drugs and persistent organic pollutants as well as
naturally halogenated hormones and amino acids, it would be
best to employ systems with intermediate donor strengths in
model studies. One rather simple halogen bond donor unit
that falls in this category is the 3-iodopyridine (3IPy) moiety,
which was selected as the focus of the study.

The 3IPy unit has been occasionally shown to act as a
halogen bond donor (D) in solid-state supramolecular systems.
Regardless of the acceptor (A), it is able to form remarkably
short interatomic D---A distances with normalized interaction
ratios Ryz down to 0.80 and with relatively straight XB angles
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3Py (Ryp: 0.85)*° and in 4-(S-iodo-1H-pyrazol-1-yl)-3IPy
(Ryg: 0.84).”

Compared to the neutral donor, charged 3IPy" units have
recently gained more research interest.”*™>* It has been
reported that 3IPy" units can bind halides forming mono-,
di-, and tritopic binding motifs and highly directional C—I---X
interactions, in which Ryy values are 0.83—0.85>*** for CI,
0.84—0.91>%3%* for Br~, and 0.85—0.91>%3%313* for I~
acceptors (Zyy: 163—180°). For example, N-methyl-3-
iodopyridinium cations (N-Me-3IPy*) interact with {[Ru-
(bipy)(CN)ZJZ*}35 and [M(CN)/]*” (M = Cr, Fe, and Co)
complex anions™® through C—I--N halogen bonds with Ryy
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(£xp) values of 0.80—0.84 (171—179°) and 0.82—0.88 (166—
174°), respectively. Furthermore, mono- and ditopic C—I---O
halogen bonds to oxyanions have been reported between 1,3,5-
tris((3IPy")methyl)-2,4,6-trimethylbenzene and NO;~ (Ryg:
0.84, Zyp: 178°),"” 4,4'-(1,3-phenylenebis(ethyne-2,1-diyl))-
bis(N-Me-3IPy*) and CF,;SO;~ (Ryp: 0.82, Zyg: 169°),** and
2,2"-bis(N-Me-3IPy*) and HSO,” (Ryp: 0.80, Zyp: 162°).”°
The 3IPy" unit also forms halogen bonds with neutral
acceptors, like C—I---O between the 1,3,5-tris((3IPy")-
methyl)-2,4,6-tris(n-hexyloxy)benzene trication and solvent
MeOH (Ryg: 0.81, Zyy: 177°).°

Above examples along with the data in the Cambridge
Structural Database (CSD, total 251 hits)* including very
recent studies by Stilinovi¢ and co-workers™*™** show that the
cationic 3IPy* unit is more common and usually a stronger
halogen bond donor than the neutral 3IPy moiety. However,
halogen bonds in 3IPy" systems can be considered secondary
interactions due to the strong attractive ionic forces
dominating the crystal packing. Albeit auxiliary in character,
the halogen bonds are very important for the structure,
properties, and potential exploitability of the complexes. This
and our diverse interest in the XB interactions”'”'"****~*! Jed
us to perform a further study on 3IPy" structures. One of our
targets is to find XB systems with anion sensing capabilities in
organic solutions that could be extended to aqueous media.

Here, we prepared four 3IPy* derivatives as halide salts and
studied the products by NMR, mass spectrometry (MS),
powder X-ray diffraction (PXRD), and thermogravimetry/
differential scanning calorimetry (TG/DSC) analyses. Further
crystallization experiments using different solvents, counter
anions, and co-crystallization species were performed for these
mono-, di-, and tritopic 3IPy" derivatives to obtain crystalline
materials for single crystal X-ray diffraction (SCXRD)
measurements and to shed light on their XB interactions.
The experimental results were complemented by density
functional theory (DFT) calculations on gas-phase model
systems of increasing sizes and solid-state calculations with
periodic boundary conditions. By combining the results from
the gas-phase and solid-state calculations, we were able to
analyze the relative contribution of halogen bonds and other
intermolecular interactions to the total interaction energies of
three systems.

2. EXPERIMENTAL SECTION

2.1. Materials. The compounds prepared in this study are
presented in Scheme 1. All commercial reagents (purity > 97%) were
used as received. Organic solvents were dried over molecular sieves (3
A) before use. Only deionized water was used.

2.1.1. Preparation of 1. 3IPy (0.300 g, 1.46 mmol) was weighed
into a flask and dissolved in 25 mL of CH;CN. Iodoethane (0.34 g,
0.18 mL, 2.20 mmol) was added by a syringe into the solution. The
resulting solution was refluxed for 4 h. The still hot solution was
poured into 100 mL of cold diethyl ether. The resulting pale-yellow
product was collected by filtration and dried under high vacuum.
Yield: 0.45 g (86%), m.p. 136 °C. '"H NMR (500 MHz, D,0): 5 9.32
(s, 1H, H2), 8.93—8.97 (m, 2H, H4 & H6), 7.90 (t, ] = 6.7 Hz, 1H,
HS), 4.68 (q, ] = 7.3 Hz, 2H, H7), 1.70 (t, ] = 7.3 Hz, 3H, H8) ppm.
13C NMR (126 MHz, D,0): § 153.4 (C4), 149.5 (C2), 142.7 (C6),
128.3 (CS), 93.6 (C3), 57.2 (C7), 15.4 (C8) ppm. NMR data show
good correspondence with the data of 3-iodo-N-butylpyridinium
hexafluorophosphate in DMSO-ds.*> MS: m/z = 233.97 [M — 1]*.

2.1.2. Preparation of 2. a,a’-Dibromo-m-xylene (0.26 g, 1.00
mmol) and 3IPy (0.51 g, 2.50 mmol) were weighed into a flask and
dissolved in 25 mL of dimethylformamide (DMF). The resulting
mixture was heated overnight at 85 °C. The white precipitate that

Scheme 1. Syntheses of Compounds 1—4 and Atom
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formed in the reaction was filtered, washed with hot CHCl,, and dried
under high vacuum. Yield: 0.22 g (28%, with respect to 2d, see
below). '"H NMR (500 MHz, D,0): 6 = 9.30 (s, 2H, H2), 8.96—9.00
(m, 4H, H4 & H6), 7.90 (t, ] = 7.2 Hz, 2H, HS), 7.57—7.67 (m, 4H,
H9 & H10 & HI1), 5.86 (s, 4H, H7) ppm. *C NMR (126 MHg,
D,0): § = 154.2 (2C, C4), 149.7 (2C, C2), 143.2 (2C, C6), 133.4
(2C, C8), 130.5 (C10), 130.3 (2C, C9), 129.0 (C11), 128.4 (2C,
CS),93.7 (2C, C3), 63.7 (2C, C7) ppm. The extra 3IPy resonances in
the spectra are discussed below and in the Supporting Information.
MS: m/z = 256.89 [M — 2Br]*".

