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Two-dimensional halogen-bonded organic
frameworks based on the tetrabromobenzene-1,4-
dicarboxylic acid building moleculef
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Two-dimensional (2D) halogen-bonded organic frameworks were readily engineered by strong and
directional effects of the primary Br---O and the secondary Br---n halogen bonding interactions from the
tetrabromobenzene-1,4-dicarboxylic acid (H,BrsBDC) building molecule involving 100% supramolecular
yields. The 2D assembly can function as a host layered framework for the intercalation of various guest
solvents including acetone (ATN), ethanol (EtOH), dimethyl sulfoxide (DMSO), and ethylene glycol (EG)
resulting in a 1:2 host: guest complexation stoichiometry viz. H,BryBDC-2S (S = ATN (1atn), EtOH (2gion).
DMSO (3pmso). and EG (4gg)). All the solvates show remarkable similarities in their 2D layered sheets and
the bilayer distance significantly responds to the size, shape, molecular conformation, and strength of the
hydrogen bonding capability of the intercalated solvent molecules. The transition between solvate
formation and desolvation was found to be facile and reversible upon the desolvation-resolvation process.
The estimated Br-+-O halogen bonding energy of the solvates is in the —0.6 to -1.7 kcal mol™ range, which
was determined by quantum-mechanical calculations based on density functional theory (DFT)
calculations. Furthermore, to quantitatively identify the host-guest intermolecular interactions of these
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Introduction

Noncovalent interactions such as hydrogen bonding, halogen
bonding, n-m stacking, and van der Waals force are the
fundamental interactions for molecular recognition and self-
assembly of discrete molecules to form crystalline solids.®
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solvates, they were visually compared by Hirshfeld surface analysis.

These interactions have been widely used in crystal
engineering and many aspects of supramolecular chemistry.
In particular, the relatively high directionality and strength of
hydrogen bonds (up to 40 kJ mol ') make the prediction and
control of molecular orientation in organic solids and discrete
coordination complexes feasible.> Over the past few years,
hydrogen bonding (HB) has been utilized for the construction
of a new class of potentially porous crystalline materials,
named hydrogen-bonded organic frameworks (HOFs),
through the self-assembly of pure organic building molecules
such as guanidinium and sulfonate groups.’> The extended
supramolecular framework architectures of HOFs are
generally considered as semi-rigid with high flexibility
compared to the frameworks created by strong covalent and
coordination bonds like covalent organic frameworks (COFs)*
and metal-organic frameworks (MOFs).? This is considered as
an advantage since guest molecules can be fitted to the highly
flexible networks by molecular recognition  with
supramolecular interactions. This is why research on HOF
chemistry has recently been gaining great attention and they
are considered as emerging functional materials for a wide
range of practical applications such as gas separation,

This journal is © The Royal Society of Chemistry 2020
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chemical sensing, and proton conduction.® In comparison to
COFs and MOFs, HOF materials also offer a number of
unique features such as easy recrystallization, low density,
potentially high thermal stability, and straightforward
characterization in both solution and solid state.

Halogen bonding (XB) occurs between a nucleophile and
the o-hole of a polarized halogen atom.” This kind of
intermolecular interaction is highly directional and the
interaction energies are comparable to HB in which the
strength of XB increases in the order F < Cl < Br < L.® Over
the last few decades, XB has appeared as a promising crystal
engineering tool in the design and synthesis of new
functional supramolecular materials including the so-called
halogen-bonded organic frameworks (XBOFs).” In this regard,
the most commonly used di-, inter-, and pseudohalogens are
known as good halogen bond donors to achieve controlled
assembly with halide and aromatic amines as halogen bond
acceptors, providing potential applications in ion recognition
and light-responsive materials.'® Related to XB, the so-called
halogen-n bond is also an attractive intermolecular
interaction between the c-hole of a highly polarized halogen
atom and electron-rich aromatic n-systems.'* The interaction
energy of halogen-n interactions is about 50-60% in
comparison to the strength of a hydrogen bond."* Thus, such
interactions are also important and should have a strong
effect on the packing and the physical properties of
crystalline solids. Intermolecular bonding interactions among
molecular organic building blocks in HOFs and XBOFs are
much weaker than coordination and covalent bonds in COFs.
The control of the organization of the supramolecular
arrangement and the accurate prediction of functional
properties such as porosities of the resultant supramolecular
networks are still very challenging tasks. Furthermore, it is
still also very challenging to stabilize HOF and XBOF
materials, in which most of the frameworks exhibit an
irreversible structural change after the loss of guest
molecules or the frameworks collapse during the activations.

