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Molecular complexes of 4-cyanophenylboronic acid (CB) with various N-donor compounds having
different conformational features, for example, rigid (1,10-phenanthroline (110phen), 4,7-phenanthroline
(47phen), 1,7-phenanthroline (17phen) and acridine (acr)) and linear (1,2-bis(4-pyridyl)ethane (bpyea), 1,2-
bis(4-pyridyl)ethene (bpyee) and 4,4'-azopyridine (azopy)), have been reported. In all complexes, the —
B(OH), moiety is found to be in a syn—anti confirmation, with the exception of structures containing
110phen, bpyee, and azopy, wherein, syn—-syn conformation is observed. Further, CB molecules remain
intact in all structures except in the complexes with some linear N-donor ligands, wherein —B(OH),
transforms to monoester (-B(OH)(OCHz5)) prior to the formation of corresponding molecular complexes.
In such boronic monoester complexes, the conformation of —B(OH)(OCH?3) is syn—anti with respect to
the —OH and —OCHs groups. Also, complexes mediated by azopy and bpyee exist in both hydrated and
anhydrous forms. In these anhydrous structures, the recognition pattern is through homomeric
(juxtaposed —CN and —-B(OH),) as well as heteromeric (between hetero N-atom and —B(OH),) O-H---N
hydrogen bonds, while only heteromeric O-H---N hydrogen bonds hold co-formers in all other
structures. Depending upon the conformational features of both co-formers, molecules are packed in
crystal lattices in the form of stacked layers, helical chains, and crossed ribbons. All structures are fully
characterized by single-crystal X-ray diffraction and phase purity is established by powder X-ray
diffraction. Additionally, correlation among structures is explained by calculating a similarity index and

performing a Hirshfeld surface analysis to quantify the strength and effectiveness of different types of
Received 12th June 2023

Accepted 17th July 2023 intermolecular bonds that stabilize these structures along with the presentation of energy frameworks,

representing the strength of the interactions in the form gradient cylinders. Also, the morphology of
DOI: 10.1035/d3ra03936f each complex was computed by BFDH methodology to correlate with the actual crystal morphology
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1. Introduction

The design and preparation of new materials, for example, co-
crystals, with desired physical and chemical properties is
a continuum process." The methodology involved in such
experiments is essentially based on generating molecular
recognition between the complementary molecular building
blocks, invoking various intermolecular interactions such as
hydrogen bonds, m-m interactions, etc.> However, since the
intermolecular interactions are so labile and facile to either re-
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orient or reorganize, the development of target-oriented mate-
rials is still elusive, despite a plethora of structural assemblies
known in the literature.?

Some functional groups like -COOH, -CONH,, and -CSNH,,
form specific topological hydrogen bonding patterns that may
determine the course of arrangement of molecules in crystal
lattices; however, other auxiliary groups prevail on the mole-
cules, and may also play a vital role in the ultimate topological
arrangements.* In addition, if the prime functional group shows
high conformational flexibility to form distinct conformers, the
degree of molecular aggregation further would expand and
accordingly a diversity of archetypes may form.**> Among such
functional groups, an organoboronic acid, represented as -
B(OH),, shows three conformers in solid-state that can produce
diverse recognition patterns, syn-anti, syn-syn, and anti-anti, as
shown in Scheme 1, possibly leading to the formation more
intriguing exotic supramolecular architectures.®

Organoboronic acids are an important and significant class
of compounds that have gained prominence due to their
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applications in organic synthesis, mainly in Suzuki coupling
reaction’ and medicinal chemistry like enzyme inhibitors,®
saccharide, sensing agents,” boron neutron capture therapy
agents, etc.'® In fact, a recently emerging novel frontier research
area, covalent organic frameworks (COFs), is also mainly due to
the facile reactive features of boronic acids to form C-C bonds
with ease in the presence of appropriate organic ligands.™ Apart
from it, boronic acids have recently gained popularity in
supramolecular chemistry due to the potency of -B(OH), moiety
as a hydrogen bond donor as well as an acceptor, similar to
carboxylic acid and amide functionalities.**"

Despite the demonstrated capability of the -B(OH), moiety
to form O-H---O/O-H--N hydrogen bonds with various co-
formers, similar to -COOH and -CONH, groups, the number
of structural investigations involving boronic acids is still
significantly lower compared to carboxylic acid and amide
complexes.?>*

Thus, considering the significance of boronic acids in the
general synthetic aspects and also effective applications in
healthcare domains, as well as the most significant feature of
the facile formation of different hydrogen bonding patterns and
considerably a small number of studies only are available in the
literature, different exercises have been carried out to develop
a myriad of boronic acids in the form co-crystals.**

In this regard, an important feature derived from the literature
is that 4-cyanophenylboronic acid (CB) is known to form only
hydrated molecular complexes with some linear N-donor ligands,
despite water is not used as a crystallization solvent."® Thus,
several co-crystallization experiments have been initiated to
develop corresponding anhydrous complexes of CB and also by
expanding the horizon of N-donors by considering rigid ligands as
well, by employing 1,10-phenanthroline (110phen), 4,7-phenan-
throline (47phen), 1,7-phenanthroline (17phen), acridine (acr) and
4,4"-azopyridine (azopy), 1,2-bis(4-pyridyl)ethane (bpyea) and 1,2-
bis(4-pyridyl)ethene (bpyee). The three-dimensional structures of
all co-crystals, thus, obtained have been determined by single
crystal X-ray diffraction method to evaluate the exotic structural
features. The asymmetric unit contents of each complex are pre-
sented (Table S1) in the form of ORTEP in the ESL}

2. Experimental section

The chemicals used in this study were obtained from Sigma-
Aldrich with >99% purity and have been used without further
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purification. The solvents employed for crystallization experi-
ments were of the highest quality available (spectroscopy
grade). The co-crystals were prepared by dissolving the corre-
sponding reactants in an appropriate solvent and allowing the
solution to evaporate either at ambient or low-temperature
conditions. Within 72-96 hours, good-quality single crystals
suitable for X-ray diffraction analysis were obtained in all
instances.

