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The crystal structures of meta-halogenated anilines 3-chloro- and 3-bromaniline have been determined for the
first time. The crystal structure 3-iodoanoiline was re-determined with a sufficient quality using single-crystal X-
ray diffraction. All three structures were analyzed from both geometric and energetic perspectives. Geometric
analysis reveals common motifs such as zig-zag chains, bifurcated halogen bonds, and the dual donor-acceptor
role of amino groups in hydrogen bonding. An energy-based approach, utilizing quantum chemical calculations,
enables identification of the dominant interactions and basic structural motifs. While 3-chloroaniline forms

columnar structures dominated by N-H---N and C-H---n interactions, the bromo- and iodo-analogs exhibit iso-
structural columnar-layered packing motives governed by stronger halogen bonding and z-type interactions. This
combined approach emphasizes the importance of energy analysis in distinguishing structural hierarchies in
systems with multiple weak interactions.

1. Introduction

Haloanilines belong to a well-known class of organic compounds
derived from aniline. The introduction of halogen atoms onto the aniline
scaffold is crucial for the corresponding reactivity and some physico-
chemical properties. In detail, the halogen-substitution modifies the
compound’s acidity/basicity, polarity, solubility and reactivity in gen-
eral. Halogen-substituted anilines have been in the focus of extensive
scientific investigation, with several hundred studies dedicated to their
analysis [1-6]. Typically, haloanilines are known to be basic compo-
nents and intermediates in organic synthesis [7,8]. Due to their physical
properties, their applications extend even to the fields of physics and
engineering [4,5,9]. It has been shown by one of us (GJR) that the
N-protonated form of an halogenaniline and aminopyridines are excel-
lent tectons to stabilize polyhalogenides in the solid state [10]. Thus,
halogenated anilines are a versatile class of organic compounds with
broad applications in academic research and industry, driving ad-
vancements in chemistry, materials science, and pharmaceuticals.

For the field of crystallography, it should be noted, that haloanilines
are also frequently used as a component for the design of
multicomponent-crystals. The fact that these compounds are able to
form co-crystals have been already reported in the 1940ies [11]. A
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survey in the Cambridge Structural Database [12] showed that espe-
cially with haloanilines many multicomponent-crystals are listed [13].

The crystal structures of many pure halogen-substituted anilines
have been determined so far. The ortho- and para- halogen substituted
anilines (halogen= Cl, Br, I) were recently investigated [8] in detail. The
crystal structures of two meta-substituted haloanilines -that are liquid at
room temperature- have not yet been described [14]. The class of
halogen substituted anilines are still in the focus of interest because of
the structure-driving influence of weak interactions [8,14]. It is ex-
pected that this class of solids will exhibit hydrogen bonds, halogen
bonds, and weaker intermolecular interactions, such as n-n stacking
with various strengths. Unlike traditional hydrogen bonds, halogen
bonds arise from the electrostatic interaction between the electrophilic
region of the halogen atom and the nucleophilic region of the electron
donor. This interaction is directional, non-covalent, and characterized
by its strength and specificity. Understanding the factors that influence
strength and geometry — in generally the energetic approach — allows us
to design molecules with tailored binding and packing properties.

This work continues our systematic combination of crystallographic
and quantum chemical studies on amino group-containing compounds
[15-17] and halogenated anilines [8].
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Fig. 1. Molecular structure of compounds 1-3. Thermal ellipsoids are shown at the 50 % probability level.

Table 1
Selected crystallographic data on the studied crystals of compounds 1-3.
N2  Space a A b, A ¢ A v, A3 R;-factor,
group %
1 Pbca 5.0135 14.5517 16.5970 1210.8 3.86
4 as (15)
2 P2,2,2; 4.9125 12.6470 19.9431 1239.0 3.06
2 6) (10)
3 P2,212; 5.0652 12.9018 20.5219 1341.1 2.85
4 9 (15)

Fig. 2. Superposition of the two structures (blue 3 and red OHEKIZ) viewed
along the crystallographic a-axis.

2. Experimental section
2.1. Synthesis and crystallization

Compounds where purchased from 1 (3-chloroaniline) TCI
Deutschland GmbH (> 99.0 %), 2 (3-bromoaniline) Apollo Scientific
Ltd. (98 %), 3 (3-iodoaniline) BLD Pharmatech GmbH (98 %) and used
as received. All compounds 1-3 (Fig. 1) are liquid at room temperature
and atmospheric pressure and are therefore not directly accessible for

analysis by means of SC-XRD (single crystal X-ray diffraction). In recent
years, we have shown that capillary crystallization is an excellent way of
converting liquid compounds into high quality single crystals [18-21].
Differential Scanning Calorimetry (DSC) was used to study the phase
behavior of the compounds at low temperatures prior to crystallization.

