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The relationship between the crystal habit and the
energy framework pattern: a case study involving
halogen bonding on the edge of a covalent bond†

Yury V. Torubaev,*ab Devin Howe,c Gregory Leitus d and Sergiy V. Rosokha *c

The relationship between solid-state supramolecular interactions and crystal habits is highlighted based on

experimental and computational analysis of the crystal structure of strong halogen-bonded (HaB)

associations between iodine-containing dihalogens (ICl, IBr) with 1,4-diazabicyclo[2,2,2]octane (DABCO) as

well as with substituted pyridines and phenazine. The pattern of the energy frameworks and the interplay

of the attractive and repulsive interactions in the solid-state associations involving these HaB donors and

acceptors directly correlated with their crystal habits. This correlation suggests that analysis of the energy

framework serves as a useful tool (complementary to the earlier developed methods) to rationalize and

predict the crystal habit. The X-ray structural analysis also revealed that the I⋯N distances in the

complexes were in the 2.24–2.54 Å range, i.e. they were much closer to the I⋯N covalent bond length

than to the van der Waals separation. The computational analysis of the nature of halogen bonding in these

complexes showed delocalization of their molecular orbitals' between donor and acceptors resulting in a

substantial charge transfer from the nucleophiles to dihalogens and elongation of the I⋯X bond. As a

result, both I⋯N and I⋯X bonds in the strongest complexes (e.g., ICl with DABCO or

4-dimethylaminopyridine) are characterized by the comparable Mayer bonds orders of about 0.6, along

with the electron and energy densities at their bond critical points of about 0.1 a.u. and −0.02 a.u.,

respectively. These data as well as the density overlap regions indicator (DORI) point to the covalency of

the I⋯N bonding and suggest that the interaction within the IX complexes can be described as

(unsymmetrical) hypervalent 3c/4e N⋯I⋯X bonding akin to that in trihalide or halonium ions.

1. Introduction

Since the pioneering work in crystallography, the question of
how the external shape of the crystals reflects their internal
structures has remained one of the essential topics of interest
within the chemical community.1–3 The factors governing the
crystal habit and morphology can be divided into two
subcategories: internal (e.g., crystal symmetry, unit cell

geometry, intermolecular interaction) and external (e.g.,
solvent, additives, kinetics of crystals growth). Elucidation of
the external factors allows clarifying the mechanism of the
crystal growth, inducing the formation of the desired
polymorph and/or achieving a certain amount of control over
the crystal habit and phase composition. These tasks are
important in many applications, and, therefore, the effect of
the solvents and additives was extensively studied by Doherty,
Leiserowitz, Aquilano, and other researchers.4–8 The
relationship between the internal structure and exterior of an
ideal crystal is most frequently interpreted using the Hartman
and Perdok periodic bond chain (PBC) theory.9,10 This
method (and its later revisions11–13) states that the fastest
growth occurs in the direction of the face that is crossed by
the largest number of chains of strong interactions. Crystal
morphology prediction tool based on the Bravais, Friedel,
Donnay, and Harker (BFDH) approximation (utilizing
crystallographic geometric and symmetry considerations) is
included in Mercury, a commonly used software for the
analysis and visualization of X-ray structural data.14–17

The growing interest in halogen bonding and other σ- and
π-hole supramolecular interactions inspired the extensive

3380 | CrystEngComm, 2023, 25, 3380–3390 This journal is © The Royal Society of Chemistry 2023

a Department of Chemistry, Ben-Gurion University of the Negev, Beer-Sheva 84105,

Israel. E-mail: torubaev@bgu.ac.il
b Department of Molecular Chemistry and Materials Science, Weizmann Institute of

Science, Rehovot 7610001, Israel
c Department of Chemistry, Ball State University, Muncie, IN 47306, USA.

E-mail: svrosokha@bsu.edu
dDepartment of Chemical Research Support, Weizmann Institute of Science,

Rehovot 7610001, Israel

† Electronic supplementary information (ESI) available: Fragments of the
packing of DABCO·ICl, DABCO·IBr, and phnz·IBr, surface electrostatic potentials,
details of the interaction energies decomposition in DABCO·ICl and DABCO·IBr,
BFDH morphology simulation of DABCO·IBr, electrostatic component of energy
frameworks of DABCO·ICl, molecular orbitals in the DABCO·I2 complex, the I–X
bond length in I2X

− anions, energies and atomic coordinates of the complexes.
CCDC 2183013, 2183014 and 2236196. For ESI and crystallographic data in CIF
or other electronic format see DOI: https://doi.org/10.1039/d3ce00316g