2.1.3. Preparation of 3. a,a’-Dibromo-p-xylene (0.26 g, 1.00
mmol) and 3IPy (0.51 g, 2.50 mmol) were weighed into a flask and
dissolved in 25 mL of DMF. The resulting mixture was heated
overnight at 85 °C. The white precipitate that formed was filtered and
dried under high vacuum. Yield: 0.55 g (83%). '"H NMR (500 MHz,
D,0): § 9.31 (s, 2H, H2), 8.95—9.00 (m, 4H, H4 & H6), 7.87—7.91
(m, 2H, H5), 7.60 (s, 4H, H9), 5.87 (s, 4H, H7) ppm. *C NMR
(126 MHz, D,0): 6 154.2 (2C, C4), 149.7 (2C, C2), 143.2 (2C, C6),
133.8 (2C, C8), 129.8 (4C, C9), 128.4 (2C, CS5), 93.5 (2C, C3), 63.6
(2C, C7) ppm. MS: m/z = 256.89 [M — 2Br]*".

2.1.4. Preparation of 4. 1,3,5-Tris(bromomethyl)-2,4,6-trimethyl-
benzene (0.20 g, 0.50 mmol) and 3IPy (0.41 g 2.0 mmol) were
weighed into a flask and dissolved in 25 mL of CH;CN. The resulting
mixture was heated overnight at 85 °C. The yellow precipitate that
formed was filtered, washed with hot CHCI;, and dried under high
vacuum. Yield: 0.31 g (87%). "H NMR (500 MHz, D,0): § = 9.08 &
9.15 (2 X s, 3H, H2), 8.95-9.00 (m, 3H, H4), 8.66 & 8.72 (2 X d, ] =
5.7 Hz, 3H, H6), 7.84—7.91 (m, 3H, HS), 6.08 & 6.13 (2 X s, 6H,
H7),2.37 & 2.40 (2 x s, 9H, H10). >*C NMR (126 MHz, D,0): 6 =
154.4 & 154.6 (3C, C4), 149.0 (3C, C2), 144.6 (3C, C8), 142.0 (3C,
C6), 128.8 & 129.0 (3C, CS), 128.2 (3C, C9), 94.2 & 94.4 (3C, C3),
59.2 & 59.4 (3C, C7), 16.5 (3C, C10). Some impurity resonances
were observed in the spectra (see the discussion below and
Supporting Information). MS: m/z = 257.99 [M — 3Br]**. These
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NMR and MS data show good correspondence with the data of the
corresponding tris(hexafluorophosphate) salt.>’

2.2. Crystallizations. Crystallization attempts were performed by
dissolving the materials in common solvents in test tubes. The tubes
were closed with caps and left to stand at room temperature. The
crystals suitable for SCXRD experiments were obtained from the
solutions or found in the completely evaporated residues. Crystals of
2a were obtained from an NMR sample of product 2 (in D,O) upon
standing at room temperature for 2 weeks.

2.3. Analytical Methods. 2.3.7. NMR Spectroscopy. The NMR
spectra were recorded with a Bruker AVANCE DRX 500 FT-NMR
spectrometer at 303 K. The chemical shifts are reported in parts per
million and referenced for 'H spectra using the standard residual D,0
resonances relative to tetramethylsilane (§ = 4.80 ppm). The NMR
spectra are presented in the Supporting Information (Figures S1—
$20).

2.3.2. Mass Spectrometry. MS measurements of the synthetic
products were performed with ABSciex QSTAR ESI-QTOF (1 and 4)
and Micromass LCT ESI-TOF (2 and 3) mass spectrometers.
Recorded MS spectra are shown in the Supporting Information
(Figures S21—524).

2.3.3. Single Crystal X-ray Diffraction. Crystallographic data
(except for 1c, 4a, and 4b) were collected with a Bruker Nonius
KappaCCD diffractometer (APEX II detector) using graphite
monochromatized Mo K, radiation (4 = 0.71073 A). COLLECT*
data collection and DENZO-SMN*" data processing software were
utilized. Data for lc, 4a, and 4b were collected with an Agilent
SuperNova single-source diffractometer (Eos CCD detector) using
mirror monochromatized Mo K, radiation (A = 0.71073 A) and
CRYSALISPRO™ for data collection and reduction. The structures
were solved by direct methods using SIR2014"° and full-matrix, least-
squares refinements on F* were performed using SHELXL-2018/3*
programs. The reflections were corrected for Lorentz polarization, and
multi-scan (SADABS*®) or analytical (CRYSALISPRO™*) absorption
correction was applied. More SCXRD details can be found in the
Supporting Information. The figures were drawn with Mercury.*’

2.3.4. Powder X-ray Diffraction. The PXRD patterns of 1—4 were
measured using a Malvern Panalytical X'Pert PRO diffractometer with
Cu K, radiation (1 = 1.54187 A via Ni fS-filter; 45 kV, 40 mA). Data
processing and search-match phase analyses were carried out by
program X’pert Hi%hScore Plus v. 4.9 and ICDD-PDF4+ database
(version 2020).°”°" More PXRD details can be found in the
Supporting Information.

2.3.5. Thermal Analysis. TG analyses were performed using a
PerkinElmer STA 6000 thermogravimetric TG/DSC analyzer. Each
sample was prepared in an open platinum crucible and was measured
under an air atmosphere (flow rate of 40 mL/min), with a heating
rate of 10 °C/min, in the temperature range of 22—600 °C. Thermal
transitions of the products were also examined by a power
compensation PerkinElmer 8500 series differential scanning calo-
rimeter. All heating/cooling scans were carried out under a nitrogen
atmosphere (flow rate 40 mL/min) using 50 yL aluminum pans
sealed by a 30 4L aluminum pan with pinholes (resulting in 20 uL of
free volume for a sample).