After initial DSC studies and the measurement of an ATR-FT-IR
spectra (see Supporting Information) ca. 10 uL of the liquid was trans-
ferred into a borosilicate glass capillary with a diameter of 0.5 mm
(WJM-Glas Miiller GmbH, Berlin, Germany) mounted on a magnetic
base (Hampton Research, Aliso Viejo, CA, USA). The base containing the
capillary was then placed on the goniometer head of a four-circle single-
crystal X-ray diffractometer. A stream of nitrogen gas from an Oxford
Instruments cryostat maintained the capillary at a temperature of 100 K.
At this temperature, the capillaries were briefly removed from the cold
gas stream and re-inserted several times. This initially coarse cracks in
the transparent sample. The samples were then heated above their
respective solidification points. This revealed areas, where the glass had
transformed into a polycrystalline and dusty powder. The poly-
crystalline powder was then partially melted by moving the capillary in
and out of the cold gas stream, while retaining some solid in the capil-
lary, until the cylinder was filled with a single crystal. The capillary was
then rapidly cooled down to 100 K for the collection of the diffraction
data. For data acquisition, a fixed chi angle of 54.7° was chosen to
ensure that the exposed crystalline volume was as small as possible
consistent with a high redundancy.

2.2. Quantum chemical calculations

The analysis of the studied structures was performed using the
approach based on calculations of pairwise interaction energies between
molecules in a crystal [22-23]. The first coordination sphere for each
molecule found in the unit cell asymmetric part (My) was determined
separately using the standard procedure within the Mercury program
(version 4.2) [24] as had been suggested before [22]. The obtained
cluster was divided into dimers where one molecule is My and every
other molecule M; belongs to the first coordination sphere. The atomic
coordinates of My-M; dimers were taken from the crystal structure.

The interaction energies between molecules within each of My-M;
dimers were calculated using B97-D3/Def2-TZVP density functional
method [25-29] and corrected for basis set superposition error by the
counterpoise method [30]. The B97-D3 functional was benchmarked to
be one of the best performing dispersion-corrected density functional for
the calculations of various intermolecular interactions [31]. All the
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Fig. 3. The two structural models (left: 3; right: OHEKIZ) in comparison showing the hydrogen bonded C(6) chains.

Table 2

Geometrical characteristics of the conjugation degree between amino group and aromatic n-system in compounds 1-3.

1 2 3
Compound de s, A Angley ), deg.
1 1.393(2) 345.3
2A 1.394(2) 346.4
2B 1.386(2) 343.5
3A 1.385(3) 339.2
3B 1.382(3) 346.2

calculations were performed with the ORCA 5.0 software [32].

The analysis of the pairwise interaction energies is based on the
assumption that the calculated values take on vector properties, [22]
because each calculated interaction energy originates from the geo-
metric center of the basic molecule My and is directed to one of the
neighboring molecules M;. All energy vector lengths within the first
coordination sphere of the basic molecule are normalized to the stron-
gest pairwise interaction energy using the equation:

L; = (RiE;)/2Eg,

where R; is the distance between the geometrical centers of interacting
molecules My-M,;, E; is the interaction energy between two molecules in
these pairs and Eg is the energy of the strongest pairwise interaction in
the crystal structure.

Such a normalization results in the independence of the vector
lengths from the calculation method. Application of this approach
makes it possible to replace the basic molecule by its vector image and to
construct the so-called energy-vector diagram [22] of a crystal structure
using symmetry operations.

3. Results and discussion

All meta-isomers are liquids at room temperature. During thermal
analysis (DSC) compounds 1-3 showed a similar behavior. No direct
phase transition from liquid to solid was observed during cooling from
25°C to —160°C. Phase transitions could only be observed as exothermic

signals during heating and after passing through a glass transition
(compound 1 Tg = —89°C, Ts = —56°C; compound 2 Ty = —82°C, Ts=
—49°C; compound 3 Ty = —72°C, Ts = —37°C). After a hysteresis of
about 60°C, the melting of the crystalline phases could then be observed
during further heating (compound 1 T, = —16°C, compound 2 Ty, =
10°C, compound 3 T, = 17°C). For further details on thermal analysis
and thermograms see Supporting Information

Crystals of 1-3 suitable for single-crystal-structure analysis were
obtained from the melt at low temperature as described above. The 3-
chloroaniline (1) crystallizes in the centrosymmetric space group Pbca
and the 3-bromo-, 3-iodoaniline (2, 3) crystallizes in the non-
centrosymmetric space group P21212; (Table 1). In crystal 1 there is
only one molecule in the independent part of the unit cell. The crystal
structures of compounds 2-3 consist of two independent molecules per
unit cell (A and B) (Fig. 1) and are isostructural.