Pu
bl

is
he

d 
on

 0
3 

M
ay

 2
02

3.
 D

ow
nl

oa
de

d 
on

 7
/6

/2
02

3 
4:

21
:5

9 
PM

. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-6749-6667
http://orcid.org/0000-0003-3172-8523
https://doi.org/10.1039/d3ce00316g
https://doi.org/10.1039/d3ce00316g
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE025023


CrystEngComm, 2023, 25, 3380–3390 | 3381This journal is © The Royal Society of Chemistry 2023

research of the co-crystals.18–24 Besides the numerous
applications in pharmacology, material science, etc., co-
crystallization has been used to tune the crystal habit.23–26

For example, co-crystallization of sulfonamides with 4,4′-
dipyridyl produced block-like crystals, which were better
suited for the single-crystal X-ray diffraction studies than the
needle-like crystals of the original substance.27 In our recent
studies of the co-crystallization of diphenyl ditelluride or
organometallic halides with the σ- and π-hole donors, we
noted the relationship between the columnar or layered
topology of the energy frameworks and the needle or the
plate-like habits of the respective crystals.28,29 In order to
corroborate these relationships in the molecular co-crystals,
we examined in the current work the associations of the
iodo-dihalogens ICl, IBr, and I2 with aliphatic and aromatic
nucleophiles, in particular, 1,4-diazobicyclo[2,2,2]octane,
pyridine, 2-bromopyridine, 4-dimethylaminopyridine and
phenazine (abbreviated hereinafter as DABCO, Py, PyBr,
PyNMe2 and Phnz, respectively).

The diatomic iodo-containing molecules are among the
strongest neutral halogen bond (HaB) donors. The adduct of
I2 with ammonia was the first system that is nowadays
considered halogen-bonded (HaB) complex.19,30,31 The
interaction of dihalogens with various nucleophiles has been
fruitfully utilized in various areas from crystal engineering
and the capture of radioactive iodine to organocatalysis.31–34

Earlier studies showed that I2 formed very strong 1 : 1 and 2 :
1 associations with DABCO in solution, which were referred
to as charge-transfer complexes.35,36 More recent X-ray
structural analyses revealed that co-crystallization of DABCO
and I2 produced 1 : 1 and 1 : 2 complexes in the solid state as
well.37 The N⋯I distance of 2.37 Å, reported for the 1 : 1
complex, was much closer to the N–I covalent bond length
than to the van der Waals separation of these atoms.37

Analogous short I⋯N distances were observed in the 2 : 1
complexes of ICl with fullerene-fused DABCO and in the 1 : 1
complex of IBr with cationic (N-methylsubstituted)
DABCO.38,39 We showed earlier that adjusting the strength of
HaB donor in the complexes of bromosubstituted
electrophiles with DABCO or variation of HaB acceptor in the
complexes of I2 with aromatic N-oxides allows one to
gradually modulate the strength (and ultimately, the nature)
of interactions in such associations from supramolecular to
covalent bonding.40,41 Wide variations of N⋯I distances were
also observed in complexes of I2, IBr, and ICl molecules with
pyridine derivatives.42 In fact, the N⋯I bond of 2.246 Å in
the complex of ICl with 4-dimethylaminopyridine43 is even
shorter than that in the association of DABCO with I2. Such
strong N⋯I interactions raise the question if the amine –

interhalogen associates should be considered in
crystallization modeling as two-component systems or as
single molecular units, and they suggest the detailed study of
the nature of bonding in these systems. Thus, the goals of
this work are to evaluate the relationship between the crystal
habit and the energy framework pattern in a series of
complexes of IX molecules with aliphatic and aromatic

amines and to examine the nature and properties of N⋯I
halogen bonding on the edge of a covalent bond.

2. Results and discussion
2.1. X-ray structural characterization of DABCO·IX complexes

Mixing hexane solutions of DABCO with the respective
interhalogen (ICl or IBr) in a 1 : 1 molar ratio resulted in the
instant precipitation of a yellow to orange microcrystalline
product. These substances were recrystallized from hot
acetonitrile (see the Experimental part for details) to afford
rhombic (isomorphic) plates suitable for single-crystal X-ray
structural studies. Their X-ray analysis revealed isostructural
1 : 1 complexes DABCO·ICl and DABCO·IBr, which are shown
in Fig. 1.

