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Introduction

Development of photoluminescent hydrogen-
bonded frameworks based on pyromellitic
diimide-tethered carboxylic acid hosts and
multi-bonding solvent guestst

Raju Ram Puniya,#® Priyanka Takhar,* Monika Chhapoliya,® Rinki Deka,®
Dhruba Jyoti Kalita ©° and Devendra Singh (2 *®

The significance of hydrogen-bonding interactions in improving the chemical and physical properties of
functional materials related to sustainable energy, gas absorption, catalysis, and pharmaceuticals has
gained considerable research attention. In this report, some unprecedented hydrogen bond motifs
between the —COOH group and the solvents capable of forming multiple hydrogen bonds with —~-COOH
are studied. The effects of such diverse motifs on the construction of 3D supramolecular architectures
of hydrogen-bonded host—guest frameworks and their optical properties are elucidated. For this pur-
pose, structural studies on seven solvates, namely, 1a (1:2DMF), 1b (1:2pyridine), 1c (1:2quinoline), 2a
(1:2DMF), 2b (1:2pyridine), 2c (1:2quinoline), and 2d (1:1quinoline:2piperidine), of two isomeric pyromelli-
tic diimide hosts 1 and 2 were carried out. Single crystal X-ray diffraction (SCXRD) analyses revealed that
solvates 1a, 2a, and 2b show 3D non-porous supramolecular host—guest networks, whereas solvates 1b,
1c, 2c, and 2d show 3D supramolecular host—guest channelled architectures accommodating guest sol-
vent molecules within the cavities of different dimensions. Formation of different hydrogen bond maotifs,
either cyclic/ring (R) or discrete (D) or a combination of both, between the —~COOH groups of isomeric
hosts and identical guest molecules is analysed through density functional theory (DFT) calculations.
Minor differences in the interaction energies of different motifs of isomeric hosts with the same guest
suggest that the formation of either motif depends on the steric orientations of hosts and other weak
host—guest interactions in the crystal lattices. Solid state fluorescence emission properties of solvates 1a,
2a, and 2b are found to be similar to their respective hosts, whereas those of solvates 1b, 1c, 2¢, and 2d
are different from their hosts. Along with the diversity of supramolecular synthons, frontier molecular
orbital (FMO) analysis of hydrogen-bonded model structures explained well the different emission
behaviours of solvates. Thermal analyses for the solvates are in good agreement for the association of
the numbers of guest solvent molecules with both the isomeric hosts. Overall, this research is focused
on establishing the phenomena for the formation of distinct hydrogen bond patterns between the two
similar host—guest binding groups together with the effect of supramolecular states on the photophysi-
cal properties of such hydrogen-bonded complexes.

combination with other weak interactions, such as m-n, CH-
n, van der Waals and charge transfer interactions, facilitate the

Non-covalent intermolecular interactions play an important
role in the organization of molecular assemblies for the devel-
opment of new functional materials."™ Hydrogen bonds in
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formation of extended molecular assemblies with novel
properties.”® The significance of such weak interactions in
the construction of fascinating supramolecular assemblies,
such as hydrogen-bonded organic frameworks (HOFs), with
potential applications in the fields of gas adsorption and
separation,” " fluorescent sensing,'*** catalysis,"”™"” proton
conduction,'®'® and biological relevance*>*! is well documen-
ted. HOFs are constructed entirely via intermolecular interac-
tions between the molecular units and are considered superior
crystalline porous materials than metal-organic frameworks
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(MOFs) and covalent-organic frameworks (COFs) owing to their
unique features.”* > Indeed, multi-component hydrogen-bonded
host-guest frameworks, such as cocrystals, salts, solvates or
hydrates, also offer advantages in terms of solubility, crystallinity,
self-repairing ability, easy reproducibility, bioavailability, and
mechanical properties over the distinctive crystalline materials.>* >
The derivatives of some multiple hydrogen bond donor/acceptor
groups, such as carboxylic acid (<COOH),?® sulfonic acid (-SO;H),*
amine (-NH,),* amidine (-CNHNH,),*> diaminotriazine (DAT),**
benzimidazolone,** pyrazole,”® pyridine,*® and urea,”” have been
reported to construct stable multi-component HOFs so far.

The -COOH group, in conjunction with n-m and CH-n
interactions of aromatic units, facilitates the formation of
various supramolecular aggregates via dimeric, discrete, or
charge-assisted interactions.*®*' An efficient study on these
weak interactions provides scope to improve the properties and
applications of active pharmaceutical ingredients,** gas
adsorbents,*® catalysts,** sensors,*> receptors,’® and optical
materials.*” For instance, slight variations in the host-guest
hydrogen bond patterns in such multi-component systems lead
to supramolecular isomerism, which results in the formation of
polymorphs of particular scientific interest.*®* The supramole-
cular features associated with the -COOH group connected to
pyromellitic diimide (PMDI) and naphthalene diimide (NDI)
building blocks make them attractive for such studies.*** In
these systems, free rotation of cyclic imide ring around the C-N
bond arranges hosts and guests in several orientations to
facilitate the formation of dissimilar motifs between the
-COOH group of host and same guest molecule containing
multiple donor/acceptor hydrogen bonding sites. In this

