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Introduction

Arrangements of fluorophores in the salts

of imidazole tethered anthracene derivatives
with pyridinedicarboxylic acids influencing
photoluminescencer

Abhay Pratap Singh and Jubaraj B. Baruah ‘= *

Self-assemblies of salts of 9-N-(3-imidazolylpropylamino)methylanthracene (Hanthraimida) with
pyridinedicarboxylic acid and cocrystals with 1,3-dihydroxybenzenes were analysed to sort out their
impacts on aggregation induced emissions in the solid state. Different structural features and proton
transfers were observed in the salts and cocrystals. The salt of Hanthraimida with 2,6-
pyridinedicarboxylic acid (H;26pdc) had an unusual composition of 2[(Hsanthraimida)]**[(26pdc)?~-
2(H26pdc) 1-(H226pdc)-CHzOH (1). This salt had hydrogen bonded anionic and neutral acid molecules
that formed a chain-like arrangement, where the cations Hsanthraimida®® were accommodated
in two distinct supramolecular environments. On the other hand, the corresponding salt of 3,5-
pyridinedicarboxylic acid (H,35pdc) with Hanthraimida had a conventional composition of
(Hzanthraimida)®*(35pdc)?~-4H,0. The self-assembly of this salt had octameric water clusters that were
hydrogen bonded to 35pdc?~ ions in its lattice. When such salts were prepared from solution in the
presence of resorcinol, they yielded ionic cocrystals, namely [(Hzanthraimida)]®*[(26pdc)]>~-resorc-H,O-
CHsOH (3) and 2[(Hsanthraimida)]*[(35pdc)]?>~-2(resorc) (4). The self-assembly of the ionic cocrystal 3
had hydrogen bonded dimers of di-cations bridged by dicarboxylates. These dimers were bridged by
water molecules to form chains, where resorcinol molecules were found as intervening molecules
connecting such chains. Cocrystal 4 had two resorcinol guest molecules, one of which assembled with
host ions to create space for the encapsulation of the other resorcinol molecule. DFT calculations were
carried out on the neutral and ionic species to depict the possibilities of aggregation induced emissions
in the solid state by 1-4. A change in the emission of the host caused by adding the two isomeric acids
was indistinguishable in solution, but the corresponding solid samples of the salts had distinguishable
emissions.

neutral components are known in the literature.”*° However,

beyond their structural features, their properties have not been

Ionic cocrystals, in general, are supramolecular associations of
neutral and ionic components where one or more components
interact through charge-assisted hydrogen bonds or ionic
interactions.'™ They have emerged as an important sub-set of
cocrystals with specific applications.” Among them, the ionic
cocrystals of organic salts crystallising together with one or
more neutral molecules of acid or base or with one or more
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1 Electronic supplementary information (ESI) available: The spectroscopic details
of the salts, PXRD, pH titrations, fluorescence titrations, and the table of
hydrogen-bond parameters. CCDC 2099504, 2099505, 2099935 and 2099936.
For ESI and crystallographic data in CIF or other electronic format see DOI:
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explored in detail. In general, pK, differences among partner
conjugate acid-base molecules play a decisive role in their
crystallisation in a particular form.'* Hence, the proton transfer
in such a process is a central point, and to a good extent, the
pK, differences between the partner acid-base components are
used to predict the proton transfer.'® It is attractive to utilise
the intrinsic acidity or basicity of a poly-acid or a poly-base to
design multicomponent cocrystals.”® A simple way to generate
ionic cocrystals is to use the two H-bond donor or acceptor sites
of a ditopic host such as 9-N-(3-imidazolylpropylamino)methyl-
anthracene (abbreviated as Hanthraimida as shown in Fig. 1(i))
to utilise the proton transfer from or to the two distinguishable
hydrogen bonding sites (NH or imidazole N). The binding of
such hosts with and without a proton transfer in multiple ways
leaves avenues to prepare different ionic cocrystals. This should
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Fig. 1 (i) Structures of Hanthraimida and the partner molecules. (i) Some probable cocrystals and salts that may be expected from Hanthraimida

reacting with pyridinedicarboxylic acid.