Evaporation of a solution containing equimolar quantities
of IBr and phenazine produced pale-yellow needles. X-ray
analysis showed that these crystals comprised 1 : 1 complexes
Phnz·IBr, which are also illustrated in Fig. 1. Selected
geometric characteristics of these complexes are listed in
Table 1.

In addition, this table includes the characteristics of the
HaB complexes of ICl with pyridine derivatives PyNMe2·ICl,

43

Py·ICl, and PyBr·ICl,45 and 1 : 1 complex of DABCO with I2
(ref. 37) whose structures had been previously reported
without an emphasis on their morphology or the energy of
intermolecular interactions. In all these systems, the
associations with ICl and IBr showed an almost linear N⋯I–
X (X = Br, Cl) fragment (type-II halogen-halogen
interaction).11,46 The I⋯N separations in complexes with the
same HaB acceptor decreased in the order: I2 > IBr > ICl.
The decrease of the I⋯N separations was accompanied by
the increase of interaction energies between these atoms
(calculated using CrystalExplorer,52 see the Experimental
section for details). These variations in the HaB length and
strength in the amine·IX complexes (Table 1) are generally
consistent with the changes in the maximum electrostatic
potential on the surfaces of the HaB donors (Vs max) and the
most negative potentials Vs min on the N atom of amine
(which are illustrated in Fig. S2 in the ESI†). Analogous bond
length variations were previously observed in complexes of
dihalogens with hexamethylenetetramine and pyridines53

and in the step-wise HaB of 1,4-diiodotetrafluorobenzene
with multidentate polypyridines.54

Most notably, the HaB lengths in all these amine·IX
complexes were 32-39% shorter than the sum of the van der
Waals radii of nitrogen and iodine (1.55 Å and 2.17 Å,
respectively47,48). Accordingly, they were only 10–20% longer
than the covalent N–I bond (∼2.05 Å (ref. 49 and 50). The I–X
bond lengths in the complexes were 5–12%, longer as
compared to the individual molecules (2.321 Å, 2.469 Å, and
2.665 Å in ICl, IBr, and I2, respectively).51 Overall, the
energetic and geometry characteristics of N⋯I interactions
suggest that the co-crystals in Table 1 they can be considered,
at least for the purpose of crystal structure modeling, as
essentially single component systems. To clarify the nature of
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these interactions, the analysis of the crystal habits (section
2.2) is followed by the computational study of the N⋯I
bonding (section 2.3).

2.2. Energy framework pattern and crystal habit of the co-
crystals

Pronounced platelet and acicular habits of crystals of ICl or
IBr with DABCO, pyridines and phenazine prompted
investigation into the potential relationship between their
supramolecular structures and crystal habits. In particular,
co-crystals of DABCO with ICl and IBr are characterized by
nearly ideal rhombic plate-like shapes illustrated in Fig. 2A.
The analysis of the intermolecular contacts in these crystals
revealed a distinct layered pattern (Fig. 2B and S3 in the
ESI†).

The combination of the layered crystal structure and its
platelet habit is consistent with the PBC theory,9,10,55 since
the crystal faces (100) in DABCO·ICl and DABCO·IBr, which
cross more chains of strong H⋯X (X = Cl, Br) interactions, are
expected to grow faster. However, the distances between
layers of molecules, between centers of mass in molecules
and even between two atoms of two adjacent molecules are
not as reliable measures of the strength of bonding as the
distance between covalently bonded atoms. Therefore,
consideration of the strength of intermolecular bonding
based on the short/long distance criteria might be
misguiding.56 Furthermore, multiple short contacts in
acicular crystals of interhalogens with pyridines or phenazine
either does not allow to detach certain dominant packing
pattern in their structures, or assemble their molecules into
the H—Cl hydrogen bonded (HB) layers, which appear
orthogonal to the longest dimension of the needles.

The combination of BFDH approximation with the force
field computations allows, in some cases, reliable prediction
of crystal morphology.11 Yet, it is computationally expensive
and does not visualize the correlation between the molecular
packing pattern and crystal morphology. It is also
noteworthy, that based on the shortest intermolecular
distances and Pbcn symmetry, the (BFDH-based) Mercury
software14 correctly suggests the rhombic shape of DABCO·IB
crystals. However, the predicted axes do not agree with their
indexed directions [010] and [001] (Fig. S5 in the ESI†).