, - - CH, !
. a H /CH3 01-[2 0\ S
: %N\ R‘< RN N
i on-2-0 CHj O---H CH; !
5 R*{ I 1l :
: 0
Ho CH O--H CH;l
! )N R Raa)—N !
! D \ |
' OH-~-0 CHj OF--0 CHj
'R . !
' H '
ooy ; |
| H H Q > !
' }—N i
: /N \CH :
: nd o " ’ !
| 11 v !
i O---H CH, !
. H o CH, 5 CHs |
: /}N\ R—X R3 (7)/>7N :
boow 20 omy OH--0'  CHy !
' > .
b0y e |
: )\ CH, N :
: o7 N” HiC” CHs :
CH, :
' A% VI I
! 1

Scheme 1
structures of the solvates.
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respect, minor differences in the hydrogen bond interactions
between the N,N’-bis(benzoic acid)naphthalene diimide host
and pyridine guest resulted in the formation of polymorphic
solvates.>® A series of inclusion compounds of N,N'-bis(gly-
cinyl)pyromellitic diimide host with aromatic hydrocarbon
guests was also reported to exist via charge transfer and n-n
interactions.’ In our recent study, the formation of two types of
hydrogen bond motifs (D or R) between the identical interact-
ing groups of two isomeric host PMDI molecules and some
different guest solvent molecules, respectively, was explored
using both experimental and theoretical investigations.>
Herein, with the objectives to rationalize hydrogen bonding
patterns (as illustrated in Scheme 1) between the ~-COOH group
and some multiple hydrogen bonds donor/acceptor groups,
seven multi-component host-guest frameworks/solvates of
PMDI carboxylic acid hosts (1 and 2) with different guest
solvents are prepared (Scheme 2), and various types of inter-
molecular interactions responsible for the formation of their
3D supramolecular architectures are studied. In some of these
supramolecular systems, the encapsulation of guests occurs
through the creation of primary self-assembly of host mole-
cules, whereas in other structures, the interaction of a host with
a guest creates a secondary assembly for guest encapsulation.
Unlike in our previous studies, where the D or R binding modes
between a single -COOH group and a single guest molecule
were analysed, some new and unexplored binding modes of a
single -COOH group of host molecules with several guests, viz.
DMF and pyridine, are analysed in this study. The photolumi-
nescence properties of such systems are explored based on
supramolecular interactions in the structures of solvates and
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Illustration of the possible hydrogen bond motifs between (a) the ~COOH group and DMF and (b) the —COOH group and pyridine in the
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FMO analyses of optimized model structures. It is believed that
the results of this study will provide insight into the establish-
ment of some newly exposed hydrogen bond motifs in the
crystal lattice of solid-state materials.

Results and discussion

The host compounds N,N'-bis(butanoic acid)pyromellitic diimide
(1) and N,N'-bis(2-methylpropanoic acid)pyromellitic diimide (2)
are synthesized by acid anhydride-amine condensation reactions,
and their solvates are prepared using the respective solvents for
further studies. Except for the crystals of mixed solvate 2d grown
from the quinoline solution of 2 in the presence of piperidine
in a 1:1:2 host-guest ratio, all other solvates are prepared by
crystallizing host compounds 1 and 2 from the solutions of single
solvent, viz. DMF, pyridine and quinoline solvents, respectively,
in a 1:2 host-guest ratio (Scheme 2). The crystals of suitable
diffraction quality could not be obtained for the mixed quinoline
and piperidine solvate of host 1. All the solvates are characterized
using various spectroscopic techniques, including FT-IR, NMR,
solid state UV-visible and fluorescence emission, thermogravi-
metric analysis (TGA), differential scanning calorimetry (DSC),
powder X-ray diffraction (PXRD) and single crystal X-ray diffrac-
tion (SCXRD). The formation of different types of hydrogen bond
motifs in the solvates of hosts 1 and 2 with the same solvents
(Scheme 1), namely, motifs IIT and IV (in DMF solvates 1a and 2a),
and IX and X (in pyridine solvates 1b and 2b), are analysed by DFT
calculations by optimizing formic acid-DMF and formic acid-
pyridine molecules as model structures. In addition, the possibi-
lity of the formation of slightly different motifs between the
—COOH group and the DMF/pyridine molecules (V, VI/XI, and
XII), which are not observed in the solvates of DMF and pyridine,
is also checked by applying optimized model structures. The
purpose of using such model structures was to avoid the complex-
ity of other interactions between the larger hosts so that the
interactions between the -COOH group and choice of solvent
molecules could be analysed clearly. The HOMO-LUMO band
gaps of such model structures are also considered to understand
the different emission behaviours of DMF and pyridine solvates of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the same host. In this study, the guest quinoline molecules are
found to attach with the -COOH groups of host molecules only
via a similar D mode in the structures of quinoline solvates.
Therefore, the formic acid-quinoline models are not considered to
conduct theoretical studies. Various intermolecular interactions
such as OH-O, OH-N, CH-O, CH-rt, CO-rt, O-n and short H-H
contacts were found to be responsible for the formation of 3D
host-guest supramolecular architectures of these solvates.