On the other hand, the emerging class of two-dimensional
(2D) materials such as graphene, silicate clays, and transition
metal dichalcogenides has attracted great interest due to
their intriguing structural architectures and high surface area
to volume ratio, as well as their diverse applications in
optoelectronic, energy conversion and storage."’ Although
the syntheses of HOFs and XBOFs have been well-
documented, to date, only a few reported works deal with 2D
supramolecular halogen-bonded networks, especially for
materials having reversible desolvation/solvation properties.*
Herein we present novel 2D XBOF assembled materials made
from tetrabromobenzene-1,4-dicarboxylicacid ~ (H,Br,BDC)
building molecules through strong and directional Br:--O
halogen bonding. The 2D frameworks can act as hosts for the
intercalation of various guest solvents including acetone
(ATN), ethanol (EtOH), dimethyl sulfoxide (DMSO), and
ethylene glycol (EG), resulting in the formation of 1:2 host:
guest complexation stoichiometry viz. H,Br,BDC-2S, where S
= ATN (1arn), EtOH (2gon), DMSO (3pmso), and EG (4gg).
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Interestingly, the host frameworks are sufficiently flexible to
permit reversible release and adsorption of guest solvent
molecules with retention of their crystallinity. All their crystal
structures have been determined by single crystal X-ray
diffraction analysis at 100(2) and 296(2) K using graphite-
monochromatic Cu-K, (1 = 1.5418 A) and MoK, (1 = 0.7107
A) radiation. Their physiochemical properties were also
characterized by thermogravimetric analysis (TGA), infrared
(FT-IR) spectroscopy, and powder X-ray diffraction (PXRD).
Quantum-mechanical calculations based on density
functional theory (DFT) calculations were performed for the
determination of the energies of halogen bonding. In
addition, to quantitatively identify the host-guest
intermolecular interactions these solvates were visually
compared with the use of Hirshfeld surface analysis.

Experimental
Materials and physical measurement

All chemicals and solvents of analytical grade were purchased
from commercial sources and used without further
purification. Elemental (C H N) analysis was conducted with
a LECO CHNS 932 elemental analyser. IR spectra were
recorded on a Perkin-Elmer model Spectrum 100
spectrometer using the ATR mode, in the range of 650-4000
em ', Powder X-ray diffraction (PXRD) measurements were
carried out on a Bruker D8 ADVANCE X-ray powder
diffractometer using Cu Ko (4 = 1.5418 A) at room
temperature. Variable temperature PXRD measurements were
collected on a PanAlytical X'Pert PRO diffractometer with a
1D X'celerator detector strip using Cu Ka. (1 = 1.5418 A) with
a heating rate of 3 °C min™' and measuring a complete
diffractogram every 20 °C up to 400 °C. The simulated PXRD
patterns were calculated from single crystal X-ray diffraction
data and processed by the free Mercury program provided by
the  Cambridge  Crystallographic ~ Data  Centre."
Thermogravimetric analyses (TGA) were carried out using a
Mettler Toledo TGA/DSC3+ from ambient temperature to 500
°C with a heating rate of 10 °C min™', under a N,
atmosphere. The solid-state photoluminescence spectra were
measured at room temperature using a Horiba Scientific
model FluoroMax-4 spectrofluorometer. The solid-state
ultraviolet-visible (UV-vis) diffuse reflectance spectra were
recorded at room temperature on a U-4100 Spectrometer
(Hitachi Corporation, Tokyo, Japan) in the wavelength range
of 200-1100 nm.

Crystallization of the solvate forms

H,Br,BDC-2ATN (141n)- A mixture of H,Br,BDC (5 mg) and
ATN (2 mL) was added into a 15 mL Teflon lined reactor,
sealed in a stainless steel autoclave and placed in an oven.
The mixture was heated to 110 °C under autogenous pressure
for 1 h, and then cooled down to room temperature.
Colourless block shaped crystals of 1,y were obtained. IR
(vmax/em ™, s for strong, m medium, w weak): 3376s, 2870m,
2556s, 1750s, 1712s, 1515m, 1084s, 779s.
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H,Br,BDC-2EtOH (2gon). The procedure was the same as
that used for the synthesis of 1,pn, except that EtOH was
used instead of ATN. Colourless block shaped crystals of
2pon Were obtained. IR (vpa/em™'): 3409m, 2986s, 1694s,
1003s, 787s.

H,Br,BDC-2DMSO (3pmso)- The procedure was the same
as that used for the synthesis of 1,7y, except that DMSO was
used instead of ATN. IR (vpa/em™): 3021s, 1671s, 1024s,
793s.

H,Br,BDC-2EG (4gg). The procedure was the same as that
used for the synthesis of 1,rn, except that EG was used
instead of ATN. IR (Vpa/cm '): 3409s, 2878m, 1688m, 10365,
782s.

Crystallographic data collection and structure refinement

X-ray diffraction data were collected using a Rigaku Oxford-
Diffraction SuperNova diffractometer equipped with a
multilayer mirror for Cu-Ko (A = 1.54184 A) radiation at
100(2) K. Data reduction was performed using CrysAlisPro
software'® and the SCALE3 ABSPACK scaling algorithm was
used for absorption correction. The structure was solved with
the ShelXT structure solution program using combined
Patterson and dual-space recycling methods.”” The structure
was refined by least squares using ShelXL.'® All non-H atoms
were refined anisotropically,. The H atoms of solvent
molecules were positioned geometrically with C-H = 0.93-
0.97 A and refined using a riding model (AFIX23, AFIX43 and
AFIX137 for methine, methylene, and methyl H atoms,
respectively in the ShelXL program) with fixed displacement
parameters Uj(H) = 1.5Uc(C) for methyl groups and
1.2U4(C) for the other groups. The O-H hydrogen atoms
were located in difference Fourier maps but refined with
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O-H = 0.84 + 0.02 A. For structure 1y, the solvent acetone
molecule was found to be disordered with refined occupancy
ratios of 0.493(4):0.507(4). The crystallographic details for
the solvates are summarized in Table 1. Crystallographic data
for the solvates at 296(2) K are also provided in the ESI}
(Table  S1). CCDC-1941497-19414504  contain  the
supplementary crystallographic data for this paper.