2.4. Computational Methods. The geometries of molecular and
ionic species were optimized in the gas phase using four different
hybrid exchange—correlation functionals, namely, the PBE0,>>%3
B3LYP,>™%° M06—2X,56 and wB97X,%” in conjunction with def2-
TZVP*** basis sets. The core electrons of iodine atoms were
described using effective core potential.”> The PBEO and B3LYP
optimizations were also carried out with dispersion correction using
Grimme’s dispersion correction (D3) with the Becke—Johnson
damping function.** For all studied systems, two different geometry
optimizations were performed. In the first optimization, only the
positions of hydrogen atoms were optimized, and the positions of
other atoms were frozen to their crystal structure coordinates, whereas
in the second optimization, no geometry constraints were used (full
geometry optimization). All gas-phase calculations were carried out
with Gaussian 16,%> and the natural energy decomposition analyses
were performed with the NBO 7.0 program.®*

Periodic boundary calculations for crystal structures of 1, 1a, 2e, 2c,
and 3 were performed using the CRYSTAL17 program package,”
employing the PBEO hybrid functional combined with Grimme’s D3
model to treat the dispersion interactions and pob-TZVP triple-zeta
valence basis sets®>®’ designed for solid-state calculations. k-points
within the Brillouin zone of the reciprocal space were sampled
according to the Monkhorst—Pack method applying a grid of 8 X 8 X
8. Default tolerance factors were used for evaluating the Coulomb and
exchange integrals, and default SCF convergence and optimization
thresholds were used in the optimizations.

To evaluate the influence of def2-TZVP and pob-TZVP basis sets,
used in the gas-phase and solid-state calculations, respectively, on the
results, gas-phase calculations for 1,,,,, 12y, and 2e,,, were carried
out at the PBE0-D3/def2-TZVP and PBE0-D3/pob-TZVP levels of
theory. The basis set dependence of the gas-phase calculations was
minimal (see below, Figure 7). Thus, def2-TZVP basis sets were used
in all other gas-phase calculations.

To ensure that the basis set superposition error (BSSE) does not
significantly affect the calculated interaction energies of the
investigated compounds, the BSSE energies were calculated for
Lo 1apen and 2e,,, using the counterpoise correction method as
implemented in Gaussian at the MO06-2X/def2-TZVP level of
the:ory.63‘68’69 The calculated values for 1,,,,, 1ap,, and 2e,,, were
1.69, 2.59, and 5.65 kJ/mol, respectively. If these BSSE energies are
compared to the total interaction energies of the investigated
compounds (Table 2), it can be concluded that the BSSE has only
a minute effect, less than 1.6%, on the total interaction energies of the
investigated compounds. Thus, no BSSE corrections were calculated
for other systems.

3. RESULTS AND DISCUSSION

3.1. Synthesis. The synthesis of compound 1 performed in
CH;CN gave the product with good yield and purity, whereas
the syntheses of 2 and 3 in CH;CN did not lead to any isolated
amount of the targeted main products. In the case of 2, the
poor conversion led to the formation of monocation 2e and
halogen-bonded 3IPy trapping complex 2d (see below), which
were not isolated, but their crystal structures were obtained
(see below). Changing the solvent to DMF improved the
conversion and yields of the products 2 and 3. However, NMR
studies showed the synthetic product 2 to contain 3IPy in an
almost 1:2 (3IPy/2) ratio. A further PXRD study indicated
product 2 to be a mixture of two phases (later identified as 2a
and 2d, see the discussion below). The MS spectrum of 2 was
consistent with the dication being the main cationic species in
the product (Figure $22). Compared to the yield of m-isomer
2 (28%), the yield of p-isomer 3 (83%) is remarkably better,
which could be the result of better conversion and more
efficient product precipitation from DMF in the case of 3.
Because of the abovementioned observations with 2 and 3, the
synthesis of compound 4 was at first attempted in DMF
without success. Instead, compound 4 was successfully
synthesized in CH;CN. NMR spectra of product 4 showed
the two possible conformations of the trication, where three
3IPy" units can either lie on the same side of the plane of the
central benzene ring or one of them can lie on the opposite
side.

3.2. Crystallographic Studies. In the present study, a
total of 15 single crystal structures showing XB interactions
were obtained. The normalized interaction ratio (Ryg)** was
calculated for all the observed halogen bonds (Table 1) to
estimate the XB interaction strengths and simplify the
comparison of XB distances between different structures with
variable acceptors.

Two polymorphic crystal structures were obtained from 1
(N-ethyl-3IPy*I”). Crystals obtained from CH;CN solution
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Table 1. Normalized Interaction Ratios (Ry)* for Halogen
Bonds Observed in the Crystal Structure Analyses of This
Study

C—I---I" interactions C—I---Br™ interactions C—I---O interactions

structure Ryp” structure Ryg” structure Ryp”

1 0.88 2a 0.86" la 0.85
1 0.89 2b 0.85 2c 0.86
1 0.89 2b 0.86 3a 0.84
1b 0.89 2d 0.84" 3a 0.87
1b 0.89 2d 0.85° 3b 0.88°
1c 0.89 2e 0.87 4b 0.91
1c 0.90 3 0.86"
4a 0.88° 3 0.88"

4a 0.907

4b 0.85

4b 0.87

“Shortest interaction in the structure given first. “Two or three
equivalent interactions. “Minor component of disorder.

contained only one ion pair in the asymmetric unit (AU). This
structure of 1 is crystallized in the same space group (P2,/1n) as
a recently reported polymorphic structure but shows a different
intermolecular geometry.” A second polymorph 1’ from
EtOH solution was crystallized in the triclinic space group (P—

1) and showed two ion pairs in the AU (Figure 1). PXRD
study of product 1 from synthesis gave a diffraction pattern
that did not match either of the patterns simulated from
SCXRD data of 1 or 1’ (Figures S40 and S41) but matches
well with the phase reported by Fotovi¢ and Stilinovic.”” The
findings indicate that at least three polymorphic forms exist for
compound 1.

Anion metathesis reactions of 1 with silver triflate (AgOTY)
and ammonium hexafluorophosphate in H,O gave crystal
structures 1a and Ic, respectively, while co-crystallization with
2,6-lutidine (2,6-dimethylpyridine) in CH3CN resulted in 1b
(Figure 1). N-Ethyl-3IPy*OTf" (1a) showed only one ion pair
in the AU, like 1. Structure 1b consists of one disordered 2,6-
lutidinium and two N-ethyl-3IPy* cations with three I” anions
in the AU. Two N-ethyl-3IPy" cations, one I", and two-halves
of PF4~ were found in the AU of structure 1¢c, meaning that the
anion exchange was successful for one-half of I” present in 1.