The Crystal Explorer's, which combines efficient
calculation of intermolecular interaction energies with a
graphical representation of their magnitude, is a perfect tool
to visualize and analyze the chains of strong interactions.52,57

In the co-crystals of DABCO with ICl or IBr, they propagate in
two dimensions in (100) plane. As a result, (100) is the main
crystal face (Fig. 2C and D). The energy frameworks of co-
crystals of interhalogens with pyridines and phenazine
showed the 1D chains of uninterrupted strong interactions

Fig. 1 X-ray structures of DABCO·ICl (A), DABCO·IBr (B), and Phnz·IBr (C) (see the crystal lattices in Fig. S1 in the ESI†).

Table 1 Selected characteristics of the solid-state (amine)·IX complexes

Complex dN⋯I, Å dI⋯X, Å ∠N⋯I⋯X, deg E,a kJ mol−1

DABCO·ICl 2.274 2.604 179.4 −96
DABCO·IBr 2.303 2.702 179.8 −81
DABCO·I2

b 2.366 2.854 178.4 −62
PyNMe2·ICl

c 2.246 2.562 179.2 −78
Py·ICld 2.284 2.523 179.2 −61
PyBr·ICle 2.350 2.476 177.8 −34
Phnz·IBr 2.541 2.576 178.8 −33
a Intermolecular interaction energy between N and I atoms in the
solid-state complexes of IX determined using CrystalExplorer.52 b Ref.
37. c Ref. 43. d Ref. 44. e Ref. 45.

Fig. 2 (A) Plate-like crystals of DABCO·IBr. (B) The crystal lattice of
DABCO·IBr showing the layers of the HaB complexes. Hydrogen bonds
are shown as light gray lines. (C and D) Energy frameworks of
DABCO·IBr showing the chains of strong intermolecular interactions
propagating predominantly along the layers of the HaB complexes
(color code: blue – the total intermolecular interaction energy; yellow
– repulsive, predominantly electrostatic, interactions; red –

electrostatic contribution to the total energy, note that the dispersion
contributions are shown in Fig. S3 and S4 in the ESI†).
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resulting in their acicular habit (Fig. 3 and S6 in the ESI†).
The directions of these chains perfectly match the longest
direction of the crystal (note that Crystal Explorer plots
energy frameworks as the cylinders connecting the centers of
the mass of molecules, i.e. zig-zag lines. The respective chain
of strong interaction can be considered as a straight line, see
Fig. S7 in the ESI†).

Fig. 2 and 3 (and S6 in the ESI†) show that the evaluation
of the energy framework topologies provides an adequate
idea about the platelet of acicular habits of the HaB crystals
of interhalogens. Furthermore, the diagonals of the rhombic
“blocks” in the energy frameworks of DABCO·IBr co-crystals
match [001] and [010] directions indexed in their XRD
experiment (Fig. 4).

The energy decomposition analysis within the same
framework (Fig. 4D–F and Tables S1 and S2 in the ESI†)
demonstrated that the [100] layers in the co-crystals of
DABCO with ICl or IBr resulted from the predominantly
electrostatic interactions between the DABCO·IX complexes.
The repulsive interactions between the pairs of (x, y, z/x, y +
1, z) and (3/2 − x, 1 − y, z − 1/2/3/2 − x, 1 − y, z + 1/2)
molecules at the opposite corners of the rhomb are different
(i.e. +15.3 kJ mol−1 vs. +22.3 kJ mol−1, respectively, Table S2
in the ESI†). Therefore, the crystal growth in the [010]
direction (where repulsion between (x, y, z/x, y + 1, z) pairs is
weaker) may have some advantage over the growth in the
[001] direction. A closer examination of DABCO·IBr revealed
that indeed, some of crystals are elongated in [010] direction
(Fig. 2). The same consideration is applicable to co-crystals of
DABCO with ICl (Table S1 and Fig. S8 the ESI†). This
confirms that a detailed analysis of the energy framework of
DABCO·IBr can explain small details of its crystal habit.

2.3. Computational analysis of the complexes of IX with
DABCO and aromatic amines

The short I⋯N separations in the co-crystals of IX with
DABCO and pyridines (which were closer to a covalent bond
than to van der Waals separations, vide supra) bring about
the question of the nature of the interaction between these
atoms. To elucidate this bonding, we examined electronic
structures and topologies of the electron and energy densities
of the complexes under study. Since their structural features
in the solid-state can be distorted by the crystal forces, we
compared their properties with those of the optimized
complexes obtained via the M062X/def2tzvpp computations58

Fig. 3 Microphotographs of the crystals PyBr·ICl (A) and Py(NMe2)·ICl (B)
and respective fragments of their energy frameworks. Arrows a and b
show the directions of 1D chains of uninterrupted strong interactions.