3.1. Explanation for the redetermination of the structure of meta-
iodoailine (3-Iodoaniline) 3

When our experiments were already completed, the structure of 3-
iodoaniline (3) at 200 K was reported [33] with Ref. code OHEKIZ
(CCDC No. 2411477). The authors describe the structure in space group
P2;2;2; (No. 19), which has a unit cell with the following dimensions: a
=5.0748(3) A, b = 12.9872(8) A and ¢ = 20.6243(12) A, with Z = 8 per
unit cell. This was reproduced in our investigation within the standard
errors. Superposition of the two structures using the Structure Overlay
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Table 3

Intermolecular interactions and their geometric characteristics in the crystals of

compounds 1-3.

Compound Interaction Symmetry dy. A, angle p.y...
operation A A, deg.
NH,
1
6 2
s 3
f Hal

1 N1-HINA --N1jp  0.5+xy,0.5-z 2.17 163
N1-HINA.--Cl1 1.5-x,0.5+y,2 2.74 143
N1-HINB---Cl1 0.5-x,0.5+y,2 2.98 112
C2-H2---C2(m) 0.5+x, ,0.5-2 2.57 175
C2-H2---C1(m) 0.5+x, y,0.5-z 2.66 151
C5-H5---C6(m) 0.54x,0.5-y,1-z 2.74 140

2 NI1A- 0.5+x,1.5-y,1-z 2.10 166
H1AA---N1Bp
C5A-H5A---C5A 0.54x,1.5-y,1-z 2.72 132
(m)
C4A-H4A.--C5B 0.5+x,1.5-y,1-z 2.77 126
(m)
N1A-H1AB--C2B  0.5-x,1-y,0.5+2 2.73 132
(m)
N1B- 0.5+x,1.5-y,1-z 2.08 166
H1BB---N1A;p
N1B-H1BA---C2A 0.5-x,1-y,-0.5+2 2.80 126
(m)
C4B-H4B---Br1B -0.5+x,0.5-y,1-z  3.14 130
BrlB---C5B(n) -14x,y,2 3.64
BrlA---Br1B -0.5+x,0.5-y,1-z  3.57 169
BrlA---BrlB -0.5+x,0.5-y,1-z 3.71 172

3 N1A- 0.5+x,1.5-y,1-z 2.16 160
H1AA--N1Bp
C5A-H5A:--C5A -0.5+x,1.5y,1-z  2.67 136
(m)
C5A-H5A--C4A -0.5+x,1.5y,1-z  2.75 134
(m)
C4A-H4A.--C5B XY,2 2.77 125
(m)
N1A-H1AB---C2B  1.5-x,1-y,-0.5+z  2.86 138
(m)
N1B- 0.5+x,1.5-y,1-z 2.16 164
H1BB--N1A;p
N1B-H1BA---C2A 1.5-x,1-y,-0.5+2 2.94 131
(m)
C4B-H4B---11B -0.5+x,0.5-y,1-z  3.19 140
N1B-H1BA---I1A 1-x,0.5+y,0.5-2 3.21 142
11B---C5B(n) 0.54+x,1.5-y,1-z 3.76
I1A--I11B -0.5+x,0.5-y,1-z  3.76 172
I1A--11B -0.5+x,0.5-y,1-z  3.83 173

Journal of Molecular Structure 1349 (2026) 143745

tool in Mercury 2023.2.0 [24] produced a good overall match (Fig. 2;
RMS = 0.017). Due to the different measurement temperatures, slight
differences are expected.