2.1. Crystal structure determination

Good-quality single crystals were carefully chosen after being
viewed under a Leica microscope and glued to glass fiber by
using an adhesive, and mounted on the goniometer of Bruker
single-crystal X-ray diffractometer (D8 VENTURE), with Mo-Ka
radiation (A = 0.71073 A) source, equipped with a PHOTON 100
CMOS detector. The crystals remained stable throughout the
data collection, carried out in ¢ and o scans, and the process
was found to be smooth. The structures were determined by
using the intrinsic phasing method followed by full-matrix
least-squares refinement against F° using SHELXTL,
embedded within Bruker suite of programs.'® All non-hydrogen
atoms were refined by anisotropic method and hydrogen atoms
were either refined or placed in calculated positions (Table S21).
All the structural refinements converged to good R factors, as
listed in Table 1 and the intermolecular interactions were
computed by using PLATON (see Table 2)."” The packing
diagrams were generated by using Diamond (version 4.6.3)."®

2.2. Powder X-ray diffraction (PXRD)

PXRD patterns were recorded on a Bruker D8 Advance X-ray
diffractometer with Cu-Ko radiation (A = 1.5418 A). The
voltage and current applied were 40 kV and 30 mA, respectively.
Intensities were measured in the reflection mode in the 26
range of 5-40°.

2.3. Hirshfeld surface analysis

Hirshfeld surface analysis and 2D fingerprint calculations were
performed using Crystal Explorer (version 21)," by importing
the atomic coordinates from the CIF files. Hirshfeld surfaces
(separately for each co-former) are generated for each structure.
The distance from the nearest nucleus inside and outside the
surface was measured and represented by the d; and d,
respectively, while a normalized contact distance was repre-
sented as d,o:m. The white, red, and blue colors have been
selected for the visualization of the d,om function with very
high resolution.

2.4. Energy framework

The energy frameworks for all the co-crystals have been esti-
mated based on the interaction energies by using Crystal
Explorer 21.5 software.” The energy calculations are performed
at the B3LYP/6-31G(d,p) level of theory and using the crystal
geometry of the respective co-crystals. The energy framework
was constructed with an equal tube size (scale factor) of 100 and
the energy threshold (cut-off) value was set to 5 kJ mol ™.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Hydrogen bond distances (A) and angles (°) for all molecular complexes, 1-7, 6a, 6b, 7a and 7b”
Co-crystals O-H---O O-H--'N C-H---O C-H---N
1 1.79 2.74(2) 163 2.46 3.52(2) 169 2.67 3.50(2) 134
1.81 2.79(2) 172 2.88 3.87(2) 152 2.75 3.54(2) 130
2.54 3.60(2) 168
2 1.85 2.79(1) 158 2.39 3.43(3) 164 2.54 3.59(2) 164
1.98 2.88(2) 151 2.53 3.58(1) 162 2.56 3.51(1) 147
2.63 3.69(2) 164
3 1.81 2.78(3) 171 1.84 2.72(3) 148 2.32 3.3(3) 153 2.58 3.58(1) 153
2.59 3.58(2) 151
2.73 3.70(1) 149
4 1.78 2.75(2) 169 1.80 2.69(2) 149 2.42 3.45(3) 160 2.47 3.46(3) 152
2.86 3.76(3) 141
5 1.77 2.68(2) 153 1.78 2.75(2) 172 2.65 3.46(3) 132
1.88 2.79(2) 154 2.70 3.52(3) 133
2.03 2.94(2) 155 2.90 3.76(3) 138
6 1.87 2.76(3) 150 2.63 3.47(2) 134 2.52 3.49(3) 148
1.98 2.91(3) 157 2.81 3.77(3) 148 2.84 3.71(1) 138
6a 1.97 2.72(1) 131 1.81 2.77(3) 164 2.49 3.45(3) 149 2.45 3.51(3) 167
1.84 2.72(1) 148 1.87 2.79(2) 156 2.83 3.67(2) 134 2.71 3.67(2) 148
6b 1.87 2.75(2) 148 2.42 3.47(3) 163 2.56 3.47(3) 141
2.92 3.84(3) 143
2.64 3.59(3) 148
7 1.85 2.74(3) 149 2.94 3.86(3) 143 2.56 3.52(3) 149
2.01 2.96(3) 162 2.76 3.68(3) 143
7a 1.81 2.77(3) 168 1.79 2.71(3) 154 2.36 3.41(3) 165 2.36 3.41(3) 165
1.83 2.71(3) 148 2.48 3.51(3) 158 2.62 3.65(3) 158
1.84 2.71(3) 147 2.79 3.77(3) 151
2.82 3.71(3) 140
7b 1.87 2.74(2) 147 2.71 3.74(2) 160 2.64 2.60(2) 148
2.70 3.52(2) 133

“ For each structure, the three columns represent the distances of H---A, D---A and angles /D-H---A, respectively.

3. Results and discussion

Good-quality single crystals of CB with various N-donor
compounds as listed in Chart 1 are obtained upon co-
crystallization from an appropriate solvent (Chart 1). Structure

NC—O—E(OH)Z

4-cyanophenylboronic acid, (CB)

CQ}% Q/ \></ § 2/ \>

1,7-phenanthroline (17phen)

1,10-phenanthroline (170phen) 4,7-phenanthroline (47phen)

@‘\_Q

acridine (acr) 1,2-bis(4-pyridyl)ethane (bpyea)

/_\ \ /_\ @_N\\N_@
py) S—

1,2-bis(4-pyridyl)ethene (bpyee) 4,4'-azopyridine (azo)

determination of these complexes reveals that each adduct
forms distinctly unique molecular arrangements, especially the
conformation of -B(OH), moiety and the nature of hydrogen
bonds (homomeric and heteromeric), which are discussed in
detail for all complexes.

Reactants solvents products
CB + 110phen  CH30H 1
CB + 47phen CH3;0OH 2
CB + 17phen CH3OH 3
CB + acr CH3;0H 4
CB + bpyea CH;0OH 5
CB + azopy CH3NO:2 6
CH3OH 6a & 6b
CB + bpyee CH3CN 7
C:HsOH 7a
CH3OH 7b

Chart 1
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3.1. Molecular complexes of CB with rigid N-donor ligands

Molecular complex of CB with 110phen. At ambient condi-
tions, co-crystallization of 4-cyanophenylboronic acid, CB, with
110phen, from a CH30H solution of the co-formers in a 1:1
ratio, gives needle-shaped good-quality single crystals within
72 h, which are labeled as 1 for ease of discussion. X-ray
diffraction analysis reveals that the components of 1, crystal-
lize in an orthorhombic non-centrosymmetric (chiral) P2,2,2,
space group, with an asymmetric unit consisting of 1:1 mole-
cule of co-formers and molecules of crystallization solvent
(CH30H). The pertinent crystallographic information is given in
Table 1. The constituents of an asymmetric unit are shown in
Table S1,t in the form of ORTEP.