In all these structures, 3IPy" units participate in XB
interactions with similar geometries associating anions to
cations (Table 1 and Figure 1). In 1, every I” is bound by one
C—I---I” interaction like in the literature structure,® while in
1/, 1b, and 1¢, one I” is bound with two C—I---I" contacts and
the other iodide in the AU does not act as an XB acceptor. The
C—I-+I” interaction in 1 is only around 0.05 A shorter than the
ones in 1’, 1b, and 1c, where I” is bound by two halogen

3.4579(3) A

175.83(10)°

1c

2.966(3) A

171.51(12)°

(ZT)V0"ELT

w
wn
=}
N
w

P
B

=

Figure 1. Crystal structures of 1, 1, and la—1c showing XB (green sticks), N—H---I" interaction (1b, cyan stick), I--A distances (black), and C—
I--A angles (red). Disorder of the lutidinium cation (1b) and the alternative PF¢~ position (1c) were removed for clarity.
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3.2952(3) A

173.16(9)°
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3.3298(4) A

&
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Figure 2. Crystal structures of 2a — 2c and 2e showing XB (green sticks), I---A distances (black), and C—I--A angles (red). H,O molecules in 2a
and 2b were removed for clarity. Non-XB C—I---O contact in 2c is shown with a red stick.

bonds. Geometries around anions accepting two halogen
bonds in 1’, 1b, and 1c are all different, showing I.--I7--I
angles close to 146, 84, and 160°, respectively. The OTf"
anion is connected to the cation in 1a by one associative C—I-+
O interaction, which has a shorter normalized distance (Table
1) than the C—I--I” interactions in the other four structures.
This is expected due to the smaller size of the oxygen atom,
resulting in higher strength of the XB interaction.”® This
geometrical examination indicates that the highly linear XB
interactions in these N-ethyl-3IPy" structures (Zyp > 167°,
Figure 1) have a significant role in the association of cations to
anions despite the relative weakness of XB contacts, as
indicated by the Ryy values of 0.90—0.88.

The ionic forces and XB interactions are assisted in anion
binding by several other weak contacts in the crystalline state.
These contacts for all investigated structures in this paper are
visualized and discussed in the Supporting Information
(Section 3.2 and Figures S25—S39). The influence of these
competing weak interactions in the formation of different
polymorphs of 1 can be presumed, but the data of 1 and 1’ or
the literature data®® did not show any lucid support for it. The
literature structure is showing the least number of weaker
interactions, while they are more numerous and of similar
quantity in 1 and 1’. Furthermore, I” and Br~ anions in all
structures reported in this study show varying numbers of
weaker interactions regardless of whether they are halogen-
bonded or not. In other words, the observed intermolecular
forces do not directly explain the occurrence of polymorphism
of compound 1.

Crystallization experiments with compound 2 resulted in, in
total, five different crystal structures of 2. The AU of 2a
obtained from D, O is composed of a half of a dication, one Br~
anion, and 1.25 H,0 molecules, and thus, the overall molecular

structure is 2,-SH,0. Crystallization from water also yielded a
second structure 2b, wherein the AU consists of a dication, two
Br~ anions, and 2.75 H,0 molecules (2 - 2.75H,0). An anion
metathesis made in water using AgOT( resulted in a crystal
structure of a non-hydrated dicationic ditriflate 2¢ (Figure 2).
The experimental origin for the crystal structures 2d and 2e
was the unresolved product mixture obtained from the initial
reaction attempts carried out in CH;CN. The presence of
unreacted 3IPy molecules in the reaction mixture yielded the
structure 2d, which was obtained by recrystallization from
MeNO,. In 2d, two dications are bridged by two Br™ anions,
forming a cavity that is assembled around a disordered 3IPy
molecule (Figure 3). The other Br™ anions are disordered over
three positions, giving the overall structure of 2d as 2,-(3IPy).
A monocationic structure 2e was obtained when a,a’-

Figure 3. Crystal structure of complex 2d showing the disorder of
3IPy in the cavity as well as XB (green sticks), C—I-7z contacts
[orange sticks, d,..., = 3.603(12) A], I--Br~ distances (black), and C—
I--Br~ angles (red). Two disordered bromides were removed for

clarity.
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dibromo-m-xylene reacted with only one molecule of 3IPy.
The structure afforded by recrystallization from acetone
consisted of a monocation with the bromomethyl group and
Br™ as a counter anion (Figure 2).

The 3IPy" units in both 2a and 2b show similar C—I---Br~
XB geometries in anion binding (Table 1 and Figure 2). In 2a,
these contacts are equal due to symmetry. One OTf™ in 2c is
bound to the dication by a C—I---O halogen bond that is
geometrically similar (Figure 2) to that observed in la. The
other OTf™ shows a long and non-linear C—I---O contact to
the other 3IPy" unit of the dication (Figure 2), which is not
considered to be an actual XB interaction. In 2e, the cation and
the anion are associated by C—I---Br™ interaction (Figure 2),
but the bromine in the bromomethyl group does not
participate in any XB interactions.

In 2d (Figure 3), the cavity that is trapping a neutral 3IPy
molecule exhibits four C—I---Br~ interactions between
dications and anions. The geometries of C—I---Br™ interactions
are similar to the ones observed in 2a and 2b (Table 1). The
3IPy molecule inside the cavity is disordered around the
fourfold inversion axis by a 180° turn in such a way that the 3-
iodo substituent in both orientations is pointing toward a
benzene ring of one of the dications. Thus, the complex is
further strengthened by the resulting weak C—I---7 contact.
The shortest I---C distances are similar to that of the anion--7
contacts observed in structures 1, 1’, 1b, and 1c (see
Supporting Information, Section 3.2).

The Pawley fit of the PXRD pattern measured for the
synthetic product 2 from DMF (see above) matched well to
that of the unit cell parameters of 2d obtained by SCXRD
(Figure S42). The PXRD analysis showed also that the
synthetic product contained small amounts of structure 2a.
These findings are consistent with the 'H NMR spectrum of
the synthetic product, which indicated the presence of
unreacted 3IPy in an almost 1:2 (3IPy/2) ratio and explains
why the integrals of 3Py were slightly smaller (roughly 0.8:2).
The attempted washing of the solid product 2 to remove extra
3IPy by refluxing it in CHCI; failed. We postulate that the
failure to remove 3IPy from the product is due to the strong
binding of 3IPy in complex 2d, thus making its removal
significantly unfavorable.

Compound 3 was crystallized from water. The AU of
structure 3 is composed of two Br™ anions and two halves of a
dication. The molecular 3D structures of these dications are
divergent with deviating dihedral angles. Due to symmetry,
both ends of both dications show equal C—I---Br™ interactions
involving anions labeled as Br2 in Figure 4. These two separate
XB contacts connect dications and Br2 anions into infinite
chains throughout the crystal, and their interaction geometries
are similar to those found for structures derived from 2 (Table
1 and Figures 2, 3, and 4). The only significant differences are
I---Br™---I angles for Br™ anions accepting two halogen bonds
that are much more linear in 3 (165°) than in 2d (113°). The
experimental PXRD pattern of product 3 fits well with the
simulated one from SCXRD data of 3, except for few extra
unindexed peaks that indicate the presence of another
unknown crystalline phase (Figure S43).