However, closer examination of the published structure revealed that
it would be beneficial to rely on our own newly collected and interpreted
data for this comparative investigation, as the structure reported in the
literature appears to have some minor issues. Initially, our dataset on 3-
iodoaniline 3 was of sufficient quality to be refined using the non-
spherical atomic form factors implemented in the NoSpherA2 module
of OLEX2 [34-36]. Using this non-spherical atomic form factor
approach in our refinement process provides significantly better model,
as reflected by the much smaller errors in bond lengths and angles and
even in some absolute geometric parameters. The structure exhibit a
hydrogen-bonding chain motif that can be classified as C(4) according to
Etter’s graph-set nomenclature (Fig. 3). Surprisingly, in the previously
reported structure, the longest N-H bond distance (dnijg1s = 0.92(13) A
in the -NH; groups is found for a hydrogen atom that is not involved in
one of the hydrogen bonds forming the aforementioned chain. In
contrast, our newly determined structural model shows that the N-H
bond distances of hydrogen atoms involved in hydrogen bonding are
slightly longer (dn1n1a = 1.02(5) A and dyamgb = 1.01(5) A) than those
engaged only in weak interactions (dnigip = 0.99(4) A and dnoH2a =
0.97(4) 10\), which is in agreement with our expectations. Furthermore,
some ellipsoids (e.g. C11 and C21, bonded to the NH; group) show the
largest amplitudes of the displacement tensors along the bonding di-
rections of the neighbouring bonded atoms in the published structure
appear to be affected by crystallographic issues. The data quality in our
report has improved as we have refined 181 parameters against 8.391
unique reflections, compared to the 157 parameters that were refined
against 3.379 reflections in the previously reported structure [33].
Another issue is that five reflections were omitted from the reported
dataset prior to the final refinement. The reported structure was ulti-
mately refined as an inversion twin with a BASF value of 0.44(9). This
could potentially be due to low Friedel pair coverage and insignificant
intensity differences, or incorrect merging during data processing. The
herein reported data set has a high Friedel pair coverage and results in
an acceptable absolute structure parameter of Flack x = -0.021(8).

3.2. Molecular structure analysis

The ability of the amino group to participate in intermolecular in-
teractions as a proton donor and/or acceptor is significantly driven by
the extent of n-t conjugation between the nitrogen lone pair and the
aromatic n-system. It is well known that this conjugation is affected by
the surrounding polarizing environment [16,37,38]. Key indicators of
conjugation strength include the C-N bond length and the geometrical

b

Fig. 4. Packing of molecules 1 in the crystalline phase: a) short contacts (blue lines); b) zig-zag chains, view along the b crystallographic direction. Color code: green:

chlorine, blue: nitrogen, gray: carbon, white: hydrogen.
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C

Fig. 5. Packing of molecules 2 in the crystalline phase: a) short contacts; b) bifurcated halogen bond; ¢) zig-zag chains, view along the c crystallographic direction.
Violet: molecule A, green: molecule B. Color code: brown: bromine, blue: nitrogen, gray: carbon, white: hydrogen.

C

Fig. 6. Packing of molecules 3 in the crystalline phase: a) short contacts; b) bifurcated halogen bond; c) a zigzag chain view along the c crystallographic direction.
Blue: molecule A, yellow: molecule B. Color code: purple: iodine, blue: nitrogen, gray: carbon, white: hydrogen.

Table 4

Symmetry codes, interaction type, interaction energy of the basic building unit
with neighbouring ones (Ej,, kcal/mol) with the highest values (more than 5 %
of the total interaction energy) and the contribution of this energy to the total
interaction energy (%) in the crystal of 1 (ER).

Dimer  Symmetry Interaction Energy ER, Interaction
operation E(int), kcal/mol %
1-d1 -1/2+x,y,1/2- -5.44 13.0 N1-H...N1 2.17 A,
z 163°, C-H...n 2.62 A,
175°
1-d2 1/24x,y,1/2-  -5.44 13.0  NI-H...N1217 A,
z 163°, C-H...m 2.62 A,
175°
1-d3 -1/24x,1/2- -3.51 8.4 C4-H...C3(n) 2.74 ;\,
y,1-z 140°
1-d4 1/2+x,1/2- -3.51 8.4 C4-H...C3(n) 2.74 A,
y,1-z 140°
1-d5 14x,y,2 -3.35 8.0 non-specific
1-d6 -14x,y,2 -3.35 8.0 non-specific
1-d7 3/2-x,-1/2+y, -2.95 7.1 N1-H...Cl12.71 A, 143°
z
1-d8 3/2x,1/2+y,  -2.95 7.1 N1-H...C12.71 A, 143°
Z
1-d9 1-x,1-y,1-z -2.74 6.6 non-specific