The molecules in complex 1 arrange in the form of sheets
with voids (7 x 6 A%) that are inhabited by molecules of crys-
tallization solvent (CH3;OH), as shown in Fig. 1a. The guest
molecules (CH;0H), indeed, form infinite chains by holding
each other through hydrogen bonds. Within each sheet, the co-
formers interact with each other through O-H:--N hydrogen
bonds formed between -B(OH), moiety prevails on CB and the
N-atoms of 110phen. It is pertinent to mention that such
a recognition process involves -B(OH), moiety in a syn-syn
conformation, which is a commonly known conformation in
similar complexes.®**® The hydrogen bonds, thus, formed
appear in the form of an unsymmetrical Etter's pattern,

Fig. 1
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R3(9), with the corresponding H---N distances being 1.79 A (O---
N, 2.74 A) and 1.81 A (O--N, 2.79 A) as shown in Fig. 1b.
Furthermore, the assemblages self-assemble to constitute
quartet ensembles through the formation of C-H---O (H---O,
2.46 A; C+-0, 3.52 A) hydrogen bonds (homomeric, between the
molecules of CB) in the form of a symmetrical pattern,
R3(12) and a single C-H---N (heteromeric, between the co-
formers) hydrogen bond, with the corresponding H---N
distance being 2.75 A (C-+-N, 3.54 A). In turn, these quartets are
held together by different C-H---O and C-H---N hydrogen
bonds with H---0, 2.54 A, (C++-0, 3.60 A) and H-**N, 2.67 A, (C---
N, 3.54 A) respectively. However, in the crystal lattice, the sheets
are not stacked translationally but are arranged in a crossed-
sheet form. As a result, the juxtaposed molecules in the adja-
cent sheets interact with each other via the formation of helical
chains among the molecules of CB (Fig. 1c). Further, the helical
chains are bound together by the 110phen molecules (Fig. 1d).

Molecular complex (2) of CB with 47phen. A CH;OH solution
containing boronic acid, CB and 47phen in a 1:1 ratio, upon
slow evaporation, forms needle-shaped crystals at ambient
conditions. The molecules in the crystals are arranged in
a monoclinic non-centrosymmetric space group P2, with an
asymmetric unit consisting of co-formers in a 1:1 molecular
ratio (Table S1t). Unlike in the crystals of 1, herein, -B(OH),
moiety is found in a syn-anti conformation.

(a) Three-dimensional arrangement with voids, occupied by CH3zOH molecules, in molecular complex, 1. (b) Basic recognition unit

observed between complementary functional groups present in 1. (c) 1D helical chain and (d) left-handed and right-handed helical chains.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2
between CB and 47phen.

Structural analysis shows that the building unit between CB
and 47phen molecules in this complex is formed through a het-
eromeric pairwise O-H:-N/C-H---O (H-*"N, 1.85 A; O-*"N, 2.79 A
and H---0, 2.39 A; C-+-0, 3.43 A) hydrogen bonds in the form of
Etter's notation, R3(8) (Fig. 2a), and yields a crisscrossed
network in the crystal lattice (Fig. 2b). Further, the adjacent
building units are bound together by an O-H---N (H:**N, 1.98 A;
0--"N, 2.88 A) hydrogen bond formed between 47phen and CB
molecules, invoking H-atom prevail on CB at the anti-position.
Such an association, thereby, constitutes one-dimensional
helical chains that are further held together by C-H:--N (H--
N, 2.54 A; C++-0, 3.59 A) hydrogen bonds (Fig. 2c), leading to the
construction of a double helix pattern.

Mimicking a recognition pattern of an amide functionality
by -B(OH), in molecular complex 3. Co-crystallization of CB
with 17phen (in a 1:1 ratio) forms crystals, 3, at ambient

(a) Basic recognition unit observed in molecular complex, 2. (b) Criss-crossed network in the crystal lattice. (c) A double helix formed

conditions, during slow-evaporation of a CH;OH solution of the
co-formers. Structure determination by single-crystal X-ray
diffraction method on a good-quality crystal reveals that the
co-formers in the crystals of 3 crystallize in a triclinic space
group, P1, with an asymmetric unit consisting of molecules of
CB and 17phen in a 1:1 ratio (Table S17).

Similar to 2, here also the -B(OH), moiety of CB espouses
a syn-anti conformation, with unprecedented interactions with
the co-former, 17phen. In general, -B(OH), has been addressed
as a hybrid of -COOH and -CONH, based on the homomeric
interactions in the native structures of several boronic acids,
but it mostly mimics molecular recognition features of -COOH
in many complexes, though a few recognition patterns of
amides are also realized.*® However, a significant pattern
observed in amide-mediated co-crystals, for example, dimers of
—-CONH, moieties holding the co-formers through the second -

Fig. 3
networks in molecular complex, 3.

23272 | RSC Adv, 2023, 13, 23267-23284

(@) A typical tetrameric unit in the crystal structure of 3. (b) Interaction between the tetramers in the crystal lattice. (c) Crossed tape

© 2023 The Author(s). Published by the Royal Society of Chemistry
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NH group, is not so observed in the complexes of boronic acids
(see Scheme S17).

In complex, 3, interestingly, such an unusual amide feature
is observed, for the first time, among boronic acid molecular
complexes. Thus, molecules of CB form dimers through homo-
meric O-H---O (H---O, 1.81 A; O---0, 2.78 A) hydrogen bonds
formed between the -B(OH),, in the form of centrosymmetric
R3(8) pattern. Additionally, other H-atoms on both paired
molecules establish interaction with 17phen molecules via het-
eromeric O-H---N (H:--N, 1.84 A; O---N, 2.72 A) hydrogen bonds,
thus, creating tetrameric units (Fig. 3a). These units are further
held together by C-H---O (H--0, 2.32 A; O-+-N, 3.30 A) hydrogen
bonds, as shown in Fig. 3b. Nonetheless, the arrangement
constitutes crossed tape networks in the crystal lattice, which
are stabilized by homomeric C-H---N (H---N, 2.73 A; C--N, 3.70
A), hydrogen bonds (Fig. 3c).