The anion metathesis experiment for 3 with AgOTf yielded
two unexpected crystal structures from water (3a) and aqueous
DMF (3b) solutions. Structure 3a has one dication, six Ag"
cations, eight triflates, and one H,0O molecule in the AU. The
triflates are connected to Ag® cations by coordinative Ag—O
bonds forming a polymeric AgOTf architecture that is assisted

Figure 4. Crystal structure of 3 showing XB (green sticks), I---Br~
distances (black), C—I---Br~ angles (red), and Br~ labeling. Bromides
(Br2) on the left belong to the next AU.

by H,0 molecules, which are coordinated to two Ag centers.
The dications are associated to adjacent AgOTf polymers
through C—I---O interactions formed (Figure S). One of the

Figure 5. Parts of the crystal structures of 3a and 3b showing XB
(green sticks), I---O distances (black), and C—I---O angles (red).
Silver atoms are also labeled (gray).

XB interactions is supported by the Ag—I coordination bond.
This deviates from 2c, where only one iodine of the m-dication
participated in XB. A related polymeric system is observed in
3b, where the AU is composed of a half of a dication, 11 Ag®,
12 triflates, a DMF, and a H,O molecule. The solvent
molecules (H,0O and DMF) are included in the AgOTf
polymer structure. The dication is again located between these
polymeric systems, and both ends are connected to polymer by
symmetry-related Ag—I and C—I---O bonds (Figure S).

Of the C—I---O interactions in 3a, the one supported by
Ag—1 is more than 0.1 A shorter (R = 0.84) than the free
halogen bond (Ryg = 0.87, Figure S and Table 1). On the other
hand, the Ag—I-supported halogen bond in 3b is 0.15 A longer
than the corresponding contact in 3a. One could think that the
geometrical difference of these interactions with coincident
Ag—I bonds originates from the divergence in C—I-Ag"
angles, which are closer to orthogonal in 3b (96°, cf. 107° in
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3a), thus making the Ag—I bond oriented closer to the halogen
bond acceptor (O-atom) in 3a. This makes the Ag—I and
halogen bonds in 3a more unidirectional, which could result in
enhanced cooperativity of the bonds as the shorter halogen
bond than that of 3b would indicate. However, investigation of
the few loosely related structures found from the CSD** does
not support this explanation as clear trends involving the
influence of the C—I—Ag" angle or I-Ag" distance on XB were
not observed.”’~"* Overall, the C—I--O geometries in all
triflate structures la, 2c, 3a, and 3b are rather similar with
close to linear contact angles and equal Ry values (Table 1),
also matching well the parameters reported by Kniep et al.”
for a related triflate structure [(N-Me-31Py-4-yl),N,]OTHf,.

Our crystallization tests with compound 4 did not give a
phase pure product, but instead, two different crystalline
phases (4a and 4b) were obtained. The crystallization by slow
evaporation of formamide solution gave crystal 4a, structurally
determined as (C,;H,;I;N;)Br,l salt. When crystallized from
MeOH solution, the solvated structure 4b was obtained, which
contained 2.5 MeOH molecules. The structures are distin-
guished by four main features: (1) all 3IPy* units of the
trication lie on the same side of the plane of the central
benzene ring; (2) covalently bound iodine atoms are pointing
to the side, and trication shows a three-fold symmetry; (3)
both structures show a cavity wherein the halide ion is bound
on the top of the central benzene ring and located between
pyridinium units; and (4) all 3IPy" units in both structures act
as halogen bond donors. One recent literature structure, the
MeCN solvate of 1,3,5-tris((31Py*)methyl)-2,4,6-tris(n-
hexyloxy)benzene triiodide, was found to show similar features,
except that its cavity is filled with a CH;CN molecule instead
of a halide.”® In 4b, the three-fold symmetry of the structure is
suppressed by a MeOH molecule, which accepts a halogen
bond donated by one of the iodines. The cavity halide position
in the crystal data of 4a is so rich with electron density that it is
unlikely to be occupied by a mere Br™ anion, but instead, it is
disordered, showing shared occupancy between I” and Br~
anions with an around 3:1 (I"/Br~) ratio. The source of the I”
and its appearance instead of Br™ in the structure are due to
the decomposition of 3IPy units during the crystallization, as
described previously for halopyridines.”””> The halide in the
cavity accepts three weak C—H-I" (4a) or C—H-Br~ (4a
and 4b) hydrogen bonds from the trication (Figure 6). The
PXRD study of the synthetic product 4 showed it to be weakly
crystalline, and surprisingly, the pattern seems to match better
with methanol solvate 4b (Figure S44).

All three halogen bonds in 4a show equal XB parameters
(Table 1 and Figure 6) due to high three-fold symmetry. These
C—I---I” interactions connect the trication to I” in the cavity of
three adjacent AUs and every I accepts three halogen bonds.
All XB interactions in 4b show high linearity. Two of them are
accepted by the Br™ in the cavity of the adjacent AUs and the
third by the MeOH oxygen atom. The C—I--Br~ bonds
involving Br™ in the cavity show similar geometries (Table 1
and Figure 6) to all the other XB interactions accepted by Br~
in the present study. The third halogen bond that was accepted
by a halide in the cavity of 4a is substituted in 4b by additional
C—H-Br~ contacts from a third adjacent trication (Figure
$39). The halogen bond accepted by MeOH appears to give a
C—I---O geometry with a longer I---O distance (Table 1) than
the same interaction in triflates 1a, 2c, 3a, and 3b or nitrate,”’
which deviates from the previous findings between the 1,3,5-
tris((3IPy*)methyl)-2,4,6-tris(n-hexyloxy)benzene trication

Figure 6. Crystal structures of 4a and 4b showing the XB (green
sticks), hydrogen bonds (cyan sticks), I--A distances (black), and C—
I---A angles (red). Only one component of the disordered structures is
shown for clarity. The halogen-bonded I” and Br™ anions belong to
the next AU.

and MeOH.”® It should be noted that in 4b, the surroundings
of the halogen-bonded MeOH are somewhat disordered, and
the hydroxyl group donates a hydrogen bond to another half-
populated MeOH molecule, potentially inducing the length-
ening of the C—I---O interaction.