Analyses of crystal structures and DFT calculations

SCXRD structural analysis shows that solvate 1a crystallizes in a
monoclinic P2,/n space group and emerges as half of host
molecule 1 along with a guest DMF molecule in its crystallo-
graphic asymmetric unit. In the crystal lattice of 1a, the guest
DMF molecule interacts with the -COOH group of the host via
discrete acceptor OH-O (03-H3---O1D, dp.. 5 2.6 A, / D-H---A
170°) and discrete donor CH-O (C2D-H2D3.--04, 3.53 A,
168.3°) interactions (Fig. 1). It also interacts with the carbonyl
oxygen of the cyclic imide ring of the host molecule via discrete
donor C1D-H1D- - -O1 (3.36 A, 173.9°) contact. Further, the host
molecules are also found to interact with each other via C8-
HS8B---03 (3.64 A, 170°), 02---n (3.1 A) and 04---1 (3.0 A)
interactions, overall constructing a helical 3D host-guest net-
work in which layers of single helix are arranged over each
other, as viewed along the ¢ axis.

Solvate 2a crystallizes in the monoclinic P2,/c space group. It
appears as half of host molecule 2 lying on the inversion centre
in its crystallographic asymmetric unit along with a guest DMF
molecule. Contrary to the structure of 1a, in the structure of 2a,
the guest DMF molecule interacts with the -COOH group of the
host by the combination of acceptor OH-O (O3-H3---O1D,
dp..s 2.58 A, /D-H---A 170.9°) and donor CH-O (C1D-
H1D---04, 3.2 A, 124.5°) interactions, making a cyclic R%(7)
motif along with a discrete donor C3D-H3D3:--03 (3.64 A,
161.9°) interaction (Fig. 2). It interacts similarly with the
carbonyl oxygen of the cyclic imide ring of the host molecule
via C2D-H2D1---02 (3.6 A, 159.2°) contact. The host molecules
also interact with each other via C3-H3---O1 (3.27 A, 128.5°)
and C9-H9A---02 (3.57 A, 166.4°) interactions and stack
over each other to create a 2D layered pattern along the b axis.

Mater. Adv,, 2024, 5, 7817-7829 | 7819
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Fig. 1 (a) Part of the crystal lattice of 1la showing intermolecular host—
host and host—guest interactions. (b) A 3D supramolecular host—guest
helical network of 1a (along the c axis).

L

Fig. 2 (a) Various weak interactions in the crystal lattice of 2a. (b) A 3D
zigzag supramolecular architecture of solvate 2a (along the b axis).

These layers of host molecules further interact with each other
via bifurcated O1- - -rt (3.16 A) and O4- - -x (3.029 A) interactions
to construct a 3D zigzag type of host-guest supramolecular
architecture accommodating the layers of guest molecules
between the layers of host molecules. In the structures of both
DMEF solvates 1a and 2a, no weak interactions among the guest
molecules are observed in their crystal lattices.

In the host-guest structures 1a and 2a, it is observed that the
—-COOH group of both the isomeric hosts interacts with two
DMF molecules, making different types of hydrogen bond
motifs. In the case of structure 1a, both the DMF molecules
interact with the -COOH group via discrete C-H---O and
O-H:--O donor-acceptor interactions (motif III; Scheme 1),
while in the case of structure 2a, one DMF molecule interacts
with the -COOH group via a discrete donor C-H- - -O interaction
and another DMF molecule forms a cyclic R3(7) hydrogen bond
by the combination of C-H:--O and O-H---O donor-acceptor
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Fig. 3 Optimized structures of formic acid—-DMF at the B3LYP/6-31+G*
level showing (a) two D motifs, (b) D and R3(7) motifs, (c) two D motifs and
(d) D and R3(7) motifs.

interactions (motif IV). DFT calculations on analogous motifs
constructed from formic acid and DMF are carried out to
establish the existence of both types of motifs, as observed in
the structures of solvates 1a and 2a. The optimized structures of
formic acid and DMF motifs at the basis function B3LYP/
6-31+G* are shown in Fig. 3.

In structure 3a, the carbonyl oxygen and methyl hydrogen
of two DMF molecules are allowed to form a discrete acceptor
O-H- - -O interaction and a discrete donor C-H- - -O interaction
with a formic acid molecule. In structure 3b, optimization of
a formic acid and two DMF molecules facilitated the formation
of a similar discrete donor C-H: - -O interaction along with two
short range donor-acceptor C-H---O and O-H---O interac-
tions. The interaction energies of 3a and 3b along with the
relative stability of 3b calculated with different basis functions
are shown in Table 1. It is evident from the inspections of
crystal structures (1a and 2a) and optimized structures (3a and
3b) that the DMF molecules form two hydrogen bonds with the
host in the case of the former, while three hydrogen bonds in

Table 1 Calculated interaction energies (Ei.) at different basis sets and
differences in the E;, of the optimized structures (in eV)

Interaction energies (Ei,,) Relative stabilities

Functional/basis sets 3a 3b Stability of 3b over 3a
B3LYP/6-31+G* —7.4430 —11.4450 4.0020
B3LYP/6-31++G* —7.0742 —11.0634 3.9892
B3LYP/6-31+G** —8.5083 —12.2870 3.7787
AUG-cc-pVDZ —10.1790 —13.8498 3.6708
Interaction energies (Ei,) Relative stabilities
Functional/basis sets 3¢ 3d Stability of 3d over 3c
B3LYP/6-31+G* —6.5270 —11.5357 5.0087
B3LYP/6-31++G* —6.5626 —12.6610 6.0984
B3LYP/6-31+G** —7.9430 —12.9110 4.9680
AUG-cc-pVDZ —9.6022 —14.4675 4.8653