configuration of the nitrogen atom: planar or pyramidal. When conju-
gation is strong, the C-N bond becomes shorter than expected based on
formal valence considerations. In such cases, the nitrogen atom adopts a
planar configuration, aligning itself with the ring carbon atom and the

two hydrogen atoms to which it is attached. The analysis of the mo-
lecular structures 1-3 revealed that the C-NHj; bond lengths range from
1.382(3) to 1.394(2) f\, while the sum of bond angles around the ni-
trogen atom varies between 339.2° and 346.4° (Table 2). Such variation
suggests that the conjugation between the amino group and the aromatic
ring is relatively weak. This conclusion is further supported by the C,—N
bond lengths (Table 2) and the pyramidal conformation of the nitrogen
atoms. Consequently, the amino group is expected to participate in
hydrogen bonding as a proton donor as well as acceptor in all examined
structures. Similar amino group parameters have been reported in pre-
vious studies on certain amino-pyridines, para-chloro, ortho-bromo- and
ortho-iodoaniline [8].

It is important to note that the geometrical characteristics of amino
groups, such as the X-NH: bond length, are also influenced by the for-
mation of intermolecular interactions. Therefore, a quantitative analysis
of these interactions has been conducted.

3.3. Crystal structure analysis of compounds 1—3 based on studying of
geometrical characteristics of intermolecular interactions

The presence of a halogen atom in the meta-position of an aniline
suggests the potential formation of halogen bonds (X-bonds [39]) and
hydrogen bonds (H-bonds), where the halogen substituent acts as a
proton acceptor.

Analysis of intermolecular interactions revealed that in the 3-chlor-
oaniline crystal (1), only N-H---Cl hydrogen bonds were observed
(Table 3). In contrast, the crystals of compounds 2 and 3 exhibited a
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Fig. 7. The 1-dldimer with the strongest interaction in structure 1 (a), zig-zag column (b), packing in terms of energy-vector diagrams, projection along the a

crystallographic direction (c). The double column is highlighted in yellow.

Table 5

Symmetry codes, interaction type, interaction energy of the basic building unit
with neighbouring ones (Ejy, kcal/mol) with the highest values (more than 5 %
of the total interaction energy) and the contribution of this energy to the total
interaction energy (%) in the crystal of 2 (ER).

Dimer  Symmetry Interaction Energy ER, Interaction
operation E(int), kcal/mol %
Monomeric building unit (MBU)
2-d1 1/2x,1-y,1/ -8.02 8.9 N-H...n 2.72 A, 132°
24z N-H...n 2.80 A, 126°
2-d2 1/2-x,1-y,-1/ -8.02 8.9 N-H...n 2.72 ;\, 132°;
2+z N-H...n 2.80 A, 126°
2-d3 3/2x,1-y,-1/ -4.72 5.2 N1-H...Br 2.99 10\, 142°;
24z N1-H...Br 3.12 A, 136°
2-d4 3/2x,1-y,1/ -4.72 5.2 N1-H...Br 2.99 A, 142°;
2+z N1-H...Br 3.12 A, 136°
2-d5 -1/2+x,3/2- -4.61 5.1 N1-H...N1 2.07 10\, 166°
y,1-z
2-d6 1/2+x,3/2- -4.61 5.1 N1-H...N1 2.07 ;\, 166°
y,1-z
2-d7 1/2+x,3/2- -4.52 5.0 N1-H...N1 2.09 ;\, 166°
y,1-z
2-d8 -1/2+x,3/2- -4.52 5.0 N1-H...N1 2.09 ;\, 166°
y,1-z
Dimeric building unit (DBU)
2-ddl 14xy,z -12.94 17.2  NI-H...Br2.99 A, 142°,
non-specific
2-dd2 -14x,y,2 -12.94 17.2 N1-H...Br 2.99 /ﬂ\, 1427,
non-specific
2-dd3 1-x,-1/2+4y,1/ -7.58 10.1 N1-H...N1 2.09 A,
2z 166°, Br...Br 3.71A
2-dd4 1-x,1/2+y,1/ -7.58 10.1 N1-H...N1 2.09 10\,
2z 166°, Br...Br 3.71A
2-dd5 -x,1/2+y,1/2- -7.34 9.8 N1-H...N1 2.07 A,
z 166°, Br...Br 3.57A
2-dd6  -x,-1/2+y,1/  -7.34 9.8 N1-H...N1 2.07 A,
2.z 166°, Br...Br 3.57A

broader range of interactions, including C/N-H---Hal hydrogen bonds,
Hal---m interactions, and halogen---halogen (Hal---Hal) contacts -
commonly referred to as halogen bonds (XBs) - with comparable geo-
metric parameters (Table 3). Among these, the I.--I halogen bond
observed in compound 3 was found to be the strongest, based on its
geometric features (Table 3). Recent studies have highlighted the
important role of Hal---n and C-H---n interactions in shaping the supra-
molecular architecture of crystals, underscoring the need for detailed

investigation of these weak interactions [40,41].