The observed XB interactions in all N-alkyl-3IPy" salts
presented here show geometric values in the same range as the
ones found from the literature. All C—I---A angles are close to
linear (>165°), and, for example, the lowest observed angle of
165.5° in 3a (C—I---O, Figure S) corresponds well with most
angles reported for halogen bonds between the N-methyl-
3IPy* moiety and triflate by Berryman and co-workers.”® The
found I---I” interaction distances have an average Ryg value of
0.89 (Table 1), which is slightly longer than the one (Rys =
0.88) calculated from the literature geometries of the N-alkyl-
3IPy* moiety containing iodides.”**"*>***777~7* The shortest
reported I---I” halogen bond donated by the N-alkyl-3IPy"
moiety in the literature is 0.15 A shorter than the shortest one
of this study in 1 (Figure 1).”” The observed I--Br~ halogen
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Figure 7. Difference in length between experimental and optimized halogen bonds for 1 (left), 1a (middle), and 2e (right). Two different values
are given for tetramers as they contain two halogen bonds with different lengths. Values for the 2e,,, tetramer at the PBE0-D3, B3LYP-D3, and
@B97XD levels are omitted from the figure because their gas-phase optimized geometries did not converge to the correct minimum. PBEQ-D3*
denotes the results obtained with the pob-TZVP basis set, and all other gas-phase results are obtained with the def2-TZVP basis set. mon =

monomer, dim = dimer, tet = tetramer, and sol = solid.

bond distances in average are well in line with average
distances (Ryg = 0.86) for N-alkyl-3IPy* moieties found from
the literature.”®*3>3%37737750 The ghortest I---Br~ is
observed in complex 2d, which is still 0.1 A longer than the
shortest one reported by Berryman and co-workers.”” Only the
observed I---O halogen bond distances in 1a and 3a are shorter
than 3 A, which are among the distances for most I:-O halogen
bonds in N-alkyl-3IPy" triflate structures in the litera-
ture. 2834737981 However, despite their relative weakness, the
XB interactions observed in the present study show their
importance in anion binding and in packing of the structures
and, furthermore, sustain their directionality even better than
in most other reported systems.

In addition to a simple 1:1 binding between the N-alkyl-
3IPy" unit and the monoatomic anion or oxygen atom of
triflate, observed in 1, 1a, 2a-c, and 2e, the binding of an anion
by two (1’, 1b, 1c, 2d, 3, and 4b) or three (4a) simultaneous
halogen bonds from N-alkyl-3IPy" units was observed. Similar
anion binding by two N-alkyl-3IPy" units was found from a few
literature reports with comparable XB geometries, which
occurred either by the dication having two 3IPy" units as
bidentate binding’*®' or by 3IPy" units of separate
cations.”™*”7>”® Qur literature search did not give any related
structure to 4a with three simultaneous halogen bonds,
although one literature structure showed four halogen bonds
accepted by CI™.*" In that sense, and with high symmetry, the
reported structure of 4a has a certain uniqueness.

3.3. Thermal Analysis. Based on TG/DSC analyses, the
extrapolated initial temperatures of thermal decomposition of
products 1 to 4 ranged from 165 to 203 °C, with the lowest
temperature being 165 °C for 2 and the highest being 203 °C
for 1 (see Figure S45 and Table SS in the Supporting
Information). The observed onset values are similar to that of
N-alkyl-3-halogenopyridinium salts previously reported by
Fotovic et al.’** The first major step in the thermal
decomposition process is relatively rapid, and by about 300 °C,
weight losses in all four products typically ranged from 68 to
99 wt.-%, thus indicating complete decomposition of the
compounds. As an exception to other products, for 2, a minor
distinctive weight change of ~7 wt % from (143—190 °C) is
seen prior to the major decomposition step (see further details
in the Supporting Information). The last slowly decreasing
weight loss up to a final temperature of 600 °C corresponds to
the slow evaporation of carbonaceous decomposition products
through various pyrolysis and combustion reactions, which can

be seen as endothermic and exothermic changes on the DSC
curve in the corresponding temperature range. Of the
compounds analyzed, only compound 1 showed a melting
point (135.6 °C; observed also by a melting point apparatus)
before the initial temperature of thermal decomposition.
Further details of the TG/DSC analyses and the DSC analyses
of the products are described in the Supporting Information.

3.4. Computational Studies. Even though the XB is often
utilized in the crystal engineering in the solid state, most of the
previous computational studies focusing on XB systems have
been carried out in the gas phase and only a small number of
studies have included solid-state calculations.””™** Gas-phase
calculations offer an excellent procedure to study the strength
and nature of the XB in a single halogen-bonded unit
consisting of a halogen bond donor and a halogen bond
acceptor. Unfortunately, the gas-phase calculations for single
halogen-bonded units easily exaggerate the role of halogen
bonds in the solid-state packing of an investigated system
because most of the other crystal packing effects are excluded
from these calculations. The poor performance of gas-phase
calculations is particularly emphasized in systems where strong
electrostatic interaction between a negatively charged halogen
bond acceptor and a positively charged halogen bond donor
dominates the total interaction energy over other intermo-
lecular interactions like in the systems studied here (see
below). However, there are potential ways to overcome the
above shortcomings. The size of the model system can be
increased to account for additional interactions, or calculations
can be carried out using periodic boundary conditions
modeling the whole solid-state material. To investigate the
effectiveness of these strategies for charged systems and to
further study the role of halogen bonds and other
intermolecular interactions in the solid-state packing of the
investigated compounds, we carried out DFT calculations for
selected model systems both in the gas phase (10 lgims Leet,
lagon 1agim 13k, 2€mon 2€4im 2€ry 3IPy + Bry, 3IPy + I,
and 3IPy + CF;SO;H; mon = monomer, dim = dimer, and tet
= tetramer) and in the solid state (1, la, 2c, 2e, and 3).
Previous studies have shown that the DFT methods can
describe the complicated nature of the XB, arising from the
electrostatic, dispersion, polarization, and charge transfer
effects, accurately enough.”” To assess the performance of
different hybrid exchange—correlation functionals in describing
the XBs, we used four functionals in the gas-phase calculations,
namely, PBEO-(D3),°>** B3LYP-(D3),”*">° M06-2X,*° and
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Table 2. Calculated Interaction Energies” (AE, k] mol™') per Each XB Unit for the Fully (F) and Only Hydrogen Positions

(H) Optimized Gas-Phase Structures of 1, 1a, and 2e as Well as the Percentage Ratios between AE

dim) and between AE,_, and AE,,, (%-mon/tet)

1 AE, . (F) AE,(H) AEy,(F) AEg,(H) %mon/dim(F)
PBEO —333.4 b —3848  -° 86.6
PBE0-D3 —338.7 —3102 —401.1 —389.9 84.4
B3LYP —326.1 b —3712 b 87.8
B3LYP-D3  —336.6 —310.8 —3992  —3887 84.3
M06-2X —318.9 —293.3 —-3828  —375.8 83.3
®B97XD -310.7 —289.7 -377.1 —3722 824

la AE,.(F) AE,,.(H) AE4,(F) AE4,(H) %-mon/dim(F)
PBEO —277.5 b —369.8 b 75.0
PBE0-D3 —286.8 —244.2 —4043  —326.8 71.0
B3LYP —-269.6 b -3644  -° 74.0