Theoretical calculations

All calculations were performed by using the Gaussian 09
(version D.01) program package.'® All the geometries were
extracted from crystal structures type I and type II. For all the
calculations of the interaction energies, the ®B97X-D
method®® with the def2-TZVPP basis set> was used.
Electrostatic potential maps were used to explain the
difference between two types of interactions. These maps
were calculated from wB97Xd/def2-TZVPP wave functions
obtained with Gaussian 09, and visualized with the
gOpenMol v3.0 program.?” The surface was defined by the
0.004 a.u. contour of electron density.

Results and discussion
Synthesis and characterization

Crystallization of H,Br,BDC from the polar solvents ATN,
EtOH, DMSO, and EG at 110 °C for 1 h in stainless-steel
autoclaves with Teflon liners yielded the corresponding
solvates of H,Br,BDC, Scheme 1. Alternatively, single crystals
of these solvates can also be grown by refluxing H,Br,BDC in
the corresponding solvents at 110 °C for 6 h, filtering the
solution, and allowing it to stand undisturbed at ambient
temperature for 24 h. However, the crystallization process
takes quite a long time compared with the former method.

Table 1 Crystallographic data and refinement summary for all of the solvates at 100(2) K

Tarn 2gton 3pmso 46
Formula C14H14Br,0¢ C1,H14Br,0¢ C1,H14Br,06S, C1,H14Br,Og
Formula weight 597.89 573.87 637.99 605.87
Crystal system Monoclinic Orthorhombic Orthorhombic Orthorhombic
Space group C2/c Pnma Pnma Pbca
a (A) 24.9223(4) 9.27849(19) 9.24933(17) 7.96170(10)
b (A) 9.0196(2) 23.5754(5) 25.7601(6) 9.93120(10)
c(A) 8.88690(10) 8.6023(2) 8.66218(18) 23.5837(3)
Q) 93.248(2) 90 90 90
V(A% 1994.47(6) 1881.71(7) 2063.88(7) 1864.75(4)
Deare (g cm ™) 1.991 2.026 2.053 2.158
zZ 4 4 4 4
# (mm™) 10.086 10.652 11.639 10.880
F(000) 1144 1096 1224 1160
A (A) 1.54184 (Cu-Ko) 1.54184 (Cu-Ko) 1.54184 (Cu-Ka) 1.54184 (Cu-Kar)
6 range (°) 5.2-73.5 5.4-73.5 5.4-73.5 3.8-73.8
Reflections collected 5459 9416 10378 9715
Unique reflections 1977 1747 1901 1875
Parameters 155 109 115 121
Rint, Rsigma 0.016, 0.016 0.045, 0.024 0.034, 0.019 0.022, 0.014
Ry, WR, (I > 20(I)) 0.017, 0.043 0.029, 0.079 0.045, 0.109 0.019, 0.049
Ry, WR, (all data) 0.018, 0.044 0.032, 0.081 0.047, 0.109 0.023, 0.052
GOF on Fz, S 1.096 1.057 1.121 1.058
Apmaxy Mpmin (€ A7) 0.37, -0.29 1.01, -0.65 1.71, -1.15 0.36, -0.33
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Scheme 1 Molecular structure of the host H,BrsBDC molecule and
four organic solvent molecules (ATN, EtOH, EG, and DMSO) used in
this study.

Attempts to get crystals of H,Br,BDC alone by reacting
H,Br,BDC with either polar or non-polar solvents at different
temperatures (such as 40, 60, 80, 100, and 120 °C) were
unsuccessful. It should be noted that if the reaction
temperature was raised above 120 °C, the H,Br,BDC molecules
underwent an in situ decarboxylation reaction to form
tetrabromobenzene. The phase purity of all the solvates was
confirmed by matching the PXRD pattern with the simulated
pattern obtained based on the SCXRD data (Fig. S1f). FT-IR
spectroscopy was also used to investigate the possibility of
intermolecular HB and XB interactions between the donor and
acceptor in the solvates. The IR spectra of the starting
materials and the solvates have been measured and compared
(Fig. S27). The spectra exhibit several significant shifts of a
number of key bands. Apparently, the free H,Br,BDC shows
strong absorption bands at 1725 ecm™ and 1390 cm ™", which
are characteristic of the asymmetric and symmetric stretching
vibrations of the carboxylic groups.”® These bands are ~15
em™ red shifted in all the solvates, suggesting that the
simultaneous formation of HB and XB resulted in a reduced
electron density on the carbonyl group with respect to the free
H,Br,BDC. The broad bands in the region 3450-3446 cm™" are
attributed to the O-H stretching of the carboxylic and hydroxy
groups with ~10 cm™ red shift due to the strong hydrogen
bonds involving the hydroxy groups. Notice that the strong C-
Br stretching for the free H,Br,BDC at 690 cm ! is also red
shifted to ~25 cm™ for all the solvates upon XB formation.