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the case of the latter; consequently, structure 3b was found to
be more stable than 3a. The relative stability of 3b is found
to be higher (4.0 eV) with lower-level basis function B3LYP/
6-31+G*, lowered with higher-level basis functions such as
6-31++G* (3.99 eV) and 6-31+G** (3.78 eV), and is smaller
(3.67 eV) with highly polarized and double diffused basis
function AUG-cc-pVDZ. The formation of discrete and cyclic R
3(7) motifs (I and II in Scheme 1) in an equal stoichiometric
ratio between the -COOH groups of two isomeric hosts and the
DMF molecule has recently been studied experimentally and
theoretically.”® Our recently reported and current investigations
confirm that the cyclic R3(7) is more stable than the D motif.

We have also designed two other motifs V and VI (as shown
in Scheme 1), which are almost similar to motifs III and IV,
respectively. In these two motifs, the position of one DMF
molecule is changed, and it is allowed to create a discrete
acceptor C-H---O interaction with the -COOH group via o-
hydrogen instead of methyl-hydrogen. Because these motifs are
not observed in the structures of DMF solvates, the possibility
of their formation is also checked by DFT calculations. For this
purpose, analogous structures 3c and 3d are constructed from
formic acid and DMF (Fig. 3), and their interaction energies are
calculated at different basis functions (Table 1). Similar to the
aforementioned results, structure 3d is found to be more stable
than structure 3c. The relative stability is found to be the
highest (6.09 eV) in the case of basis function 6-31++G* and
the lowest (4.86 eV) in the case of basis function AUG-cc-pVDZ.
Moreover, to check the relative stabilities of motifs V and VI
with motifs III and 1V, the interaction energies of structures 3a
and 3b are compared with those of 3c and 3d, respectively
(Table S1; ESIt). It is observed that structure 3a, which is
analogous to motif III and is observed in the structure of
solvate 1a, is more stable than structure 3¢, which is analogous
to motif V and is not observed in the structures of DMF
solvates. Unlikely, structure 3b is less stable than structure
3d, showing minor energy differences for each basis set. The
stability of 3a over 3c is found in the range of 0.51-0.92 eV and
the stability of 3d over 3b is found in the range of 0.62-1.59 eV,
with various levels of functional calculations. The differences in
the interaction energies of such alike motifs are negligible.
Therefore, it can be concluded that various other weak inter-
actions along with the interaction energies of dissimilar motifs
play a crucial role in their formation. The significance of such
small interaction energies of slightly different hydrogen bond
motifs in the crystal lattice is documented well towards the
improvement of chemical and physical properties of multi-
component crystalline materials.”®*”

Solvate 1b crystallizes in a triclinic P1 space group as a 1:2
host-guest complex containing half of the host molecule and
one pyridine guest molecule in its crystallographic asymmetric
unit. In the structure of 1b, all the six hydrogen bonding sites of
the guest pyridine molecule make hydrogen bonds with the host
molecule (Fig. 4). The guest pyridine molecule binds with the
-COOH group of the host molecule via the cyclic R3(7) hydrogen
bond motif, which is formed by the combination of acceptor-
donor OH-N (03-H3- - -N1P, dp,.. 5 2.63 A, / D-H---A 173.6°) and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Intermolecular interactions of the host—guest assembly of 1b.
(b) Formation of tetrameric assemblies of the hosts encapsulating the
guests in the crystal lattice of 1b (along the b axis). (c) Space filling model of
a 3D channel architecture after removal of guests inside the channels.

CH-O (C5P-H5P---04, 3.61 A, 124.7°) interactions. It also
interacts with both the oxygen atoms of the -COOH group via
two discrete CH-O (C1P-H1P---03, 3.47 A, 156.6° and C4P-
H4P- --04, 3.64 A, 121.6°) interactions. Moreover, the remaining
two hydrogen bonding sites of pyridine engage in the formation
of C3P-H3P---O1 (3.41 A, 136.5°) and C2P-H2P---02 (3.56 A,
175.5°) bonds with the carbonyl oxygen atoms of the host
molecule, making a 2D host-guest assembly. The host molecules
interact with each other via short H-H (H3A---H7C, 2.35 A)
contacts to form a 3D channelled architecture, which is sus-
tained by the repeated tetrameric assembly of host molecules as
viewed along the b axis. The guest pyridine molecules reside
inside the channels of 18.06 x 6.40 A dimensions by interacting
with each other via n-n (3.37 A) contacts.

Solvate 2b crystallizes in the monoclinic P2,/c space group. A
crystallographic asymmetric unit of 2b includes half of the host
molecule and one pyridine guest molecule. In the crystal lattice
of 2b, all the six hydrogen bonding sites and the n-bonding site
of the guest pyridine molecule interact with the host molecule
(Fig. 5). Compared with the structure of 2a, guest pyridine
similarly interacts with the host by the combination of O3-
H3---N1P (dp...» 2.75 A, /. D-H---A 177.1°) and C1P-H1P- - -04
(3.12 A, 129.3%) interactions, making a cyclic R3(7) motif. In
contrast to the structure of 2a, where guest pyridine was found
to interact with both the oxygen atoms of the -COOH group via

Fig. 5 (a) Various weak interactions in the crystal lattice of 2b. (b)
Formation of a 3D zigzag host—guest structural arrangement in the
supramolecular structure of 2b (along the b axis).