B3LYP-D3  —286.1 —246.5 —400.7  —330.6 71.4
M06-2X -275.6 —238.5 —3472  -3202 79.4
wB97XD —2744 —-239.1 —3884  —3237 70.7
2e AE,.(F) AE,..(H) AE4;.(F) AEg,(H) %-mon/dim(F)
PBEO —3522 b —436.1 L 80.8
PBE0-D3 —356.1 —-319.2 —455.0 —438.6 78.3
B3LYP —345.5 b —4218 ° 81.9
B3LYP-D3  —353.3 —320.1 —453.6 —436.8 77.9
M06-2X —3382 —305.1 —442.6 —426.5 76.4
@B97XD —332.1 —302.2 —435.6 —4247 76.2

“Interaction energies were calculated using following equations: AE,,, =

and AEg;, (%-mon/

mon

%-mon/dim(H) AE(F) AE.(H) %-mon/tet (F) %-mon/tet (H)

- —430.7 b 774 b

79.6 —468.5  —422.6 72.3 73.4

b —410.1 b 79.5 b

80.0 —4702  —4233 71.6 73.4

78.1 —4527  —406.0 70.4 72.3

77.8 —429.8  —405.0 72.3 715
%-mon/dim(H) AE.(F) AE(H) 9%mon/tet (F) 9%-mon/tet (H)

b -3924 -F 70.7 b

74.7 —4181  —=3739 68.6 65.3

b -3803  -© 70.9 b

74.6 —4216  —=377.7 67.9 65.3

74.5 —-3859  —364.9 714 65.4

73.9 —411.8  —370.1 66.6 64.6
%-mon/dim(H) AE(F) AE(H) %mon/tet (F) %-mon/tet (H)

b 5851 ° 60.2 b

72.8 c c b c

b -6785 " 50.9 b

73.3 c < < c

715 —440.5  —4313 76.8 70.7

712 ¢ ¢ ¢ ¢

E,.on —[E(cation) +E(anion)], AEg, = [Egm — {2 XE(cation) + 2

XE(anion)}]/2, and AE,,, = [E,. — {4 XE(cation) + 4 XE(anion)}]/4. "Not calculated because for geometries where the positions of heavy
atoms are kept frozen, the calculations with and without dispersion corrections will lead to similar interaction energies. “Not optimized to the

correct local minimum.

wB97XD,”” out of which the latter two have been reported to
describe the XB very well in other systems. Although other
studies have shown that the inclusion of Grimme’s dispersion
correction (D3)°"®* into DFT calculations decrease the
accuracy of the PBEO and B3LYP hybrid functionals in
describing the XB, the performance of these two functionals
was tested with and without the dispersion correction in this
study. The inclusion of D3 correction was considered because
the crystal structures of 1, 1a, 2c, 2e, and 3 also contain other
intermolecular interactions, such as weak hydrogen bonds and
dispersion interactions, that are not properly described in the
standard implementation of the B3LYP and PBEO. In the solid-
state calculations, we utilized the PBE0-D3 and B3LYP-D3
exchange—correlation functionals.

Figure 7 shows the differences in the lengths of experimental
and gas-phase optimized halogen bonds for 1., lgim leo
1a,,0 1agim 1agy 2€500 2€4i,, and 2eq,. The corresponding
optimized structures from the gas-phase and solid-state
calculations are given in Figures S47 and S48, respectively. It
is evident from the calculated data that regardless of the choice
of the hybrid exchange—correlation functional or basis set, the
lengths of halogen bonds are heavily underestimated in the gas-
phase optimized monomers because the halogen bonds in
Loow lamen and 2e,,, are 0.43—0.55 A shorter than the
corresponding bonds in the crystal structures. The effect of
different basis sets on the shortening of XBs is minimal, as
revealed by the comparison of PBE0-D3/def2-TZVP and
PBE0-D3/pob-TZVP results. The description of halogen
bonds is improved when the gas-phase calculations are carried
out for dimers 14y, lagy, and 2eg, but depending on the
used functionals, the optimized halogen bonds are still 0.20—
0.32, 0.11-0.26, and 0.13—0.27 A shorter than the
experimental ones for 1, 1a, and 2e, respectively. Overall, the

M06-2X and wB97XD functionals perform well for dimers,
except the M06-2X for lagy,. The PBEO functional without
and with the dispersion correction yields the shortest
optimized halogen bonds for 1, and 2eyy, indicating its
poorer performance in the gas phase compared to that of other
functionals. The dispersion correction has only a minimal
influence on the optimized geometries of monomers and
dimers, as shown by the PBE0-(D3) and B3LYP-(D3)
calculations.

The description of XB is improved further by using
tetramers as the model systems since each utilized functional
predicts longer halogen bonds for tetramers than for
monomers and dimers in the gas phase. At the MO06-2X,
PBEO-(D3) and B3LYP-(D3) levels of theory, some of the
optimized halogen bonds in tetramers deviate less than 0.1 A
from the experimental results. This observation suggests that
the size of the model system plays a larger role in the
description of the XB in the gas phase than the choice of the
functional if electrostatic interactions dominate the crystal
packing of the investigated systems. Only the B3LYP-D3
method predicts one of the 1a, halogen bonds to be a slightly
shorter than that in lay, (<0.1 A), and the outermost C—I---
Br interactions in 2e,,, are described to be shorter than those in
2e4;m by all tested functionals. Furthermore, in the case of 2e,
the PBE0O-D3, B3LYP-D3, and @B97XD functionals described
the structure so poorly that they did not converge to the same
local minimum as that for the M06-2X, PBEO, and B3LYP. The
problem most likely originates from the large partial negative
charge of the Br™ anion that leads to the overestimation of the
electrostatic interaction between the cation—anion pair in the
gas phase. Indeed, the natural energy decomposition analysis
carried out for 1 la,,,, and 2e_,, at the M06-2X level of

mon/ mon mon
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theory shows that the electrostatic component dominates the
total interaction energy of 2e,,, (Table S7).

Although the gas-phase calculations describe the lengths of
the halogen bonds in tetramers reasonably well, there are still
some shortcomings in the gas-phase calculations, as mentioned
above. The best agreement with the calculated and
experimental structures is achieved when all plausible crystal
packing interactions are included in the calculations through
the solid-state calculations. To this end, the solid-state
calculations at the PBE0-D3 level of theory produce reasonably
well the experimental XB distances for 1, 1a, and 2e as their
calculated XB lengths differ 0.15, 0.13, and 0.20 A from the
experimental ones, respectively. Although the gas-phase
calculations give a slightly better match for some of the
halogen bonds than solid-state calculations, it should be noted
that the performance of the solid-state calculations is robust
and even the most problematic system (2e) is described
correctly. To further prove the robustness of solid-state
calculations, we also optimized two larger structures, 2¢ and
3, in the gas phase and solid state. As evident from the
comparison in Figure S48, the geometries of 2¢ and 3 are well
described by the solid-state calculations, but the gas-phase
calculations fail drastically.