Description of crystal structures

Single crystal X-ray structural analyses revealed that all the
solvates form similar centrosymmetric crystals with a 1:2
stoichiometric ratio of the host H,Br,BDC and guest solvent
molecules. As can be seen in Fig. 1a, the host molecules form
a 2D layered framework containing a rectangular grid with
dimensions of ca. 6.3 x 6.5 A%, The vacancy of the grids is not
large enough to accommodate the guest solvent molecules
inside the cavity. Instead, the solvent molecules can be
intercalated between two stacks of layers. It should be noted
that the carboxyl groups in the single layer are alternatively
pointed up and down with respect to the horizontal mean
plane defined by the central phenyl rings of the building
molecules and they can behave as either hydrogen bond
donors or acceptors for the solvent molecules.

This journal is © The Royal Society of Chemistry 2020
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(b)

Fig. 1 Perspective view of 1EG as representative showing (a) the 2D
halogen-organic frameworks constructed by the Br---O halogen
bonding interactions (green dashed lines) and (b) the 3D
supramolecular structure.

It is very interesting that adjacent H,Br,BDC molecules,
within the layered framework, are oriented almost
perpendicular to and interact with each other through the
Br---O halogen bonds between the bromine atoms and the
oxygen carbonyl or hydroxyl atoms from the carboxyl groups,
giving rise to a 2D halogen-bonded framework. Notably, such
2D supramolecular organization is present in all of the four
solvates and it involves six Br--*O contacts per building
molecule, thus showing a 100% supramolecular yield. A
careful inspection of the structures of these solvates suggests
that two types of different supramolecular synthons are
observed viz. Br-*Ocarbonyl and BI--Opydroxy1 (Fig. S3T) and in
both cases the distances between the Br and O atoms are
closely comparable.

The observed XB interactions are considered strong as
indicated by the short Br---O distances (2.944(1)-3.114(3) A),
Table 2, in which the experimental values are ~10% shorter
than the sum of the Bondi van der Waals radii of the Br and
O atoms (3.37 A),>* and the C-Br---O bond angles (170.2(1)-
175.6(1)°) are almost linear. These facts strongly suggest that

CrysttngComm, 2020, 22, 24-34 | 27
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Table 2 Parameters of the Br---O halogen bonds in all the solvates

d[Br---0] (A) 2[C-Br---0] (°)
C-Br:--O 100(2) K 296(2) K 100(2) K 296(2) K
Larn )
C3-Br1---02' 2.944(1) 3.007(2) 174.8(1) 175.6(1)
C4-Br2---01" 3.044(1) 3.132(2) 174.2(1) 175.3(1)
2gton
C3-Br1---02™" 2.997(1) 3.062(2) 174.1(1) 174.5(1)
C4-Br2---01" 2.988(1) 3.093(2) 174.6(1) 175.2(1)
3pmso
C3-Br1---02" 3.024(3) 3.098(3) 174.4(1) 175.1(1)
C4-Br2---01" 2.977(3) 3.050(3) 175.1(1) 175.5(1)
4EG
C3-Br1--01" 3.071(1) 3.114(3) 172.9(1) 175.4(1)
C4-Br2---02" 2.999(1) 3.075(3) 170.2(1) 170.6(1)

Symmetry codes: (i) x, 1 —y, 0.5 + z; (ii) 1.5 — x, =0.5 + y, 1.5 - z; (iii)
-0.5 +x,y, 0.5 - 2; (iv) 0.5 + x, y, 1.5 — z; (v) 0.5 — x, 0.5 + y, z; (vi)
-0.5+x,1.5-y,1-2

the o-hole of the halogen atom is a key element for the
formation of such intermolecular interactions. An interesting
feature observed in the structures of these solvates is an
apparent auxiliary Br---n contact in which the bromide atom
lies above the C-C bond of the phenyl ring. The shortest
Br---C contact of about 3.5 A is slightly larger than the sum
of Bondi van der Waals radii, implying weak Br--m
interactions'’® in these solvates. It should be noted that
stronger interactions are known to be less affected by
temperature;>® in all cases decreasing temperature down to
100(2) K does not have a strong influence on the Br---O and
Br- -7 distances.

As shown in Fig. 1b, the 2D layers of the host molecules
are then held together into a 3D supramolecular structure by
host-guest hydrogen bonding. Despite the fact that these
solvates show remarkable similarities in their layered
frameworks, the geometric features of the hydrogen bonding
for host-guest interactions are quite different due to the
differences in relative orientation of the solvent molecules
confined within the layers. This can be seen from the
asymmetric units of each solvate (Fig. S47), which contain
half of a H,Br,BDC molecule located on the inversion centre
and one complete solvent molecule in a general position.
Furthermore, it can be seen that the molecules of the
H,Br,BDC building unit in these solvates are not planar since
the dihedral angles between the carboxylic groups and the
tetrabromobenzene moieties are close to 90°. Finally, it is
well-known that changes in molecular conformations due to
strong and weak intermolecular interactions are very
common in molecular host-guest and solvate systems.>®
Close inspection of the crystal packing of these solvates
reveals that the solvent molecules can function as both
hydrogen bond donor and acceptor sites, Fig. 2.