Mater. Adv., 2024, 5, 7817-7829 | 7821
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two discrete CH-O hydrogen bonds, the guest pyridine makes
bifurcated CH-O (C3P-H3P---04, 3.56 A, 151.7° and C2P-
H2P---O4, 3.46 A, 138.6°) contacts with only one oxygen atom
of the -COOH group in the structure of 2b. The formation of
one more weak bond C5P-H5P- - -O1 (3.22 A, 150.9°) also occurs
between the guest and carbonyl oxygen of five membered cyclic
imide rings of the host. The aromatic ring of the guest molecule
interacts with the methylene group of the host via a weak
C71-H71-- -1 (2.87 A) interaction. Apart from these host-guest
interactions, host molecules also interact with each other
via two types of CH-O (C81-HS81---01, 3.67 A, 168.7° and C3-
H3A---02, 3.26 A, 137.5°) and O-x (03-- -, 3.19 A and 02 - -7,
3.0 A) interactions. The guest molecules interact with each
other via C4P-H4P- - -1 (2.84 A) and n-= (3.3 A) contacts. These
interactions result in the formation of a similar type of zigzag
3D supramolecular architecture (along the b axis), as observed
in the case of DMF solvate 2a.

The crystal structure analyses of solvates 1b and 2b also
revealed the formation of distinct motifs between the -COOH
groups of hosts and guest pyridine molecules with 1:3 stoi-
chiometric ratios in both cases (motifs IX and X in Scheme 1).
The analogous structures of such motifs between the formic
acid and pyridine are constructed at the B3LYP/6-31+G* level of
the basis function (Fig. 6). In these structures, one pyridine
molecule is allowed to form a cyclic R3(7) hydrogen bond by the
combination of an acceptor O-H- - -N interaction and a donor
C-H-: - -O interaction, while the other two pyridine molecules
form two discrete donor C-H- - -O interactions with the -COOH
group. In structure 6a, both the carbonyl and the hydroxyl
oxygen atoms are involved in discretely binding two pyridine
molecules, while in the case of structure 6b, only the carbonyl
oxygen atom is involved in binding two pyridine molecules in a
bifurcated manner. The interaction energies and the relative
stabilities of these structures are calculated at different basis
sets using the B3LYP functional (Table 2). Because structures 6a
and 6b show almost similar types of binding patterns with four

a&

(b)

R2(7)

L W)
D

© . (d)
*‘: f{ ;ﬁn 5 o-gi=y
o

Fig. 6 Optimized structures of formic acid—pyridine at the B3LYP/
6-31+G* level making (a) two D and a R3(7) motifs, (b) two D and a R3(7)
motifs, (c) three D motifs, and (d) three D motifs.
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Table 2 Calculated interaction energies (E;.) at different basis sets and
differences in the E;,; of the optimized structures (in eV)

Interaction energies (Ei,) Relative stabilities

Functional/basis sets 6a 6b Stability of 6b over 6a
B3LYP/6-31+G* —12.4450 —12.4942 0.0492
B3LYP/6-31++G* —12.4640 —12.9875 0.5235
B3LYP/6-31+G** —13.2640 —13.2695 0.0055
AUG-cc-pVDZ —13.6825 —13.6892 0.0067
Interaction energies (Ei,,) Relative stabilities
Functional/basis sets 6c 6d Stability of 6d over 6¢
B3LYP/6-31+G* —4.0820 —6.9809 2.8989
B3LYP/6-31++G* —4.0093 —7.2104 3.2011
B3LYP/6-31+G** —5.0489 —7.9170 2.8681
AUG-cc-pVDZ —6.4721 —9.3483 2.8762

hydrogen bonds in each case, the differences in the interaction
energies are also small on each basis set, demonstrating that
structure 6b is more stable than structure 6a.

The interaction energies of two probable motifs, XI and XII,
which are not observed in pyridine solvates 1b and 2b, are also
calculated to compare the stability of these motifs with motifs
IX and X, respectively. In these motifs, three pyridine molecules
are attached to the -COOH group via two discrete donor
C-H- - -0 and one discrete acceptor O-H- - -N bonds. The analo-
gous structures between the formic acid and pyridine mole-
cules are optimized for this purpose at B3LYP/6-31+G* level of
basis function (6c and 6d depicted in Fig. 6), and their
interaction energies and relative stabilities are calculated at
different basis sets (Table 2). The results are similar to the
trend observed for structures 6a and 6b, showing minor differ-
ences in the interaction energies between these structures.
However, when the interaction energies of structures 6a and
6b are compared with 6c and 6d, respectively (Table S2, ESIT),
the differences are noteworthy (~5-8 eV) in determining the
higher stability of structures 6a and 6b over 6¢ and 6d,
respectively, which may be the reason for the formation of
motifs IX and X in pyridine solvates 1b and 2b. The DFT
calculations of the interaction energies of closely related motifs
suggest that the formation of higher stable motifs is more
feasible, and minor energy differences in the interaction ener-
gies may not impact alterations in hydrogen bond patterns,
which are further guided by the presence of other weak inter-
actions in the crystal lattices. The interaction energies of all the
model structures between formic acid-DMF and formic acid-
pyridine are also calculated at different basis sets of higher
level B3LYP-D3 functional (Table S3, ESIt) and are found to
follow a similar trend, as it was for different basis sets of
functional B3LYP.