Fig. 4 A) The total energy framework of DABCO·IBr; B) its overlay with the DABCO·IBr crystal; C) an overlay of DABCO·IBr crystal with the
electrostatic component of energy framework; D) the attractive and repulsive components of the total interaction energy; E) electrostatic
component (at 15 kJ mol−1 cut-off, see the framework at 20 kJ mol−1 cut-off in Fig. S7 in the ESI†); and F) the dispersive component.
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(previous theoretical analyses indicated that this method
produced excellent geometries and energies of HaB
complexes at a reasonable computational cost, and therefore
it was commonly used for analyzing the HaB systems,
including very strong complexes similar to those in the
current work40,41,59–65). The characteristics of the HaB
complexes resulting from these calculations are listed in
Table 2.

The interaction energies, ΔE, in the optimized complexes
were consistent with the values evaluated using X-ray
structural data (see Table 1) and with the high formation
constants of 6.8 × 104 M−1 reported earlier for the 1 : 1
DABCO·I2 complex.35 Overall, they were intermediate between
the typical HaB strength of about 4–20 kJ mol−1 and a
covalent I–N bond of about 160 kJ mol−1.19,66,67 The I⋯N
separations in the calculated complexes were mostly within
0.05 Å of the value in the corresponding solid-state
associations (Table 1). Also, the bond lengths and energies in
the calculated complexes showed dependencies on the nature
of XB donor and acceptors similar to that in the solid-state
associations.

Very short interatomic N⋯I distances in all these (solid-
state and optimized) complexes imply substantial orbitals'
overlap (and interaction) of the interacting species. As a
result, their molecular orbitals are delocalized over both the
nucleophile and IX moieties (Fig. S9 and S10 in the ESI†).
The molecular-orbital delocalization was accompanied by a
considerable polarization of the IX moiety and a substantial
charge transfer from the nucleophile to the dihalogen. The
analysis of charge distribution in these associations using
quantum theory of atoms in molecules (QTAIM)68 showed
that the charges of the halogen-bonded iodine atoms vary
from about +0.16 e to +0.38 e (Table S3 in the ESI†). The
charges of the external X atoms vary from −0.43 e to −0.65 e.
Accordingly, a charge transfer from the nucleophiles to IX
molecules, Δq, was in a range from 0.16 e to 0.28 e (Table 2).
Such a substantial charge transfer led to considerable
elongations of I–X bond (Table 2) as compared to those in
the individual IX molecules.

The QTAIM analysis68,69 of the electron and energy
densities, ρ(r) and H(r), at the bond critical points (BCPs)
provided a valuable insight into the nature of the N⋯I and

I⋯X bonds (Table 3). The highest electron densities were
found at the BCPs on the N⋯I bond path in the solid-state
associations with the shortest N⋯I bond lengths, i.e.,
DABCO·ICl and PyNMe2·ICl. These values are close to 0.1 a.u.
characteristic for the covalent bonds.69 Similar electron
density was found recently at the BCP of I⋯N bond between
saccharin and hexamethylenetetramine, which pointed out
its covalent character.53 While the values of ρ(r) in the
complexes with the longer N⋯I bonds were somewhat lower,
all of them were substantially larger than the values of about
0.01 a.u. typical for non-covalent halogen or hydrogen
bonds.69–71 Also, ρ(r) values at BCPs of the N⋯I were
comparable (somewhat higher or lower) to that at the
adjacent I⋯X bonds in the same complex. Since electron
densities at BCPs are highly correlated with the strength of
the bonds,61,69–72 these data suggest comparable strengths of
the N⋯I and (originally intramolecular) I⋯X bonds.

The total energy density at BCPs, H(r), represents another
feature which allows the identification of the nature of
bonding. In particular, the negative values of H(r) were
associated earlier with the (partially) covalent characters of
the corresponding bonds.70,71 Indeed, all complexes under
study are characterized by the negative H(r) values at BCP
along N⋯I bonds, and their magnitudes are comparable to
those along the corresponding I⋯X bonds. As such the
energy densities at BCPs also pointed out comparable
strength and covalency of the N⋯I and I⋯X bonds.