Molecular recognition features and packing of molecules in
co-crystals, 4 (CB with acr). A CH;0H solution of CB and acr,
upon slow evaporation at ambient temperature, gives good-
quality single crystals. For ease of discussion, the crystals are
labeled as 4. The structure of 4, determined by X-ray diffraction
methods discloses that 4, crystallizes in a monoclinic space
group P2,/c, with an asymmetric unit consisting of co-formers
in a 1:1 molecular ratio. The constituents of an asymmetric
unit are displayed in the form of ORTEP (Table S17).

Conformation of -B(OH), in this complex is also in the form
of syn-anti as observed in 2 and 3. Furthermore, the basic
recognition patterns with the co-former reflect the amide pattern,
the same as found in complex 3. Thus, CB molecules interact
with each other, yielding homomeric dimers in a centrosymmetric
O-H:--O (H---0, 1.78 A; O-+-0, 2.75 A) hydrogen bonding pattern,
as shown in Fig. 4a. These dimers further form a tetrameric unit
by interacting with acr molecules through heteromeric O-H---N
(H-+*N, 1.80 A; O--'N, 2.69 A) hydrogen bond, as shown in Fig. 4a.
In such a pattern, though acr molecules appear to be like hanging
pendants connected to a chain of CB molecules, in further self-
assembly, acr molecules are connected to adjacent tetramers by
C-H---O (H---0, 2.42 A; C---0, 3.45 A) hydrogen bonds formed
between aromatic -CH groups on acr and -O atom of -B(OH),
moiety (Fig. 4a). Such aggregates are held together as crinkle

Fig. 4
through C—H---N hydrogen bonds.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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chains in the crystal lattice by C-H---N (H-*-N, 2.47 A;C--N, 3.46
A) hydrogen bond, as depicted in Fig. 4 (acr molecules are not
shown for brevity purposes). Complete details of all the pertinent
hydrogen bond distances are given in Table 2.

The structural features of complexes 1-4, show clear varia-
tions due to the diverse conformations of -B(OH), influenced by
N-atom locations on aza-donors. For example, 110phen, having
juxtaposed N-atoms directs to have a syn-syn conformation in
CB molecules, while widely separated N-atoms mediated
17phen, induces syn-anti conformations in CB molecules, as
also observed in the literature even with linear ligands like 4,4
bipyridine (bpy) and bpyee.

3.2. Molecular complexes of CB with linear N-donor ligands

In the literature, CB molecular complexes with linear ligands
(bpy and bpyee), are noted to be hydrated only. Also, co-crystals
of CB with bpyea and azopy (higher homologous of bpy and
analogous to bpyee) are not yet reported in the literature. Hence,
co-crystallization of CB with bpyea and azopy has been carried
out and the derived structural features are illustrated below.

Stacked sheet structure in the molecular complex 5 (CB and
bpyea). Crystals of complex 5 are obtained through a co-
crystallization experiment by dissolving 1:1 ratio CB and
bpyea co-formers in CH;0H and subsequently evaporating the
solution slowly at ambient conditions. Though water is not used
in the crystallization process, the asymmetric unit is noted to be
associated with a water molecule also, which is in accordance
with the nature of acid CB as is known to form hydrated
complexes.” In fact, the structure analysis by single-crystal X-
ray diffraction method, further discloses that complex 5 is
isomorphous to the molecular complex formed by its analog,
bpyee, which also gives a monohydrated molecular complex
while crystallizing from a CH;OH solution. The contents of the
asymmetric unit are shown in Table S1, representing water
molecules also, in the form of ORTEP.

The analysis further discloses that the -B(OH), moiety is
present in syn-anti conformation as observed in 2-4. In addi-
tion, the co-formers are arranged in a stacked sheets form in the
crystal lattice as shown in Fig. 5a, with each sheet comprising
both co-formers. The co-formers within each sheet are held

(b)

(a) Basic interaction in the form of a tetramer and between the adjacent tetramers in complex, 4. (b) Crinkle arrangement of CB molecules

RSC Adv, 2023, 13, 23267-23284 | 23273
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Fig. 5
dimensional linear ribbon arrangement.

together by O-H---N (H:-'N, 1.78 A; O--'N, 2.72 A) hydrogen
bonds between -N atom of bpyea and -B(OH), moiety, as also
observed in the other structures discussed above, and are
further connected through water molecules (see Fig. 5b). Thus,
linear ribbons are formed in a one-dimensional arrangement
with the adjacent primary blocks connected by two O-H---N
(H*N, 1.88 and 2.03 A; O--'N, 2.79 and O---N, 2.94 A) hydrogen
bonds formed between water and -N atoms of bpyea and nitrile
(-CN) groups. Such linear ribbons are further held together by
O-H---O (H---0, 1.77 A; 0---0, 2.68 A) hydrogen bonds formed
by water molecules with -B(OH), moiety as well as by some
C-H:---O hydrogen bonds with aza-donor molecules, as vividly
shown in Fig. 5c.

Anhydrous molecular complex of CB with azopy in the
crystal 6. Co-crystallization of azopy and CB from CH3;NO, gives
good-quality homogenous single-crystals; nevertheless, the
same co-formers yield two distinct morphological crystals
(needle and block), concomitantly, from a CH;OH solution. The
structural details of each crystal are described as given below.

The structure analysis reveals that the co-crystals of azopy
and CB, obtained from CH3;NO, (labeled as 6), crystallize in

View Article Online
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(a) Sheet arrangement of the molecules in the crystal lattice. (b) Basic recognition of CB with bpyea in hydrated complex 5. (c) Two-

a monoclinic space group, P2,/c, with unit cell dimensions, as
presented in Table 1. The contents of the asymmetric unit as
depicted in Table S1,7 reveals that structure 6 is an anhydrous
complex of CB and azopy in a 2:1 ratio.