Solvate 1c crystallizes in a triclinic P1 space group showing
half of the host molecule 1 and one guest quinoline molecule in
its crystallographic asymmetric unit. In the crystal lattice of 1c,
guest quinoline interacts with the -COOH group of the host
molecule only via discrete O3-H3---N1Q (dp.. 2.65 A,
LD-H---A 173.9°) interaction (Fig. 7). Further, it makes
contact with the carbonyl oxygens of the host molecule via

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Part of the crystal structure of 1c showing different types of
weak interactions. (b) Formation of tetrameric assemblies of hosts encap-
sulating guests in a 3D hydrogen-bonded structure of 1c (along the a-axis).

(c) Space filling model after removal of guest quinoline molecules inside
the channels.

C3Q-H3Q---01 (3.3 A, 122.1°) and C6Q-H6Q---02 (3.58 A,
162.9°) interactions and also makes weak n-7 (3.26 A) contact
with the aromatic ring of the host molecule. The host molecules
interact with each other via C=0- - -1 (3.14 A) and weak H3A-
H7C (2.34 A) contacts. No interactions among the guest mole-
cules are observed in the structure of 1c. Similar to pyridine
solvate 1b, the 3D supramolecular network of 1c consists of
tetrameric assemblies of host molecules encapsulating the
guest molecules inside the channels of 19.7 x 6.6 A dimension,
as viewed along the g-axis.

Solvate 2¢ crystallizes in the triclinic P1 space group, and the
asymmetric unit of this has one molecule of host 2 and two
symmetry non-equivalent guest quinoline molecules. In the
crystal lattice of 2¢, both sets of symmetry independent guest
quinoline molecules make discrete OH-N (O7-H7- - -N1Q, dp. . A
2.67 A, /D-H---A 154.4° and O5-H5---N2Q, 2.62 A, 144.3°)
contacts with both the -COOH groups of host molecule (Fig. 8).
Apart from that, the first set of quinoline molecules (shown as
blue) interact with the carbonyl oxygen of host molecule via
C7Q-H7Q---04 (3.29 A, 144.3°) interaction, while the second
set of quinoline molecules (shown in red) form two more
discrete donor CH-O (C10Q-H10Q-:--08, 3.47 A, 145.6° and
C12Q-H12Q- --08 A, 3.25, 160°) contacts with the ~-COOH group
of the host along with the same type of CH-O (C15Q-
H15Q---01, 3.37 A, 156.4°) contact, as formed by the first set
of guest molecules with the host. The host molecules interact
with each other via C3-H3---06 (3.46 A, 157.2°) and C=0- - -1
(C10-04---m, 3.17 A) interactions. Overall, a 3D host-guest
channelled architecture is formed along the b axis by the
combination of the host and second type of guest quinoline
molecules. The first type of guest molecules resides inside these
channels of approximately 14.8 x 8.8 A dimensions. Even
though the second type of guest molecules form n-n interac-
tions with the host (3.391 A), no weak interactions among the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Various weak interactions between the host and two types of
symmetry independent guest molecules in the structure of 2c. (b) For-
mation of a 3D supramolecular channel architecture by the combination
of host and one type of symmetry independent guest molecule (red)
(along the b axis). (c) Space filling model after removal of another type
of guest molecules (blue) inside the channels.

guest molecules are observed in the supramolecular structure
of 2c.

Solvate 2d crystallizes in the triclinic P1 space group, includ-
ing half molecule of host 2 lying on the inversion centre with
half guest quinoline and one guest piperidine molecule in its
crystallographic asymmetric unit. Because the host and guest
quinoline molecules are found disordered in the structure of
2d, a better description of hydrogen bonding is not possible.
However, the guest piperidine molecules are found to interact
with the -COOH group of the host via two discrete CH-O (C2P-
H2P2---031, dp.a 2.72 A, .D-H---A 169.5° and C2P-
H2P1---041, 2.67 A, 157.3°) interactions (Fig. 9). Moreover,
two methylene hydrogens of guest piperidine interact with
the carbonyl oxygen of the host via bifurcated CH-O (C1P-
H1P1---01, 3.59 A, 170.8° and C4P-H4P1---01, 3.61 A, 159°)
interactions. A 2D host-guest assembly thus formed by the
combination of host and guest piperidine is further converted
to a 3D supramolecular channelled architecture via C3-
H3---02 (3.28 A, 127°) host-host interactions. The guest quino-
line molecules interact with the hosts only via strong n-n
(3.38 A) contacts and reside inside the channels of approxi-
mately 9.4 x 19.5 dimensions, as viewed along the b axis.
No interactions among both types of guest molecules are
observed in the crystal lattice of 2d.

Fluorescence emission, PXRD and thermal analyses

Aromatic imides are a class of important n-conjugated organic
luminescent materials used in optoelectronics due to their rigid
structures, excellent photochemical and thermal stabilities,
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Fig. 9 (a) Intermolecular interactions in the host—guest assembly of 2d.
(b) Formation of 3D supramolecular channel network by the combination
of hosts and guest piperidine molecules accommodating guest quinoline
molecules (along the b axis). (c) Space filling model after the removal of
guest quinoline molecules inside the channels.

high fluorescence quantum yields and good electron transmis-
sion abilities. In particular, aromatic cyclic imides, such
as PMDI and NDI, exhibited remarkable contributions in a
wide range of applications, including organic light-emitting
diodes,>® organic field-effect transistors,>® organic solar cells,*
chemosensors,®' and bioprobes.®”> Such types of n-conjugated
small organic emitters have been reported to exhibit emissions
in the blue spectral region.