In the case of 1,1y, the ATN molecule is found to exhibit
positional disorder around a pseudo-glide plane symmetry at
296(2) and 100(2) K. The guest solvent molecule participates
in strong O-H:--O and weak C-H---O hydrogen bonding

28 | CrysttngComm, 2020, 22, 24-34
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Fig. 2 Detail of the O/C-H---O hydrogen bonding interactions (red
dashed-lines) between the H,Br,BDC molecules and the solvents for
the solvates (a) 1atn, (b) 2gton. (€) 3pmso. and (d) 4gg. The head-to-tail
O-H---O hydrogen bonding interactions between the EG molecules in
4¢c is also shown (d).

interactions (Fig. 2a), in which the carbonyl and the methyl
function as a hydrogen bond acceptor and donor to the
respective hydroxy donor and a carbonyl acceptor from the
host molecules, giving rise to the R3(8) eight-membered ring
motif according to the graph-set analysis.>” For 2gop, it is
apparent that the orientation of the EtOH molecule is
capable of acting as both a hydrogen bond donor and
acceptor, which strongly influences the formation of strong
O-H:--O hydrogen bonds across a centre of inversion. The
final supramolecular synthon for 2g,on can be described by
the R3(12) graph set twelve-membered ring motif (Fig. 2b).
For 3pmso, the DMSO solvate molecule can also behave as
both a hydrogen bond donor and acceptor, participating in
symmetry-related O-H:--O and C-H---O hydrogen bonding
interactions with carbonyl and hydroxyl oxygen atoms from
the host molecules. These interactions give rise to a

This journal is © The Royal Society of Chemistry 2020
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supramolecular macrocycle similar to that in the case of
2gon and can be described by the R3(16) graph set sixteen-
membered ring motif (Fig. 2c). In the case of 4gg, the EG
solvate molecule can adopt a gauche conformation with
respect to the rotation of the central C-C bond and functions
as two donors and two acceptors of the hydrogen bonds
simultaneously (Fig. 2d). A noteworthy feature of 4p¢ is that
the orientation of the EG molecules facilitates the formation
of the head-to-tail O-H:--O hydrogen bonds within the layers.
It is noted that a carboxyl oxygen atom of the host molecule
can act as a bifurcated hydrogen bond and halogen bond
acceptor, while a hydroxyl oxygen atom possesses both
hydrogen bond donor and halogen bond acceptor properties.
As indicated above, stronger intermolecular interactions are
known to be less affected by temperature. In this study,
lowering the temperatures from 296(2) K to 100(2) K does not
lead to any significant differences in the interactions (Table
S21).

Furthermore, a detailed structural inspection of these
solvates shows the absence of intermolecular Br---Br halogen
bonding and n-7 stacking interactions between the phenyl-
phenyl aromatic rings. Hence, it is evident that the Br---O/n
halogen bonding and O/C-H:--O hydrogen bonding
interactions are largely responsible for the observed
molecular arrangement and contribute to the stabilization in
the formation of these solvates. It should be pointed out that
the molecular size, shape, conformation, and hydrogen
bonding capability of the solvents could affect the bilayer
distances of these solvates. On comparing the distance
between adjacent mean planes of the layers defined by the
central phenyl rings (100(2) K), the corresponding distances
decrease in the order 3pmso (13.60 A) > 1aqy (13.12 A) > 4gg
(12.45 A) > 2gon (11.87 A). Despite this, the total solvent-
accessible volume®® of these crystals after removal of guest
solvent molecules was estimated to be about 50% per unit
cell volume, in which 3puso has the largest potential
molecular void of 51% (1049 A® of the 2064 A® unit cell
volume).

Hirshfeld surface analysis

Hirshfeld surface analysis and the 2D fingerprint plot are very
useful tools for the visualization of intermolecular interactions
using different colours and colour intensities, representing
short or long contacts and indicating the relative strength of
the interactions in crystal structures relative to the van der
Waals radii.”* The molecular Hirshfeld surface plots were
generated using CrystalExplorer 17 with the 3D d,,orm surfaces
mapped over a fixed colour scale of -0.7606 (red) to 1.7819
(blue) A. The red and blue colours are used for shorter and
longer contacts, respectively, while white highlights for
contacts around the van der Waals separations. It should be
noted that the bond lengths to hydrogen atoms are set to
typical neutron values (C-H = 1.083 A, O-H = 0.983 A).*
Hirshfeld surface analysis and the total area of the
molecular surface for the H,Br,BDC host molecule with all of
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the solvates are highly comparable. With the aid of
decomposed 2D fingerprint plots (Fig. S5f), the most
important contributions to the stabilization of the packing of
the host molecules in these solvates come from the Br---H/
H--'Br, Br---C/C---Br, and Br---O/Br---O contacts (Table S37).
According to the structural analysis results from SCXRD
studies in the preceding section, the formation of 2D XBOFs
was mainly driven by molecular self-assembly through the
Br---O and Br---n halogen bonding interactions involving the
host molecules. As shown in Fig. 3a, the dominant
interactions between Br and O atoms, corresponding to the
Br---O halogen bonds, can be clearly seen in the Hirshfeld
surface as the red spots. The relative contributions of these
contacts to the total d, .., surfaces are 12.7%, 15.4%, 13.8%,
and 13.0% for 15N, 2kton, 3pmso, and 4gg, respectively, and
appear as symmetrical sharp spikes centred near a (d. + d;)
sum of ~2.9 A in the 2D fingerprint plots (Fig. S61), where d.
is the distance from a point on the Hirshfeld surface to the
nearest external atom and d; is the distance from the same
point on the Hirshfeld surface to the nearest atom internal to
the surface. The white spots represent the self-