The analysis of molecular features of co-formers in 6 exposes
that -B(OH), moiety is in unusual syn-syn conformation, as
observed in complex 1, despite the absence of juxtaposed -N
atoms on aza-donor molecules, expressing the two ~OH groups
of -B(OH), moiety as vicinal diols. In fact, the observed
conformation is quite intriguing and certainly accounted for the
molecular recognition process between the co-former molecules
CB and azopy. Further, the azo-bridge (-N=N) in azopy mole-
cules is noted to be disordered in a 2:1 ratio. Thus, the co-
formers are held together by heteromeric O-H---N (H---N, 1.87
A; 0---N, 2.76 A) hydrogen bonds between molecules of CB and
azopy; however, an unusual homomeric O-H---N (H---N, 1.98 A;
0-+"N, 2.91 A) hydrogen bond is also observed, which is formed
between CB molecules (formed between -B(OH), and nitrile
group), a hitherto unknown pattern in any of the CB complexes.
The pattern (both homomeric and heteromeric), along with its
propagation is shown in Fig. 6a. Such an association further

Fig. 6

23274 | RSC Adv, 2023, 13, 23267-23284

(a) Propagation of chain arrangement in the molecular complex, 6. (b) Crossed ribbon arrangement present in the crystal lattice.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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leads to the formation of crossed ribbon structures, as shown in
Fig. 6b.

Concomitant crystals (block and needle-shaped) of CB and
azopy from CH;O0H. Single crystal X-ray diffraction reveals that
out of the two concomitant crystals (block and needle-shaped)
obtained from CH;OH (mentioned in the text earlier), block-
shaped crystals are noted to be a hydrated form of CB and
azopy (labeled as 6a), as same as the complex of CB with bpyee
that was already reported in the literature (CSD refcode: PEL-
MUR)."” The detailed analysis further reveals that 6a also crys-
tallizes in a triclinic P1 space group, with an asymmetric unit
having 1: 1 molecules of co-formers and a water molecule. The
constituents of the asymmetric unit are shown in Table S1.f
Crystals of 6a (see Table 1) are found to be isomorphous with
PELMUR (a = 8.918(2), b = 9.508(2), ¢ = 12.009(3) A and « =
71.75(1), 8 = 70.21(1), v = 89.23(1)°). Also, 6a and PELMUR
show an isostructural relationship, despite the -B(OH), moiety
present in different conformations (syn-syn, 6a; syn-anti, PEL-
MUR). The structural features of 6a are described below.

The needle-shaped crystals, however, on the other hand
interestingly have shown entirely a new feature with the
formation of co-crystals generated between in situ converted
monoester of CB and azopy. These crystals are labeled 6b and
the structural features are discussed in detail in later sections.

Stacked layer structure in crystal structure of complex, 6a.
Crystals of 6a, with the contents of CB and azopy in a 1:1 ratio
along with a water molecule also, form a stacked layers struc-
ture in a three-dimensional arrangement (along ag-axis), as
shown in Fig. 7a. In such an arrangement, the -B(OH), moiety,
in a syn-syn confirmation, establishes interaction through
O-H---N (H--N, 1.81 and 1.87 A; O---N, 2.77 and 2.79 A) and
O-H:+-0 (H--0, 1.97 A; O-+-0, 2.72 A) hydrogen bonds, directly
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with N-atom of azopy and with the aid of water molecules,
respectively. Thus, a cyclic six molecular unit (two of each CB,
azopy and H,0) is realized, as pictorially depicted in Fig. 7b. The
cyclic units (highlighted in Fig. 7c) are further held together in
a two-dimensional arrangement by establishing a centrosym-
metric homomeric C-H---N (H-N, 2.71 A; C--'N, 3.67 A)
hydrogen bonding mediated R3(10) pattern between the adja-
cent CB molecules (see Fig. 7c).

It is well documented in the literature that hydrates and
anhydrous forms of the same co-formers are generally prepared
by varying the crystallization conditions, such as solvents,
temperature, pH, etc.>® Incidentally, by altering the solvent of
crystallization, azopy has been noted to form both anhydrous
and hydrated complexes 6 and 6a, with a noteworthy feature
that the hydrated form, 6a, obtained from CH3;OH is isomor-
phous with the reported structure (PELMUR) of its analog,
bpyee. Since, the anhydrous form of PELMUR is not known so
far, crystallization of CB and bpyee has been further carried out
from different solvents to explore the possibly unnoticed
anhydrous form. Indeed, such experiments gave crystals of
different geometry 7 and 7a from CH;CN and C,H;OH solu-
tions, respectively, as discussed below.

X-ray diffraction analysis of crystal 7 reveals that it is ador-
ably an anhydrous complex of CB and bpyee and also shows
isomorphism features with that of complex 6, crystallizing in
the same monoclinic space group P2,/c and similar unit cell
dimensions. Apart from that 6 and 7 are also isostructural in
terms of -B(OH), moiety conformation (syn-syn), molecular
packing in 2D and 3D arrangements, with the exception of
hydrogen bond parameters (distances and angles) as displayed
in Fig. S1.7 Thus, in 7 also, homomeric (O-H---N with H---N, 1.85
A; O-*N, 2.74 A) and heteromeric (O-H:--N with H--N, 2.01 A;

Fig. 7

(@) Three-dimensional stacked layer arrangement in the molecular complex, 6a. (b) The six-membered cyclic network formed in

molecular recognition. (c) Interactions of the hexameric unit in the crystal lattice.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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0N, 2.96 A, Table 2) hydrogen bonds mediated crisscross
ribbon structure is observed.

Molecular complex of CB and bpyee in co-crystals of 7a.
Crystals of 7a, obtained by co-crystallization of bpyee and CB
from a C,HsOH solution are noted to be dihydrated molecular
complexes of the co-formers, as characterized by the single-
crystal X-ray diffraction method.

The crystals have an asymmetric unit in a 2 : 1 ratio of the co-
formers along with two water molecules, as shown in Table S1,f
in the form of an ORTEP drawing. The molecules are arranged
in the crystal lattice through the stacking of planar sheets
(Fig. 8b), as also observed in the structure of 5, which has a co-
former (bpyea), one of the close analogs of bpyee; but totally with
a different recognition pattern between the co-formers.
Furthermore, the structure of 7a is completely distinct from
the other structures (1-6) discussed above. In 7a, the co-formers
(CB and bpyee) do not interact with each other directly through
any significant recognition pattern. Thus, the molecules form
a host-guest network with the host being CB and water mole-
cules with bpyee as guest species. In the host network, CB
molecules form homomeric O-H---O hydrogen bonds (H:--O,
1.81 A; O---0, 2.77 A) in the form of dimers and further interact
with water molecules also by O-H:--O hydrogen bonds (H-:-O,
1.84 A; 0---0, 2.71 A) as depicted in Fig. 8a. The guest moieties
(bpyee) interact with the host lattice through a series of
hydrogen bonds; O-H--*N (H--N, 1.79 A; O---N, 2.71 A) with
water molecules and with CB molecules by C-H:--O as well as
C-H:--N hydrogen bonds, as shown in Fig. 8c.