In view of their potential applications, the solid state
fluorescence emission properties of both the host compounds
along with their solvates are recorded. All these materials are
found to show emissions in the blue spectral region (Fig. 10).
Upon excitation at 340 nm, host 1 and its DMF solvate 1a show
similar emission patterns with an emission peak at 455 nm
along with two shoulder peaks at 400 and 485 nm, respectively.
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However, major differences are observed between the emission
spectra of host 1 and its pyridine and quinoline solvates (1b
and 1c). Solvates 1b and 1c show highly intense emission peaks
at 410 and 450 nm, respectively. It should be noted that along
with the intensity of emission peaks, the emission of pyridine
solvate 1b appears to be blue shifted at ~40-45 nm in compar-
ison to the emissions of host 1 and its other solvates (Fig. 10a).

Similarly, upon excitation at 340 nm, the emission spectra of
host 2 and its DMF solvate 2a also appear to resemble each
other, with the spectra of host 1 and its DMF solvate 1a,
respectively. The emission spectrum of pyridine solvate 2b is
also similar to the host and its DMF solvates except showing a
comparatively more intense blue-shifted peak at 400 nm. Simi-
lar to the quinoline solvate of host 1, strong emission peaks for
quinoline solvate 2c and mixed quinoline/piperidine solvate 2d
of host 2 are also obtained in the 445-455 nm region (Fig. 10b).
To directly compare the variations in emission wavelengths of
these samples, normalised emission spectra of both the hosts
and their solvates, along with the photographs of emissive
materials in the ground state, are shown in Fig. S5 and S6
(ESIY), respectively. Because the emission spectra of all the
solvates are recorded in the solid state, the relative quantum
yields for these systems could not be achieved.

It is quite obvious from the structural investigations of all
solvates that the 3D supramolecular architectures of pyridine
and quinoline solvates, namely, 1b, 1c, 2c and 2d, are moder-
ately different from other solvates showing intense emissions.
In the structures of these solvates, the size of guest molecules
as well as minor differences in the weak interactions changes
the packing pattern, and the formation of porous architectures
occurs containing channels and cavities of different dimen-
sions accommodating the guest molecules inside them. The
structures of other DMF and pyridine solvates, namely, 1a, 2a
and 2b, show tight-packed 3D layered architectures of hosts
and guests with no channels and cavities. Therefore, the
differences in the emission spectra are probably due to changes
in the host-guest supramolecular arrangements in the solid
crystalline phases. It has been demonstrated that the emissive
properties of materials can be tuned from lower to higher by
increasing the porosity of supramolecular aggregates.®®

T T T T
350 400 450 500 550 600
Wavelength (nm)

T T 1
350 400 450 500 550 600
Wavelength (nm)

Fig. 10 Solid state fluorescence emission spectra of (a) host 1 and its solvates 1a, 1b and 1c and (b) host 2 and its solvates 2a, 2b, 2c and 2d.
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Moreover, extending the conjugated backbone of aromatic
imides or adding a m-conjugated guest by cooperative donor-
acceptor interactions is an efficient way to enhance lumines-
cence efficiency. It is also evident from the crystal structure
inspections that the photoluminescence of the solvates with
aromatic guests is found to increase 2-3 fold due to the
aggregation-induced emission enhancement (AIEE), which is
attributed to the strong n-m interactions between the electron
deficient PMDI hosts and electron rich aromatic guests. It has
been established that strong n-n stacking in a solid state can
deactivate the non-radiative decay pathway, leading to a longer
lifetime of luminescent materials, and is the main cause for
enhanced emission behaviour.®* Such photoluminescence
enhancements originate from the emissive exciplex or the
excited electronic intermolecular charge transfer state formed
by the hosts and aromatic guest molecules in the crystals.®® The
photoluminescence enhancement of a metal NDI framework is
revealed by the formation of an exciplex electronic charge
transfer state between the framework and electron rich
naphthalene guest molecules.®® It has already been reported
that the photoluminescence of electron deficient NDI hosts can
be enhanced by the interaction with n-electron rich aromatic
systems through a charge-transfer excitation mechanism.®”
Notably, the emission spectra of pyridine solvates 1b and 2b
appear to be blue shifted (~40-50 nm) compared with the
other solvates of hosts 1 and 2, e.g., DMF solvates 1a and 2a,
respectively. Alternatively, the energies of the FMOs of the
formic acid-DMF and formic acid-pyridine model structures
are considered to justify the blue-shifted luminescence of
solvates 1b and 2b. The theoretical band gaps between the
LUMO and HOMO of model structures 3a and 6a as well as 3b
and 6b, respectively, are calculated and compared with each
other (Fig. 11). The higher band gap (2.58 eV) between the
LUMO and HOMO of structure 6a than the band gap (1.29 eV)
between the LUMO and HOMO of structure 3a suggested a
lower emission wavelength for solvate 1b than for solvate 1a
(Fig. 11a). Similarly, the higher band gap (1.46 eV) between
the LUMO and HOMO of structure 6b than the band gap
(0.75 eV) between the LUMO and HOMO of structure 3b
suggested a lower emission wavelength for solvate 2b than for
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solvate 2a (Fig. 11b). According to the FMO theory, a higher
band gap between the LUMO and HOMO implies a higher
energy requirement for electronic transition, suggesting that
the material emits light at shorter wavelength.®® The guest-
dependent emission variations in the crystals of multimolecu-
lar hydrogen-bonded systems via guest-host donor-acceptor
interactions have also been reported by Hisaeda’s group.®’