(d) (e)

Fig. 3 Hirshfeld surfaces mapped with dnorm for (a) the neighbouring
host molecules associated with close Br---:O contacts shown as red
spots and dashed lines, and the intermolecular host-guest hydrogen
bonding interactions between the H,BrsBDC and solvent molecules
for (b) 1atn. (€) 2eton, (d) 3pmso. and (e) 4ec.
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complementary weak Br---C/C---Br contacts resulting from
the Br---m halogen bonding interactions. The proportions of
these contacts are comparable in all independent H,Br,BDC
molecules, comprising ~25% of the contribution with a
symmetrical sharp spike in the fingerprint plot having (d. +
d) ~3.4 A. Other visible spots in the Hirshfeld surfaces
correspond to Br---H/H---Br and Br---Br contacts (Table S31),
shown as white areas. These contacts are over 15% longer
than the sum of Bondi van der Walls radii. Evidently, it was
observed that the contribution from the C---C contact on the
Hirshfeld surfaces for the host molecules in all the solvates is
equal to zero. This confirms the absence of intermolecular
n---n stacking interactions, which is qualitatively consistent
with experimental SCXRD analysis. Hence, it can be
concluded that the primary Br---O and the secondary Br---n
halogen bonding interactions play a central role in stabilizing
the formation of the supramolecular XBOFs among all the
solvates reported here.

Furthermore, the intermolecular host-guest interactions
have also been visualized via Hirshfeld surface analysis. By
selecting the host molecules as the object, the vivid red spots
are clearly visible on the d,,, surfaces, Fig. 3b-e, attributed
to the H---O/O--‘H contacts, which correspond to strong
(host)O-H:--O(guest) hydrogen bonds involving the acidic
hydrogen atoms. These contacts are represented by two
unsymmetrical narrow pointed areas with a d. + d; sum range
from ~1.5 A to ~1.7 A (Fig. S7t), meaning that the host
molecules can act as hydrogen bond donors and also
constitute the acceptor counterpart. On the other hand, by
selecting only the solvent molecule as the object, the strong
(guest)O-H---O(host) and (guest)O-H---O(guest) interactions
are evident on the Hirshfeld surfaces with the contribution of
H---O/O---H contacts varying from 27.7% in 1,y to 49.6% in
4. The contacts appear as wings having a d. + d; sum range
from ~1.5 A to ~2.2 A in the 2D fingerprint plot (Fig. S8%).
There are, however, some differences between these solvents
due to the differences in packing motifs and intermolecular
arrangements in the solid state. For 1,rn and 2gcon, the most
significant contribution to the d,om surface of the solvents
comes from H---H contacts, which comprise about half of the
total Hirshfeld surfaces. Meanwhile the H---O/O---H contacts
are the main contributors in 3pyso and 4gg (Table S37),
which suggest that solvent DMSO and EG molecules have
stronger intermolecular interaction.

DFT calculations

The interaction energies between Br and O atoms in the
crystal structures of these solvates have also been
investigated by performing quantum chemical calculations.
The type I crystal structure has a network of interactions
between the H,Br,BDC molecules that consist of two different
interactions between these molecules (Fig. S3af). The first
consists of two Br atoms interacting with two O atoms of the
carbonyl groups, and the other one is where two Br atoms
interact with two O atoms of the hydroxyl groups. Since
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attraction between two molecules in crystal structures is not
only caused by the interactions of Br and O atoms, but also
by the van der Waals attraction, we made model systems to
evaluate these two contributions. To get the energy of Br---O
interactions, we made two model systems, one with
molecules as in the crystal structure and a second model
system in which we have replaced the interacting COOH
group with hydrogen atoms to get the interaction energy
between these molecules without the Br---O interactions. The
difference between these two interaction energies is the
interaction energy of Br atoms with the COOH groups. For
the Br---O-H contacts, the interaction energy in the model
system with COOH groups (Fig. S9af) is —4.66 kcal mol ™,
while the interaction energy in the model system without
COOH groups (Fig. S9bt) is -3.55 kcal mol™. Hence, the
interaction energy of two Br---O-H group contacts is -1.11
(-4.66 - (-3.55)) kcal mol™*, whereas the interaction energy
for one Br---O-H group contact is —0.55 kcal mol™. For the
Br--:O—C contacts, the interaction energy in the model
system with COOH groups (Fig. S10at) is —6.96 kcal mol ",
while the interaction energy in the model system without
COOH groups (Fig. S10bt) is -3.55 kcal mol™". Thus, the
interaction energy of two Br---O=—C contacts is —3.41 (-6.96 —
(-3.55)) kcal mol™, and the interaction energy for one
Br---O=C contact is —1.71 kcal mol .