Molecular complexes, 6b and 7b, formed by 4-cyanophe-
nylboronic monoester with azopy and bpyee co-formers. The
needle-shaped crystals obtained concomitantly along with 6a

(@)

Fig. 8
Two-dimensional host—guest network.
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discussed above, however, are found to be, interestingly,
showing an asymmetric unit comprising of azopy and in situ
transformed monoester of CB (labeled as 6b).

The crystals of 6b crystallize in a monoclinic P2,/c space
group (Table 1), with the asymmetric units having the co-
formers (monoester of CB and azopy) in a 2:1 ratio. The
constituents are shown in Table S1,} in the form of ORTEP.

The crystal structure analyses of 6b further illustrate that the
recognition moiety between the constituents is a three-
component unit, with two O-H---N (H--'N, 1.87 A; O--'N, 2.75
A) hydrogen bonds with each azopy molecule glued to two
molecules of monoester of CB. Because methylation destroys
the symmetry of -B(OH),, the observed conformation of
B(OH)(OCH;) may be regarded as anti with respect to the
position of -OCH; and -OH groups. Thus, interaction is
established through the participation of anti-H-atom and the
recognition pattern is shown in Fig. 9a.

Further, from the packing analysis, the arrangement of the
molecules in the crystal lattice is in the form of stacked sheets,
being separated at a distance of 3.4 A. A typical arrangement of
such a stacked sheet structure is shown in Fig. 9b. Within
a typical sheet, the tri-components described above are held
together through C-H---O (H:--O, 2.42 A; C---O, 3.47 A) and
C-H---N (H:*"N, 2.56 A; C---N, 3.47 A) hydrogen bonds formed
by -OCH; and -CN groups with hydrogen atoms of azopy
molecules (Fig. 9¢).

Since 6b was obtained as a concomitant form together with
a hydrated form 6a, co-crystallization of CB with hpyee has also
been repeated from a CH3;OH solution to evaluate if any
concomitant crystals were missed out earlier, as only the
hydrated form was reported in the literature from such

(a) Basic recognition of CB with bpyee in hydrated complex 7a. (b) Planar-sheet arrangement of the molecules in the crystal lattice. (c)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9

(@) Molecular recognition observed in the monoester with azopy. (b) Stacked sheet arrangement found in the molecular complex 6b,

separated by 3.4 A (c) Two-dimensional arrangement of the molecules in the crystal lattice, 6b.

crystallization experiment. The experiment reveals that this is
indeed, the case with the observation of concomitant crystals of
different morphologies.

Upon characterization by single-crystal X-ray diffraction,
one of the forms was found to be reported hydrated structure
(PELMUR), while, the other one being with an asymmetric
unit comprising of in situ transformed monoester of CB and
bpyee (labeled as 7b), as observed in 6b. Further, 7b is also
noted to be isomorphous and isostructural 6b, as both crys-
tallize in the same space group P2,/c and with similar unit cell
parameters (Table 1), as well as similar structural arrange-
ment in the crystal lattices except for hydrogen bond
distances and angles. The arrangement of molecules in 7b is
placed in Fig. S2.}

It should be noted that crystals of 1-5, were also obtained
from CH3;OH; but no methylation of CB was observed. Such
a transformation may be described, as shown in Scheme 2, in

terms of the loss of a water molecule from CB molecules, in the
vicinity of either azopy/bpyee, which is generally a rare trans-
formation in the co-crystallization process, but otherwise
mostly found in the covalent synthesis of base-catalyzed meth-
anolysis reactions.*

Based on the single-crystal X-ray diffraction data obtained
from a single-crystal of the samples, it is evident that the CB
molecule forms various exotic supramolecular assemblies with
all N-donor molecules. So, in order to ensure the homogeneity
of the bulk product, Powder X-Ray Diffraction (PXRD) analysis
was conducted on the ground samples of the crystals obtained
through solution growth. The result of the analysis demon-
strates that the simulated PXRD patterns are corroborated with
the experimental patterns, providing confirmation of the
exclusive formation of the desired products, as depicted in
Section S3.F

-
/o H - o\
A\N
X=CorN —
Scheme 2
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4. Correlation of structural features
and intermolecular interactions energy

4.1. Structural features

Isostructurality and isomorphism. Isostructurality and
isomorphism are important phenomena in solid-state struc-
tural studies to establish correlations among a series of related
structures.” Isostructurality vows to similar crystal structures or
3D packing arrangements while isomorphism refers to crystal
structures having similar unit cell parameters as well as space
groups. Thus, isomorphic crystals often show isostructurality
also but not vice versa. Isostructurality is more common in
multicomponent systems like co-crystals, molecular complexes,
solvent inclusion compounds, etc.** The isostructurality of
multicomponent systems can be established using structural
index parameters i.e., isostructurality index (Is), unit-cell simi-
larity index (] ]), and Xpac dissimilarity index (x).>” Is is calcu-
lated in the current study, using Mercury software (version
3.10.8), by comparing the packing similarity between the pairs
in terms of the root-mean-square distance (RMSD) and the
degree of similarity between the simulated PXRD patterns of
each pair. Mathematical expressions of these calculations are
described in Section S4.7

The calculated Is, [ [, RMSD, PXRD similarity and y for all co-
crystal pairs are listed in Table S2.7 Among all structures, co-
crystal pairs 6/7 and 6b/7b show the highest Is values 97.5
and 97.0%, respectively, as both the pairs are isomorphous as
listed in Table 3. However, the hydrated structures of azopy (6a)

Table 3 Details of isostructural and isomorphous analysis for the co-
crystal pairs

Co-crystals pair 11 Is (%) RMSD PXRD X

6/7 0.011 97.5 0.025 0.959 3.2
6b/7b 0.015 97.0 0.03 0.932 2.2
6a/PELMUR 0.008 72.7 0.273 0.986 2.6
5/PELMUR* 0.0179 64.3 0.357 0.922 —
6a/5 0.0267 65.5 0.345 0.924 —

“ PELMUR, ref code for the reported CB and bpyee hydrated co-crystal.
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and bpyea (5) as well as each of them along with the reported
hydrated structure of bpyee, show similar Is values (~65-70%)
as observed in 6/7 and 6b/7b, but the [] values diverge more
(Table 3), which may be due the difference in packing
arrangement observed in these crystal lattices.