The PXRD patterns of all host-guest crystalline materials are
recorded along with their host compounds to check the phase
purity of bulk samples. The differences in the PXRD peaks of
the individual host and its various complexes are clearly visible
due to the presence of different guest solvent molecules in the
crystal lattice of each host-guest complex (Fig. 12). The peaks
obtained in the experimental PXRD patterns of all the com-
plexes are found to correlate well with the peaks of their
simulated patterns from SCXRD (Fig. S7-S13, ESIt). However,
some small deviations among the theoretical and experimental
peaks are attributed to the loss of solvent molecules from the
solvates, leading to the loss of crystallinity.>*>*

To examine the stabilities and host-guest stoichiometries,
TGA and DSC analyses of all the host-guest complexes are
carried out (Fig. S14-S20, ESIt). The TGA curve of solvate 1a
shows that it loses both the guest DMF molecules in one step
(exp. 25.15% weight) in the temperature range of 50-100 °C
(caled 27.3%). A sharp endothermic peak appears at 85 °C for
the loss of solvent molecules in its DSC profile. Solvate 1b also
loses two guest pyridine molecules in a single step between
55 and 115 °C, showing a sharp endotherm in DSC at 110 °C
(exp. 29.6%, calcd 28.9%). Solvate 1c similarly loses two guest
quinoline molecules in the 115-165 °C temperature range, for
which an endothermic peak appears at 152 °C in the DSC
profile (exp. 40.13%, calcd 39.93%).

Solvate 2a loses two guest DMF molecules between 55 and
90 °C in one step, showing a sharp peak at 85 °C in the DSC
curve (exp. 28.08%, calcd 27.3%). Solvate 2b starts losing guest
molecules in one step as the temperature increases above the
room temperature and ends at 110 °C, showing a sharp
endothermic peak at 70 °C (exp. 22.9%, calcd 28.9%). Solvate
2¢ loses two quinolines in the 110-180 °C temperature range,
showing two endothermic peaks at 120 and 155 °C for

@ &
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Fig. 11 Optimized Frontier molecular orbitals and orbital energies (in eV) of structures (a) 3a and 6a and (b) 3b and 6b via DFT at the B3LYP/6-31+G*

level.
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Fig. 12 PXRD patterns of (a) host 1 and its solvates 1a, 1b and 1c and (b) host 2 and its solvates 2a, 2b, 2c and 2d.

successive loss of two symmetry non-equivalent guest quino-
lines due to their different binding tendencies with the host
(exp. 42.3%, calcd 39.93%). A single step weight loss for two
piperidine and one quinoline guest molecule in the tempera-
ture range of 80-130 °C is observed for solvate 2d in the TGA
curve with an endothermic peak at 125 °C in the DSC curve
(exp. 40.13%, calcd 45%).

Conclusions

In this work, the attachment of multiple solvent molecules with
the -COOH group of two isomeric pyromellitic diimide host
molecules showing diverse interactions is assessed. The role of
various intermolecular interactions in the construction of 3D
supramolecular host-guest frameworks is discussed along with
their varying photoluminescence behaviour. In the crystal
lattices of DMF solvates 1a and 2a, both DMF guests are
attached to the -COOH groups of hosts via two D motifs and
via one R motif and one D motif, respectively. In pyridine
solvates 1b and 2b, three pyridine molecules are also attached
with -COOH groups of hosts having different combinations of
hydrogen bonds, viz., via two dissimilar types of D and one R
and via two similar types of D and one R motifs, respectively. In
quinoline solvates 1¢ and 2¢, quinoline molecules are attached
with the -COOH groups via a similar D motif, while no
interaction of guest quinoline with the host is observed in the
case of mixed solvate 2d. Both the experimental and theoretical
estimations are carried out to analyse the formation of some
new and distinct hydrogen bond motifs between the two
similar host-guest binding entities. The possibility of the
formation of some other closely related motifs between the
identical host and guest with the same number of donor/
acceptor groups, as observed in the structures of solvates, is
also supported by the results of the DFT calculations. The
variations in the photophysical properties of hydrogen-
bonded frameworks are closely associated with the energy
differences between the HOMO and LUMO of the designed
model synthons. It is concluded that minor differences in the
interaction energies may not restrict the formation of such
diverse motifs between the same binding entities, and the

7826 | Mater. Adv, 2024, 5, 7817-7829

formation of either motif depends on the geometric alignment
of the host and other host-guest weak interactions in the
crystal lattices. However, major differences in the interaction
energies of hydrogen bond patterns may result in desired
molecular arrangements, leading to changes in physicochem-
ical properties and potential applications of multi-component
hydrogen-bonded solids, such as pharmaceuticals, agrochem-
icals, biomedicals, and optical materials.
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