The type II crystal structure has a network of Br:---O
interactions that consist of two equivalent contacts between
the H,Br,BDC molecules; in each contact, there is one
interaction of the Br atom with the O atom of the carbonyl
group, and a second interaction of the Br atom with the O
atom of the hydroxy group (Fig. S3bt). In a similar manner to
the type I structure, to investigate the energies of the
particular interactions three models were used. One as in the
crystal structure and the other two are models in which we
replaced an interacting COOH group with a H atom to get
the interaction energy between only one Br and O pair. The
model system with Br-O—C interaction (Fig. S11af) has an
interaction energy of —5.82 kcal mol™, while the model
system without Br---O—C interaction (Fig. S11b}) has an
energy of -4.04 kcal mol™". Thus, the Br---O=C interaction
energy is the difference, —1.78 kcal mol™*. The model system
without Br---O-H interaction (Fig. S1lct) has an energy of
-5.23 keal mol™. Therefore, the Br---O-H interaction energy
is equal to —0.59 (-5.82 — (-5.23)) kcal mol ™. The calculated
interaction energies of Br--:O—C and Br---O-H interactions
are very similar in type I and type II structures (Table S4t),
and these results also indicate that Br---O=—C interactions
are significantly stronger.

To investigate the influence of the type of halogen element
in these systems, we have calculated the interaction energies
of the model systems in which we have replaced the Br atoms
with Cl atoms. Model systems based on the type-I crystal
structure were used as the starting point and after
replacement of Br atoms with CI atoms, these model systems
were optimized at the ®B97X-D/def2-SVPP level of theory. The
bond length for the optimized CI-C bond of 1.73 A is shorter
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than the Br-C bond with 1.89 A, which is consistent with the
difference of their van der Waals radii. Optimized model
systems and model systems where COOH groups were
replaced with H atoms were used to derive the CI/O—C and
Cl/O-H interaction energies, as was previously done for Br/
O=C and Br/O-H interaction energies. CI/0O—C and Cl/O-H
interaction energies (-1.05 and —0.43 kcal mol ™, respectively)
were less attractive than Br/O—C and Br/O-H interaction
energies (-1.71 and —0.55 kcal mol™, respectively). This was
expected since the sigma hole interaction of the Br atom
should be stronger than that of the Cl atom, as is well known
and can be observed in the electrostatic potential map in
Fig. 4. Our attempt to optimize the model system with the ClI
halogen atom that is based on the type-II crystal structure
was not successful, since the optimized structure had a
completely different geometry with different interactions.
Hence, we optimized the dimer with hydrogen bonds
between COOH groups and parallel planes of the aromatic
rings (without Cl/O=C and Cl/O-H interactions). Based on
the optimized structure of the H,CI,BDC molecule and Cl/
O=C and Cl/O-H distances from previous calculations, we
have constructed a reasonable model system based on the
type-II crystal structure. This model system and the model
systems where the COOH group was replaced with a H atom
were used to evaluate the Cl/O—C and Cl/O-H interaction
energies, as was previously done for Br/O—C and Br/O-H
interactions. The interaction energies were similar to the
interaction energies that were previously obtained for Cl/
O=C and Cl/O-H interaction energies (-0.98 and -0.32 kcal
mol ', respectively).

Furthermore, the calculated electrostatic potential map of
the H,Br,BDC and H,CL,BDC molecules can explain the
calculated interaction energies. As shown in Fig. 4b, the
potential is slightly positive above the ring, and the potential
of the Br atoms is negative, with a positive sigma hole in the
plane of the ring, opposite to the Br-C bond.*" This positive
potential forms the electrostatic interaction with negative
potential on oxygen atoms of the other molecule. The

0.06 .
0.05 X
0.04 .
0.03 ;
0.02 3
0.01

0.00
-0.01 -
-0.02 -0.

(a) (b)

Fig. 4 Electrostatic potentials plotted at the outer contour of an
electron density of 0.004 a.u. and values vary from -0.03 to 0.06 a.u
for H,Br4BDC (a) and H,Cl4,BDC (b). All calculations were performed at
the ®B97X-D/def2-TZVPP level of theory.
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electrostatic potential shows significantly stronger negative
potential on C=0 oxygen than on O-H oxygen, which is in
accordance with the calculated interaction energies. The
calculated electrostatic potential map of the H,Cl,BDC
molecule is very similar to the map of the H,Br,BDC
molecule with the exception of the smaller c-hole on the Cl
atoms than that on the Br atoms. This explains the weaker
interaction energies calculated for the H,Cl,BDC molecule.

Solvate stability and structural reversibility

To determine the thermal behaviour and to probe the solvate
stoichiometry, thermogravimetric (TG) analysis was
performed for all the solvates and the H,Br,BDC molecule.
As can be seen in Fig. 5a, the TG curve of the H,Br,BDC
building molecule shows that there is no weight loss before
the sample was melted (275 °C), confirming that the sample
of H,Br,BDC did not contain any solvent. Meanwhile the TG
curves of the solvates of H,Br,BDC merely undergo two steps
of weight loss. For all the solvates, the initial weight loss is in
the range 50-215 °C and is due to the release of the exclusion
of solvate molecules. The second weight loss is attributed to
the decomposition of the H,Br,BDC molecules. It was
observed that the loss of solvent molecules from the solvates
follows the order 3pmso > 4rg > 2rtou > larn- These trends

50 100 150 200 250 300 350 400 450 500
Temperature (°C)

(a)

] Resolvated 201

l N ﬂ \ H Desolvated 2g0n

l ‘ A As-synthesized 2g04
l h l h h H:Br;BDC

5 10 15 20 25 30 35 40 45 50
2-Theta (degree)

(b)

Fig. 5 TG curves of H,Br,;BDC and all the solvates (a) and PXRD
patterns (bottom to top) of H,Br4BDC, as synthesized 2gion,
desolvated 2gion, and resolvated 2gion (b).