The Xpac analysis, computing dissimilarity index (x), rein-
forces the observed isostructural features. Herein the points (6,
d,) are closer to the origin in the structures of 6/7, 6b/7b, and 6a/
PELMUR pairs, suggesting a stronger correlation. In each of
these examples, the observed Xpac dissimilarity index (x = 3.2,
2.2 and 2.6), is shown in the right corner of Fig. 10.

A comparison of experimental and computed (BFDH)
morphology. Using a Leica optical microscope, equipped with
a stereo zoom camera, images of the crystals are recorded for
structures, 1-7, 6a, 6b, 7a and 7b, which are displayed in Fig. 11.
The images primarily refer to four shapes, needles, blocks,
plates and a blade. The needles are observed in the structures of
1, 2, 6b, 7a and 7b, while blocks are found to be in complexes 4
and 6a. Further, crystals 3, 6 and 7 exhibit plate morphology and
molecular complex 5 forms blade shape crystals, a standalone
geometry among all the complexes.

Shapes of crystals, referred to as morphology, in general,
indeed will be the reflection of the packing (arrangement) of
molecules in crystal lattices. But, depending upon the growth
conditions, often the experimental shapes of the crystals do not
always truly corroborate with the observed arrangement of
molecules deduced from the structural evaluation carried out by
single-crystal X-ray diffraction. Thus, several computational
evaluation methods are developed to understand the true
morphology of the crystals and thereby compare them with the
experimental observations to authenticate the real shapes of the
crystals.

Among the available different methodologies and proce-
dures, morphology prediction modules available within Mercury
software,” Bravais-Friedel-Donnay-Harker (BFDH) morphol-
ogies, are widely populated to establish a correlation between
the experimental and predicted shapes, mainly based on the
evaluation of the packing of the molecules.*

To assess the observed morphology correlating with the
packing patterns, BFDH morphologies are generated consid-
ering attachment energy (AE), as listed in Table S3,1 and BFDH
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Fig. 10 XPac plot of interplanar angular deviation vs. angular deviation (°) for the pair of (a) 6/7, (b) 6b/7b and (c) 6a/PELMUR illustrating the

degree of similarity (top right corner value indicates dissimilarity index).
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Fig. 11 Presentation of experimental shapes (top) and computed BFDH morphology (bottom) for each structure.

models. The evolved geometries for all crystals are compiled in
Fig. 11, which also shows the experimental geometry of the
crystals. It is apparent that experimental and computed
morphologies show a high degree of overlap, grouping into four
types - blocks, needles, plates, and a blade, as observed exper-
imentally also.

4.2. Energy of intermolecular interactions

Intermolecular interactions with gradient energy direct the
course of the packing of molecules in crystal lattices. X-ray
diffraction data not only assess the determination of positions
of the atoms in the lattices but also facilitates the estimation of
different characteristics of intermolecular interactions quanti-
tatively in terms of bond distances, angles, etc., that enable
further estimate the stability factors like packing coefficients,
lattice energy, intermolecular interactions energy, etc. In
general, as numerous interactions are present in any crystal

© 2023 The Author(s). Published by the Royal Society of Chemistry

structure and assessment to establish the correlation between
structures is tedious following truly numerical parameters,
which leads to the evolution of different types of pictorial
representation of strength and energy patterns. Among, Hirsh-
feld analysis gives a presentation of quantification of the
strength of each type of intermolecular interaction through
dnorm and 2D-finger plots, while ‘Energy Frameworks’ project
total energy evaluating contributions from each interaction as
represented by gradient cylinders. Thus, energy calculations
have been carried out on all structures 1-7, 6a, 6b, 7a and 7b
using Crystal Explorer which is embedded with routines/
algorithms to carry out Hirshfeld and energy frameworks.
Hirshfeld surface area analysis for the co-crystals. In order to
thoroughly understand the strength and role of hydrogen bonds
and other intermolecular contacts, as well as to estimate their
importance for crystal lattice stability in all the crystals
described above, 1-7, 6a, 6b, 7a and 7b, Hirshfeld surface
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analysis has been carried out by using Crystal Explorer.” The
Hirshfeld surfaces, mapped with dporm, and corresponding 2D
fingerprint plots, clearly summarize quantitatively the nature
and types of all the intermolecular interactions experienced by
the molecule in the crystal lattices.

In the following section the details of d,om and corre-
sponding 2D fingerprint plots of each co-crystal, 1-7, 6a, 6b, 7a
and 7b, are shown in Fig. 12, wherein each structure shows
a unique Hirshfeld surface and 2D fingerprint plots (details of
analysis given in Tables S4 and S51). The intensity of the surface
is determined based on the strength of intermolecular
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interactions in different color codes and intensities. Thus, deep
bright red on the surface at respective donor and acceptor
atoms indicates the presence of strong O-H---O or O-H:-‘N
interactions; C-H---O appears as a faint red spot and further-
more, white and blue regions on the surface determine the
moderate to very weak interactions. Hence, herein Hirshfeld
surface of CB has been generated to investigate the influence of
different N-donors with varied backbones in overall packing in
the crystals (Fig. 12).

Analysis of dyorm plots shows differently shaded regions in
the proximity of N-donor molecules reflecting hydrogen-bonded
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Fig. 12 Hirshfeld surfaces and 2D fingerprint plots of 1-7, 6a, 6b, 7a and 7b.
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molecular recognition patterns, either homomeric/heteromeric or
both together. For example, structures 1, 2, 5, 6a, 6b and 7b
show only heteromeric while in structures 3 and 4 both homo-
meric as well as heteromeric could be visualized; however, in 7a
only homomeric interaction is apparent as the heteromeric
interaction appears faintly shaded, thus confirming the stand-
alone nature of 7a. Also, the isostructural pairs (6/7 and 6b/7b)
show similar Hirshfeld surface and 2D fingerprint plots.