These conclusions are supported by the Mayer bond order
(MBO) indices, which quantify the degrees of bonding based
on partitions of the electron density.72,73 These indices
generate the values which are consistent with the generally
accepted bond orders in the simple covalent bonds. They
provide valuable information about bonding in a variety of
systems.73 The experimental (solid-state) DABCO·ICl
associations are characterized by the close MBO values of
0.63 and 0.62 for the N⋯I and I⋯X bonding, respectively.
These values are practically the same as the MBO for I-I
bonds of 0.63 calculated in I3

−. This indicates the analogy
between bonding in the complexes under study and bonding
in triiodide. The MBOs for I⋯N bonds in the DABCO·ICl,
DABCO·IBr and PyNMe2·ICl associations are also close to
these values, and they decrease with the increase in the I⋯N
separations.

The similarity (and covalent character) of the N⋯I and
I⋯X interactions and their analogy to the bonding in I3

− were
corroborated by the density overlap regions indicator
(DORI).74 This method was recently developed for
simultaneous visualization of both covalent and noncovalent
interactions. DORI reveals the density overlap regions (bonds,
intermolecular interactions, and steric clashes) showing
deviations from the exponential dependences, and it
identifies interactions using the sign of the 2nd eigenvalue of
the density Hessian.74 The DORI representations of the N⋯I
and I⋯X bonding (Fig. 5) were nearly identical and they were
similar to those in the I3

− anion. In all cases, these
representations showed blue cylindrical isosurfaces, which

Table 2 Interaction energies and interatomic distances in the HaB

complexesa

Complex ΔE, kJ mol−1 dI⋯N, Å dI⋯X, Å Δq, e

DABCO·I2 −62.1 2.387 2.824 0.27
DABCO·IBr −83.6 2.334 2.662 0.28
DABCO·ICl −91.3 2.322 2.509 0.28
PyMe2N·ICl −82.8 2.264 2.525 0.27
Py·ICl −67.0 2.327 2.480 0.22
PyBr·ICl −47.8 2.450 2.428 0.16
Phnz·IBr −37.1 2.538 2.569 0.16

a From the M062X/def2tzvpp calculations, see the Experimental
section for details.
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are consistent with the covalent characteristics of these
bonds. All these data indicated that the N⋯I⋯X interactions
in the DABCO·IX complexes apparently represent an example
of unsymmetrical four-electron three-center bonding.

3. Conclusions

X-ray structural and computational analysis of the series of
complexes of dihalogens IX (X = Cl, Br, I) with DABCO and
pyridines revealed the relationship between the internal
structural details and the crystal habits, and provided
insights into the nature of the very strong halogen bonding.
Although there are certain rules of thumb and concepts
correlating the molecular crystals shapes with their
supramolecular structure, the results presented herein
indicated direct relationship of the crystal habit with the
pattern of the energy frameworks and the interplay of the
attractive and repulsive interactions. Rationalization of the
deformation of the rhombic crystal shape of DABCO with ICl
and IBr based on a detailed analysis of their energy

framework suggests the predictive potential of such an
approach. On the other hand, the 1D chain-like topology of
energy frameworks of pyridine and phenazine-based
cocrystals clearly matches with their needle-like habit. As
such, these results suggest a complementary approach to
analyze the internal structure and the external shape of the
crystals based on the energy framework scheme. It can be
useful for visualizing the supramolecular architecture and
rationalizing their mechanical behavior at the molecular
level, for analyzing the long-range synthon aufbau modules
(LSAMs) and supramolecular reactions,75–77 as well as for
rationalizing and predicting the crystal habit.

Our data also indicated that the variations in the HaB
strength and length in the complexes under study were
consistent with the changes in the maximum and/or
minimum electrostatic potentials on the surface of the IX
molecules and nucleophiles. Such correlations are common
for the HaB supramolecular interactions. However, the very
short I⋯N distances in these associations were much closer
to the I⋯N covalent bond length than to the van der Waals
separation. The characteristics of the N⋯I⋯X bonding in the
complexes of IX with DABCO and pyridines were highly
reminiscent of those in the I2X

− anions (which was usually
described as hypervalent 3c/4e bonding)78,79 and in halonium
cations.62,63 In particular, they comprised positively-charged
central iodine atoms and negatively-charged adjacent X and
N atoms. The N⋯I distances in the complexes of IX with
DABCO and pyridines are comparable to that in the
iodonium complexes with the tertiary amines quinuclidine of
2.297 Å.62 The experimental formation constant of the 1 : 1
DABCO·I2 complex35 is comparable to that of I3

−,80 and the
I⋯X distances in these associations were within 0.1 Å of
those in the corresponding trihalides (see Table S4 in the
ESI†). The QTAIM analysis of the topology of the electron and
energy densities, MBO and DORY visualization confirmed the
covalency of this bonding. All these results suggest that the
interaction within the IX complexes with DABCO and