Intensity (a.u.)
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may be attributed to the melting points of the solvents and
the appearance of the stronger intermolecular hydrogen
bonding interactions as discussed above. It should be noted
that the TG curves show no significant difference between
the melting points of the solvates and the pure H,Br,BDC.
Furthermore, from the weight loss seen in the TG curves of
these solvates the stoichiometry of the H,Br,BDC: solvent was
calculated to be 1:2, which is in reasonably good agreement
with the experimental X-ray crystallographic analysis.

Moreover, an interesting feature is that structural
reversibility was observed through the desolvation-
resolvation process. As observed above, the TG results
indicate that all the solvates show similar thermal stability in
which all the solvates convert to the desolvated forms before
melting. Thus, the study of desolvation-resolvation of the
ethanol solvate 2oy is described in detail as a representative
example. When the ethanol molecules were removed by
heating at 40 °C under vacuum (~10 mbar pressure) for 1 h,
the solvate form indeed changes to the H,Br,BDC phase. The
original solvate form can be easily recovered by adding the
ethanol solvent into the desolvated phase and subsequent
heating at 110 °C for 1 h in an autoclave. As can be seen from
the PXRD patterns in Fig. 5b, the positions of the diffraction
peaks for the desolvated and reabsorbed solvent phases are
perfectly in accordance with those in original H,Br,BDC and
as-synthesized 2gon, respectively, showing that the crystal
structure remains essentially unchanged in each case. More
interestingly, this reversibility of the desolvation-resolvation
process for this solvate 2gon could be repeated at least ten
times. In addition, variable temperature PXRD was also
carried out to monitor the structural changes after the
solvent leaves (Fig. S127). It was verified that after removal of
lattice solvent molecules at ~100 ©°C, the molecules
rearranged to the original H,Br,BDC, which was followed by
the decomposition of the sample at ~250 °C.

Photochemical properties

In addition, the photochemical properties of the synthesized
solvates, as well as the parent H,Br,BDC molecule were
investigated. Both UV-vis and photoluminescence spectra
were recorded for the samples (Fig. S13t). The UV-vis spectra
of all of the compounds show strong absorption below 320
nm. Inspection of this part of the spectrum reveals slight
differences. Compounds H,Br,;BDC, 1,1y, and 2gon exhibit a
trough around 300 nm and shoulders around 245 nm. On
the other hand, the spectra of 3puso and 4gg have a
minimum in this part at 230 nm followed by a gradual
increase towards the peak at 300 nm. Furthermore, a small
shoulder is observed in these spectra at 358 nm. This feature
is most prominent in the spectrum of 4gg. Upon excitation at
300 nm, weak emission spectra can be observed for these
compounds. Once again, the spectra of H,Br,BDC, 1,rn, and
2pon are somewhat similar, exhibiting fairly broad peaks
between 320 and 390 nm. The spectra of the solvates are
slightly red shifted and structured in comparison to the
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starting material. In contrast the emission spectra of 3pmso
and 4gg are narrower and blue shifted in comparison to the
previous ones. Meanwhile the spectrum of 4pg exhibits a
distinct peak at 325 nm; the peak for 3ppso merges with the
tail of the scattered excitation light. The spectral differences
observed in both methods, especially for the solvate samples,
are likely to be a reflection of the different hydrogen bond
strengths discussed above.

Conclusions

In summary, halogen bonding has been shown to be a useful
and reliable crystal engineering tool for the formation of
solvate crystals. In this work, the construction of 2D halogen-
bonded organic frameworks in the crystalline state was
readily controlled through the strong and directional Br---O
halogen bonding interactions (-0.6 to -1.7 kcal mol™)
between H,Br,BDC molecules, involving 100%
supramolecular yields. These 2D assemblies are considered
as host frameworks; meanwhile the carboxylic groups of the
H,Br,BDC building molecules with both hydrogen bond
donor and acceptor sites can also form hydrogen bonding
with various guest solvents (i.e. ATN, EtOH, DMSO, and EG),
and subsequently solvates with 1:2 host: guest stoichiometry
are formed. These solvates show interesting facile and
reversible crystalline-to-crystalline transformation upon a
desolvation-resolvation process and this reversible process of
such transformation could be repeated at least ten times as
monitored by PXRD. Such studies give some insight into the
requirements for the elaboration of layered frameworks,
which is necessary in order to ultimately engineer such an
emerging class of 2D supramolecular materials for the
adsorption of solvent organic molecules. Currently, we are
investigating the effects of different solvents and anions on
the XB interactions in such systems.
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