From 2D fingerprint analysis it is accentuated that in almost
all the cases except 6b and 7b (crystals with monoester form of
CB), two prominent long spikes at d. + d; = 1.8 A, which
represent the H---O/O---H or H---N/N---H interactions, with the
close contacts range for H---O (10-24%) and H---N (18-25%), as
details are shown in Fig. 13. However, 6b and 7b show only one
spike which is due to the -OH group of monoesters CB.

Further, the finger plots disclose that all crystal structures
herein follow the general packing features observed in other
hydrogen-bonded structures with variable contributions from
different intermolecular interactions. Thus, it is apparent from
Fig. 13 that all structures show the approximately equal
contribution of strong hydrogen bonds (~30%) and secondary
hydrogen bonds about 20% with an overall van der Waals of
~30%. In each fingerprint plot, the van der Waals interactions
are represented by light to intense green spots at around 3.4 A,
which is due to the C-C interaction or often referred to as w—7
interaction.

Energy framework. Energy frameworks are generated intui-
tively using cylinders to represent connectivity between the
centroids of molecular pairs that are held together by inter-
molecular interactions. Such plots are so informative to explore
the energy contributions of different types of interactions
towards the overall stability of the crystals with the aid of
cylinders of gradient radius that is proportional to the strength
of the interaction energy.*°

This approach has proven to be particularly useful in the
study of molecular crystals, where the nature and strength of
intermolecular interactions can have a significant impact on the
properties and behaviour of the crystals. For example, the
utilization of energy frameworks has proven to be valuable in
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establishing structure-property relationships in molecular
crystals, including the study of mechanical behaviour, such as
bending, shearing and brittleness of molecular crystals.** The
basic frameworks are represented as electrostatic energy (Eeje,
red cylinders), dispersion energy (Eg;s, green cylinders) and total
energy (Eo, blue cylinders).

Therefore, energy frameworks are developed to analyze and
comprehend the diverse crystals packing of co-crystals 1-7, 6a,
6b, 7a and 7b, by generating overlapped energy frameworks
onto the packing plots, as represented in Fig. 14, for selected
structures (1, 5, 6, 7 and 7a) while the same was shown for all
the structures in Table S5.}

Analysis of all the plots reveals that electrostatic interactions
play a pivotal role in the crystal packing compared to dispersive
forces as the radius of green cylinders is so low compared to red
ones, except in structure 7a. A close look at the electrostatic
interactions reveals that in structure 1, the high thickness of the
cylinders compared to other structures with high stabilization
energy (—93.1 k] mol™') indeed reflects the significance of
distinct dual heteromeric O-H---N hydrogen bonds, among all
structures in this study, being facilitated by juxtaposed N-atoms
on 110phen. Similar features are also observed in structure 5
(hydrated CB and bpyea).

Further, a striking feature is that in structure 7a, dispersion
energy is prominent over electrostatic (Fig. 14), as clearly visible
with thick green cylinders, which is indeed in agreement with
the structural features in 7a as the heteromeric interactions are
obsolete in the form of only weak interactions like C-H---N and
C-H:---O hydrogen bonds. In fact, the representation authenti-
cates the observation of standalone structure (host-guest type)
features of 7a, in this series as discussed in the corresponding
structural description above. A noteworthy observation that
could be deduced is that homomeric interactions between CB
molecules despite being in the category of strong hydrogen
bonds (O-H---O) could contribute only a little towards the total
energy of the crystal lattice.

In general, heteromeric interactions are known to be stronger
than homomeric interactions. In fact, the same is reinforced
with the energy terms observed in structures 3 and 4 (Table S51),

I

a 7b

a

Fig.13 The relative contribution of different types of intermolecular interactions in crystal lattices considering CB as a dominant surface 1-7, 6a,

6b, 7a and 7b.
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Fig. 14 Pictorial representation of the energy frameworks for some selected co-crystals.

wherein both form homomeric and heteromeric interactions
simultaneously, as heteromeric O-H---N hydrogen bonds show
higher energy —46.3 and —48.9 k] mol ™' compared to the
homomeric O-H---O hydrogen bonds, which are at —43.6 and
—42.8 k] mol ™", respectively for 3 and 4.

In addition, the isostructural features are well reflected with
the energy frameworks showing similar energy gradients in the
structures 6/7 and 6b/7b (see Fig. 14). However, in all other
structures, the contributions towards total energy are through

23282 | RSC Adv, 2023, 13, 23267-23284

the equal competence of electrostatic and dispersive energy, as
represented in ESI (Table S51).

5. Conclusions

Some supramolecular assemblies of CB with different N-donor
compounds, distinguished by geometrical flexibility have been
discussed highlighting the significance of -B(OH), moiety for its
ability to form a variety of complexes, particularly due to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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conformational flexibility that leads to the formation of hydrogen
bonds in topologically different patterns. Though a majority of
the complexes -B(OH), show a syn-anti conformation, the
formation of syn-syn noted in some complexes indeed
strengthens its prevalence, especially in the presence of N-donors
with juxtaposed N-atoms, for instance, 110phen compared to
analogous 14- and 17phen. Also, observation of different
complexes with the same co-formers particularly in the form of
hydrates and anhydrous further signifies the importance of
multiple crystallization experiments by varying solvents of crys-
tallization, specifically with linear N-donor ligands. Furthermore,
the study highlights the in situ covalent bond formation with ease,
being influenced by selective co-formers that possess reactive
functionality. Thus, CB undergoes monoester transformation in
the co-crystallization studies with N-donors bpyee and azopy that
have C=C and N=N, respectively, while it remains intact in the
presence of bpyea (an analog of bpyee and azopy), which has
saturated (—-CH,-), moiety only. The observed structural features
are well corroborated through computational methods and also
by calculating isostructurality, evaluation of the strength of
intermolecular interactions (Hirshfeld surface analysis) and
energy frameworks using Crystal Explorer. Furthermore, experi-
mentally observed morphology of the crystals in the form of
needles, blocks, plates and a blade are validated by performing
BFDH morphology calculations using Mercury.

Abbreviations

CB Cyanophenylboronic acid
110phen 1,10-Phenanthroline
47phen 4,7-Phenanthroline
17phen 1,7-Phenanthroline

acr Acridine

bpyea 1,2-Bis(4-pyridyl)ethane
bpyee 1,2-Bis(4-pyridyl)ethene
azopy 4,4"-Azopyridine
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