Table 3 Electron and energy densities at BCPs, as well as Mayer bond orders in the HaB complexesa

Complex

102ρ(r), a.u. 102H(r), a.u. MBO

N⋯Ib I⋯Xc N⋯Ib I⋯Xc N⋯Ib I⋯Xc

DABCO·I2 Opt 6.74 5.83 −1.85 −1.47 0.451 0.756
Exp 6.82 5.64 −1.91 −1.36 0.486 0.735

DABCO·IBr Opt 7.38 6.30 −2.27 −1.67 0.536 0.718
Exp 7.87 5.86 −2.60 −1.43 0.587 0.676

DABCO·ICl Opt 7.51 7.08 −2.37 −2.17 0.548 0.698
Exp 8.26 5.94 −2.88 −1.48 0.628 0.624

PyNMe2·ICl Opt 8.00 6.81 −2.63 −2.01 0.522 0.673
Exp 8.29 6.36 −2.83 −1.73 0.555 0.641

Py·ICl Opt 7.06 7.46 −2.03 −2.43 0.449 0.741
Exp 7.69 6.88 −2.43 −2.05 0.505 0.699

PyBr·ICl Opt 5.45 8.26 −1.12 −2.99 0.325 0.829
Exp 6.59 7.53 −1.73 −2.48 0.408 0.772

Phnz·IBr Opt 4.67 7.50 −0.76 −2.42 0.281 0.872
Exp 4.64 7.41 −0.75 −2.36 0.282 0.871

a In the optimized (Opt) and solid-state experimental (Exp) complexes. b At BCPs on the N⋯I bond path. c At BCPs on the I⋯X bond path.

Fig. 5 Visualization of bonding in DABCO·IBr (top) and I3
− (bottom) via

DORI isosurfaces (isodensity = 0.95, ∇2ρ(r)) ranging from −0.4 au (blue)
to 0.2 au (red).
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pyridines can be described as (unsymmetrical) hypervalent
3c/4e bonding similar to that in I3

− and the halonium ions.

4. Experimental part
Materials

Commercially available DABCO, Phnz, I2, ICl, and IBr were
used without additional purification. Solvents were purified,
dried, and distilled under an argon atmosphere before use.

Preparation of co-crystals DABCO·ICl and DABCO·IBr

Addition of a solution containing 0.01 mmol of either IBr or
ICl in 0.5 ml of hexane to a solution of DABCO (0.01 mmol)
in hexane (0.5 ml) instantly produced a yellow
microcrystalline precipitate. The precipitate was filtered,
washed with hexane, and dissolved in hot acetonitrile (1 ml)
in a water bath (∼70 °C). The clear yellow solution was
allowed to cool down slowly to room temperature and was
left overnight at 4 °C. This resulted in well-formed yellow
rhombic plates, which were suitable for single-crystal XRD.

Phnz·IBr

Addition of a solution containing 0.1 mmol of IBr in 0.5 ml
of hexane to a solution of phenazine (0.1 mmol) in CH2Cl2
(0.2 ml) produced a clear yellow solution, which was allowed
to evaporate slowly at room temperature. In 72 h this resulted
in well-formed long yellow needles, which were suitable for
single-crystal XRD analysis.

Single crystals of ICl with Py, PyNMe2, and PyBr were
obtained in a similar way by slow evaporation of equimolar
solutions of the respective pyridine and ICl in
dichloromethane.

X-ray crystallographic analysis

The cell determination and the intensity data collection were
performed using Bruker D8 Venture (DABCO·ICl, DABCO·IBr,
and phnz·IBr) and Rigaku XtaLAB Synergy (PyNMe2·ICl,
Py·ICl, and PyBr·ICl) diffractometers equipped with graphite-
monochromated Mo Kα radiation (0.71070 Å). The data for
DABCO·ICl, DABCO·IBr, and Phnz·IBr were collected by the
standard phi-omega scan techniques, and were reduced
using SAINT v8.37A.81 SADABS software was used for scaling
and absorption correction. Data collection, reduction and
analysis for PyNMe2·ICl, Py·ICl, and PyBr·ICl were performed
with the CrysAlisPro software package (version 1.171.39.22a,
Rigaku OD, 2018). All structures were solved by direct
methods and refined by full-matrix least squares against F2

using Olex2 and SHELXTL software.82,83 Non-hydrogen atoms
were refined with anisotropic thermal parameters. All
hydrogen atoms were geometrically fixed and refined using a
riding model. Data for the new structures DABCO·ICl,
DABCO·IBr, and phnz·IBr were deposited to CSD (see the
details below); data for PyNMe2·ICl, Py·ICl, and PyBr·ICl were
used for their face indexing and identification (as matching

with those deposited at CSD with codes: PYRIIC11, ZUDSEZ
and GANXOJ respectively).