To evaluate the strength of interaction energies in the
studied systems, we carried out energy analyses for the gas-
phase and solid-state optimized structures as well as for the
model systems in which only the positions of hydrogen atoms
were optimized while all other atoms were frozen to their
crystal structure coordinates. The latter systems were
considered because the geometries of gas-phase optimized
structures of 1,0, laim liev 1amon 12dim 13tey 2€mon 2€dimy
and 2e,,, deviated significantly from the solid-state structures,
which further affects the interactions energies of the systems
although the potential energy h};persurface along the halogen
bond is usually relatively flat.*””" The calculated interaction
energies are listed in Table 2. It can be seen from the
calculated interaction energies of monomers that the energy
associated with the XB is very large. For example, the
interaction energies calculated for the fully optimized 1,
la,,, and 2e,,, are —318.9, —275.6, and —338.2 kJ mol ™",
respectively, at the M06-2X level of theory, whereas the same
energies for structures with only hydrogen positions optimized
are 25.6, 37.1, and 33.1 kJ mol™"! weaker, respectively. All other
functionals show a similar trend.

To investigate the effect the charges on the XB donors and
acceptors have on the XB strengths, we optimized the
geometries of XB systems consisting of neutral 3-iodopyridine
donors and I,, Br,, or CF;SO;H acceptors for comparison.
Depending on the halogen bond acceptor, the neutral systems
have much longer halogen bonds, ranging from ~3.2 Ato 3.6
A, as well as considerably smaller interaction energies that vary
from —8.8 to —26.2 k] mol™' (Table S8). Two main
conclusions can be drawn from the findings. First, the large
interaction energies associated with the halogen bonds of 1,
la,,,, and 2e, ., arise mostly from the favorable electrostatic
interactions between the halogen bond donors and acceptors
because the interaction energies of their charge balanced
analogues are an order of magnitude smaller. Second, by
comparing the interaction energies between the fully optimized
monomers and those with only hydrogen positions optimized,
it can be concluded that 12—16% contraction in the length of
the halogen bond leads to 7—17% higher interaction energies.
This result indicates clearly that gas-phase calculations carried

out for the optimized structures not only predict too short
halogen bonds but also overestimate the strengths of halogen
bonds between ions.

Compared to monomers, dimers and tetramers recover
more “lattice energy” per halogen-bonded unit because they
take into account all intermolecular interactions acting
between anionic and cationic, anionic and anionic, and
cationic and cationic units of which the dimer and tetramers
consist of. Because of this, the contribution of halogen bonds
to the total lattice interaction energy can be evaluated by
taking the ratio of energies of the monomer and dimer or the
monomer and tetramer. Depending on the employed func-
tional and system, the percentage values for monomer—dimer
ratios range from 70.7 to 84.4%, whereas monomer—tetramer
ratios are from 50.9 to 76.2% for fully optimized geometries.
Similar percentages are obtained if the ratios are taken from
the interaction energies of the structures with only hydrogen
positions optimized. The obtained ratios indicate that the
calculated contributions of halogen bonds to the solid-state
packing of 1, 1a, and 2e become smaller when more realistic
structures are used in the calculations. To evaluate the relative
contribution of halogen bonds to the total lattice interactions,
we determined the sum AE, . = AE, . + AEy, xg for 1, 1a,
and 2e, in which AE,,, AE,. and AE,, xp are the total
interaction energy, interaction energy of the monomer with the
rest of the crystal lattice derived from solid-state calculation,
and interaction energy of the XB donor and acceptor within
the monomeric unit calculated in the gas phase, respectively
(Tables S9 and S10). Regardless of the used functional, the
ratios of the AE;, g energies to AE,, for 1, 1a, and 2e are
46, 39, and 41%, respectively, indicating that the XB
contribution to the total interaction energies of 1, 1a, and 2e
is significant but less than 50%. However, without the strongly
stabilizing electrostatic interaction, arising from the negatively
charged halogen bond acceptor and positively charged halogen
bond donor units, other intermolecular interactions would
dominate the solid-state packing of the investigated systems, as
exemplified above by the gas-phase calculation carried out for
the charge neutral model systems.

4. CONCLUSIONS

The present study provides further evidence that cationic 3-
iodopyridinium (3IPy") moieties are effective halogen bond
donors. Although the directional XB was found to be a
secondary intermolecular interaction in all the 15 investigated
crystalline complexes, it still showed significant effects on the
arrangement of the ionic species, along with the solvent
molecules, in the crystal lattice. Anion binding by XB donated
by 3IPy" was observed in crystal structures obtained from both
organic and aqueous solutions. The strengths of these XB
interactions were evidenced by a complex where a pair of two
3IPy" moieties containing dications and two Br~ anions
formed a cavity by C—I---Br™ interactions. The cavity was
occupied by a neutral 3IPy molecule, and the formed complex
was so stable that 3IPy could not be liberated from the solid
even in boiling CHCl;. The ability of the 3IPy" moieties to
bind neutral MeOH molecules by C—I---O interactions was
demonstrated in the study. Furthermore, two complexes
showed that the iodine atom of 3IPy" unit is able to exhibit
simultaneously C—I---O interaction and a coordination bond
to Ag', indicating that halogen bonds from 3IPy" can sustain
their high directionality even if competing interatomic forces
are present.
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The investigated crystal structures showed a rather versatile
network of weak interactions, which are important for the
stability and the strength of the complexes. DFT calculations
carried out for the gas-phase and solid-state optimized
structures resulted in three main observations. First, for
charged systems in the gas phase, the size of the model
system plays a larger role in describing XB correctly than the
choice of utilized functionals. Second, in the relative strength
order of intermolecular interactions, XB interactions come
second to electrostatic interactions that are the main
interaction between charged species. Third, even though the
halogen bonds are weaker than electrostatic interactions, the
directionality of XBs cause them to have a significant influence
in determining the solid-state structures. Overall, not only do
the results of the study increase the knowledge and
understanding about XB involving weaker donors in the
presence of strong electrostatic forces and other noncovalent
interactions but they also show that the investigated 3IPy"
moiety can be utilized in the future, e.g, in selective anion
sensing and capture and as well as a practical XB tool for
crystal engineering in both organic and aqueous media.
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