As anticipated from amino group’s geometrical characteristics,
N-H:--NH2 hydrogen bonds were present in all crystal structures
(Table 3). The strongest of these bonds was observed in the crystal of
compound 2, due to its geometric parameters.

Based on the geometrical characteristics, the molecules in compound
1 primarily form weak intermolecular interactions. The only relatively
strong interaction observed is the N1-HINA-:--N1p hydrogen bond, in
which the amino group simultaneously acts as both an bifunctional
proton donor and an acceptor (Table 3, Fig. 4a). As a result, due to the
C2-H2.--m and N1-HINA---N1yp hydrogen bonds zig-zag chains along a
crystallographic direction are recognized as a main packing motif in the
crystal structure of 1 (Fig. 4b).

The presence of bromine and iodine atoms in the meta-position of
molecules 2 and 3, along with the presence of two independent mole-
cules in the asymmetric unit, leads to an increase in the number of
intermolecular interactions (Table 3). The types and geometric charac-
teristics of these interactions are quite similar across both structures
(Fig. 5a and 6a).

By comparing the strength of these interactions using average van der
Waals radii for halogen atoms based on various approaches [42], we can
conclude that the halogen interactions in these structures are relatively
strong. Furthermore, when comparing meta-substituted haloanilines
with recently published ortho- and para-substituted analogs, it is evident
that the geometrical characteristics of halogen bonds remain similar [8].
However, in the crystals of compounds 2 and 3, we observed the pres-
ence of bifurcated halogen bonds (Table 3, Fig. 5b, 6b). Such type of
interactions was found in analogues molecules [43,44].

The analysis of intermolecular interactions in crystals 2 and 3
revealed that the amino group simultaneously acts as an amphoteric
proton donor and acceptor, with all hydrogen atoms fully engaged in
hydrogen bonding. The o-hole of halogen atoms participate not only in
Hal---Hal halogen bonds but also in Hal---n interactions and non-classical
C/N-H---Hal hydrogen bonds. Additionally, weak C/N-H-:--n hydrogen
bonds were identified (Table 3). Given that the N-H:--Nyp hydrogen
bonds are the strongest in these crystals, zig-zag columns along the a
crystallographic direction can be distinguished (Fig. 5c, 6¢). Within
these columns, the molecules are connected by N1-H1N---Np, C-H---m,
and Hal---& interactions. A visual analysis suggests that the packing of
crystals 2 and 3 appear to be isostructural.

Notably, stacking interactions are absent in the structures of meta-
substituted haloanilines, despite the presence of an aromatic n-system



LS. Konovalova et al.

Journal of Molecular Structure 1349 (2026) 143745

% 4 %5 %

a

¥

Fig. 8. The 2-d1 dimer as the building unit in structure 2 (a), a column as the first basic structural motif (b), the layers of dimers shown as energy-vector diagrams (c).

The layers are highlighted blue and columns are highlighted in yellow.

Table 6

Symmetry codes, interaction type, interaction energy of the basic building unit
with neighbouring ones (Ejy, kcal/mol) with the highest values (more than 5 %
of the total interaction energy) and the contribution of this energy to the total
interaction energy (%) in the crystal of 3 (ER).

Dimer  Symmetry Interaction

operation

Interaction Energy E  ER,
(int), kcal/mol %

Monomeric building unit (MBU)

3-d1 3/2:x,1-y,1/ -8.22 8.4 N-H...m 2.83 A, 138°;
24z N-H...m 2.91 A, 130°

3-d2 3/2x,1y,1/ 822 8.4 N-H...m 2.83 A, 138°;
24z N-H...w 2.91 A, 130°

3-d3 1/2-x,1-y,1/ -5.30 5.4 N-H...I 3.18 A, 142°;
2+z N-H...I3.27 A, 135°

3-d4 1/2x,1-y,-1/  -5.30 5.4 N-H...13.18 A, 142°;
242 N-H...13.27 A, 135°

3-d5 1/2+x,3/2- -5.07 5.2 N-H...N 2.16 A, 164°
y,1-z

3-d6 -1/2+%,3/2- -5.07 5.2 N-H...N 2.16 A, 164°
y,1-z

Dimeric building unit (DBU)