DABCO·ICl

Chemical formula C6H12ClIN2, M = 274.53. Orthorhombic,
Pnma, a = 21.6511 (17) Å, b = 6.9602 (6) Å, c = 5.9635 (5) Å, V
= 898.68 (13) Å3, Z = 4, T = 100 K, μ(MoKα) = 3.79 mm−1,
12 151 reflections measured, 1154 unique (Rint = 0.054). The
final R1 was 0.026 (I > 2σ(I)) and wR2 was 0.065 (all data).

DABCO·IBr

Chemical formula C6H12BrIN2, M = 318.99. Orthorhombic,
Pnma, a = 21.6028 (9), Å, b = 7.1603 (3) Å, c = 5.9684 (2) Å, V =
923.21 (6) Å3, Z = 4, T = 100 K, μ(MoKα) = 7.73 mm−1, 8758
reflections measured, 1232 unique (Rint = 0.028). The final R1

was 0.016 (I > 2σ(I)) and wR2 was 0.036 (all data).

Phnz·IBr

Chemical formula C12H8BrIN2, M = 387.01. Monoclinic, C2/c,
a = 29.742(3), Å, b = 4.0442(4) Å, c = 21.075(2) Å, β =
114.857(3)°, V = 2300.2(4) Å3, Z = 8, T = 100 K, μ(MoKα) =
6.23 mm−1, 14 164 reflections measured, 3066 unique (Rint =
0.099). The final R1 was 0.040 (I > 2σ(I)) and wR2 was 0.086
(all data).

Complete crystallographic data, in CIF format, have been
deposited with the Cambridge Crystallographic Data Centre.
CCDC 2183013, 2183014 and 2236196 contains the
supplementary crystallographic data for this paper.

Computational details

Intermolecular interaction energy calculation and energy
framework generation were performed using Crystal Explorer
17.5 (TONTO, B3LYP-DGDZVP)52,84,85 for all unique molecular
pairs in the first coordination sphere of a molecule (4.8 Å),
using experimental crystal geometries.

The individual amine·IX complexes were optimized with
the Gaussian 09 suite of programs86 using DFT (M062X87)
calculations with the def2tzvpp88 basis set. The coordinates
extracted from the X-ray structures of these associations were
used as the starting points in the optimizations. The absence
of the imaginary vibrational frequencies confirmed that the
optimized structures represented true minima. Calculations
in dichloromethane were carried out using a polarizable
continuum model.89 This moderately polar solvent serves as
a good media for modelling solid-state ionic compounds.
The energies of interaction for all dyads were determined as:
ΔE = Ecomp − (Eamine + EIX) + BSSE, where Ecomp, Eamine, and
EIX are sums of the electronic energies and ZPE of the
complex and individual (optimized) amine and IX, and BSSE
is a basis set superposition error.90 The energies and
coordinates of all experimental and optimized structures are
listed in the ESI.†

The surface electrostatic potentials in Fig. S2 in the ESI†
were produced by single-point M062X/def2tzvpp calculation
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of individual optimized molecules. The Vmax and Vmin

numbers (in kJ mol−1) represent interaction energies of a
positive test unity charge with the electric charge cloud
generated by the molecules electrons and nuclei at each
point of the molecular surface corresponding to the electron
density isovalue of 0.001 e bohr−3.18,19

The QTAIM analyses were carried out with the Multiwfn
program.91 The results were visualized using the molecular
graphics program VMD.92 The wfn output files for such an
analysis were produced with Gaussian 09 via single-point
M062X/def2tzvpp calculations using coordinates extracted
from the experimental X-ray structures or optimized
complexes. Since electron density calculations using M062X
functional may produce substantial errors,93 the results of
such calculations were verified using MP2 method. The value
of electron and densities produced by the MP2 calculations
of selected complexes at BCPs along N⋯I and I⋯X bond
paths were very close to that produced by the DFT M062X/
def2tzvpp calculations (e.g. electron densities were 1–2%
higher, and magnitudes of the negative energy densities were
3–4% higher), and they verified conclusions made in this
work.
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