3-ddl  -1+x,y,z -14.43 17.5  N-H..13.18 A, 142,
non-specific
3-dd2  14xy,z -14.43 17.5  N-H..13.18 A, 142,
non-specific
3-dd3  1x,1/2+y,1/  -8.50 10.3  N-H..N2.16 A, 164°,
2z I..13.76A
3-dd4  1x,-1/24y,1/ -850 10.3  N-H..N2.16 A4, 164°,
2z 1..13.76A
3-dd5  2x,1/2+y,1/  -8.40 10.2  N-H...N 2.09 A, 166°,
2z 1..13.71A
3-dd6  2x,-1/2+y,1/  -8.40 102  N-H..N2.09 A, 166°,
2z 1..13.71A

(Table 3). A similar lack of stacking interactions has been observed in
para-haloanilines [8], all isomers of diaminobenzenes, and
mono-aminopyridines [15-17].

Key conclusions from a geometric perspective of the crystal structure
study:

a) Stacking interactions are absent in all meta-substituted haloanilines;

b) The amino group consistently acts as both a proton donor and a
proton acceptor in hydrogen bonding.

c) Halogen bonds were not observed in the crystal of compound 1,
whereas strong bifurcated halogen bonds were present in the crystals
of compounds 2 and 3.

d) Geometric analysis alone is insufficient to draw definitive conclu-
sions about main structural motifs in crystal packing and tends to
underestimate the role of weak interactions. The diversity of these
interactions complicates direct comparisons and makes it difficult to
identify the most significant one.

3.3. Crystal structure analysis of compounds 1—3 based on an energetic
viewpoint

As mentioned earlier, analyzing geometric characteristics is not al-
ways the most effective approach for studying the peculiarities of crystal
packing when multiple weak interactions are present. A more efficient
method is the analysis of interaction energies between neighboring
molecules, calculated using ab initio methods [15-17,22,23]. The key
advantage of this approach is its independence from the specific nature
of the interactions, while accounting for all existing interactions (such as
hydrogen bonding, dispersion, electrostatic interactions, polarization,
etc.). Additionally, this method can be applied not only to individual
molecules as simple building units (BU) of a crystal packing but also to
more complex BUs like dimers, trimers, or tetramers of molecules [22].

The first coordination sphere for each of the building units (molecule
or dimer) which is located in the asymmetric part of the unit cell across
all studied crystals contains 14 neighboring units. Selected data for the
dimers, where the interaction energies are stronger than 5 % of the total
interaction energy of the basic molecule with all molecules in its first
coordination sphere, are presented in Tables 4-6.

The total interaction energy of molecule 1 with its 14 neighboring
molecules is -41.7 kcal/mol. Pairwise interaction analysis shows that
two strongest interactions (N-H---N, C-H:--1t) occur with molecules
positioned in opposite directions (Table 4, Fig. 7a). Each of these in-
teractions has an energy of -5.44 kcal/mol, forming a double zig-zag
column, which serves as the primary structural motif (BSM) in the
crystal of 1 (Fig. 7b). The bond angle between the central molecule and
its strongly bound neighbors is 60.3°, closely matching the structure of
para-iodoaniline reported recently [40]. Within the double column, the
total interaction energy is -17.6 kcal/mol. The interaction energy be-
tween neighboring columns is weaker (-4.6 to -7.0 kcal/mol) and mainly
stabilized by N-H---Cl and C-H---zt hydrogen bonds (Fig. 7b). Addition-
ally, Cl---N and non-specific interactions further contribute to the overall
stability of the columns. Thus, the crystal of 1 can be classified as
columnar, with only one level of structural organization (Fig. 7c).

In structure 2, the total interaction energy of two independent basic
molecules, A and B, with the 28 molecules in first coordination sphere is
-90.0 kcal/mol. Analyzing the pairwise interaction energies between the
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a

Fig. 9. The 3-d1 dimer with the strongest interaction in structure 3 (a), The 3-d3 dimer (b), zig-zag column (b), packing in terms of energy-vector diagrams,
projection along the b crystallographic direction. The double columns are highlighted in green.

basic molecule and its neighboring molecules revealed that the strongest
interaction occurs in dimer 2_d1 (Table 5). This dimer has an interaction
energy of -8.2 kcal/mol, which is nearly twice as strong as the interac-
tion energy between the basic molecule and any other neighbor. Due to
the N-H.-n hydrogen bonds, this centrosymmetric dimer can be
considered as a dimeric building unit of structure 2 (Fig. 8a).

The next step in the analysis involved constructing the first coordi-
nation sphere around this dimer. It is surrounded by 14 neighboring
dimers, with a total interaction energy of -75.0 kcal/mol. Among these,
the dimer forms the strongest interactions with two others (Table 5),
leading to the formation of a linear column of dimers. This column
serves as the primary basic structural motif (BSM) in the crystal of
structure 2 (Fig. 8b). Within this column, the interaction energy between
adjacent dimers is -25.9 kcal/mol. These columns align to form layers
parallel to the (0 0 1) crystallographic plane, with an interaction energy
of -55.7 kcal/mol (Fig. 8c). Within the layer, dimers are held together by
N-H---N and N-H---Br hydrogen bonds, Br---Br halogen bonds, and non-
specific interactions. The interactions between neighboring layers are
weaker (-19.3 kcal/mol) and involve C-H:--w, C-H---Br hydrogen bonds,
and non-specific interactions. As a result, the crystal packing of structure
2 exhibits two levels of organization and can be classified as columnar-
layered (Fig. 8c).

Similar to structure 2, the crystals of structure 3 contain two inde-
pendent molecules, A and B, in the asymmetric unit. The first coordi-
nation sphere of the basic dimer includes 28 neighboring molecules. The
total interaction energy of the basic molecules A and B with all sur-
rounding molecules is slightly higher than in structure 2 (-98.4 kcal/
mol). Both molecules form centrosymmetric N-H---n dimers (3-d1, 3-
d2), identical to those observed in structure 2 (Table 6). Conse-
quently, this dimer is also considered the initial dimeric building unit of
structure 3 (Fig. 9a).

As in the crystal structure of compound 2, a column can be identified
as the primary basic structural motif in structure 3 (Fig. 9b). However,
the interaction energy of the basic molecule within this column is
slightly bigger (-28.9 kcal/mol). These columns are interconnected into
layers via N-H---Nyp, N-H---I hydrogen bonds, and I---I halogen bonds.
The interaction energy of the basic molecule within the layer is -62.7
kcal/mol. In contrast, the interaction energy between adjacent layers is
three times lower (-19.8 kcal/mol) and is sustained by weaker C-H---t

and C-H---I hydrogen bonds, along with various non-specific in-
teractions. Thus, structure 3 can also be classified as columnar-layered
(Fig. 9¢). It is noteworthy that the crystal packing principles of meta-
bromo and -iodo anilines are isostructural, exhibiting the same supra-
molecular architectures and structural motifs.

4. Conclusions

In summary, we have determined the solid-state structures of meta-
haloanilines (Cl, Br for the first time and re-determination of I). Mo-
lecular analysis and crystal structure studies from a geometric
perspective reveal that the amino groups participate in hydrogen
bonding, acting as amphoteric proton donors and acceptors in all
examined structures. Interestingly, no stacking interactions were
observed in any of the meta-substituted haloanilines. Additionally,
strong bifurcated halogen bonds were observed only in the bromine- and
iodine-substituted compounds.

Crystal packing analysis from an energetic perspective shows that the
type of building unit, basic structural motifs, and overall packing or-
ganization differ among crystals 1-3. In the crystal structure of meta-
chloroaniline (1), double columns were identified as the primary
structural motif, with N-H---N and C-H---n hydrogen bonds playing a
dominant role in crystal formation. The crystal packings of meta-bro-
moaniline and meta-iodoaniline are isostructural, exhibit two levels of
organization, and can be classified as columnar-layered. In these struc-
tures, N-H.--n, N-H---Hal, and N-H---N hydrogen bonds, along with
halogen bonds, play a central role in crystal formation. In contrast,
weaker C-H---r and C-H---Hal hydrogen bonds, as well as various non-
specific interactions, contribute only marginally, mainly by connecting
neighboring layers.

Supporting Information
The Supporting Information contains DSC experiments data of

compounds 1-3 (page S2-S4), X-ray Crystal Structure Analysis of com-
pounds 1-3 (page S5-S22) and AT-FTIR spectra (page S23-S24).
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