be particularly true with Hanthraimida, as the ability of it to
form cocrystals with phenolic and aromatic carboxylic acids has
already been documented in the literature.'*"> Pyridinedicar-
boxylic acid is a nitrogen containing dicarboxylic acid that has
provision to form mono-cationic salts as illustrated in A-D of
Fig. 1(ii). Similarly, a di-anion will provide salts with different
compositions as illustrated in E-G of Fig. 1(ii). Alternatively,
neutral assembly may be formed by a zwitterion as illustrated
in H-J of Fig. 1(ii). These aspects get further complicated by
having mixed ionic species in the salts. For example, chain like
hydrogen bonded carboxylate catemers of neutral,
protonated and di-deprotonated anions may bind cations in a
distinguishable environment as shown in Fig. 2(i). Such possi-
bilities will imbibe a symmetry independent relationship for
the distinguishable ions to define their positions in a crystal
lattice. This may translate to provide avenues to study them as
symmetry non-equivalent'® cations in a unit cell. This may be
conceived by the act of an interaction with or without an
additional guest molecule as depicted in Fig. 2(i) and (ii). It is
an established fact that different assemblies classified as H and
J aggregates contribute to shift emissions; for these reasons, the
understanding of solid-state structures is useful.'” However,
the photoluminescence properties of assemblies having arrays
of symmetry non-equivalent molecules'® have not been dealt
with. Besides these, the photoluminescence of cocrystals is
influenced by the local environment,'®"® which also helps in

mono-

3514 | Mater. Adv, 2022, 3, 3513-3525

ion recognitions.® As a matter of fact, 2,6-pyridinedicarboxylic
acid has the ability to modulate the photoluminescence of
nanomaterials.? Thus, self-assemblies of such an acid with a
fluorescent host would modulate the emission properties based
on crystal packing. The type of modulation of hydrogen bonds
is a challenge when the differences in the pK, (ApK,) of the
interacting molecules (acid-base counterparts) fall in the range
of 0-3.2'"2% Such an uncertainty in the proton transfer influen-
cing the photoluminescence properties requires structural
characterisation.>® The structural aspects and photolumines-
cence properties with DFT calculations of various species of the
assemblies of the salts of Hanthraimida with two positional
isomers 2,6- or 3,5-H2pdc and 1,3-dihydroxybenzene (resorc)
are reported herein.

Experimental
General

Infrared spectra of solid samples were recorded using a Perkin-
Elmer Spectrum-Two FT-IR spectrophotometer in the region of
4000-400 cm ™" using the attenuated total reflectance method.
Powder X-ray diffraction patterns were recorded using a Bruker
powder X-ray diffractometer D2 phaser. "H-NMR spectra of
ligands were recorded using a BRUKER Ascend-600 MHz NMR
spectrometer using TMS as the internal standard. A PerkinElmer

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Certain possibilities in the non-equivalent environment of cations
in the assemblies of dicarboxylates due to (i) assemblies of a parent neutral

species with different anions, and (ii) uneven distributions of interacting
guest molecules with respect to cations.

Lamda-750 spectrometer was used to record the solid state UV-
visible spectra by diffuse reflectance. Fluorescence emissions
were measured using a Horiba Jobin Yvon Fluoromax-4C spec-
trofluorometer or a Horiba Jobin Yvon Fluoromax-4P spectro-
fluorometer by taking the specified amount of solutions as
described in each figure caption, given in the text or the solid
sample (20-30 mg) and exciting at a required wavelength.
Lifetime decay profiles of the solid sample (finely ground) were
measured using an Edinburgh Instrument, model: FSP920. The
samples for scanning electron micrographs were prepared by
the drop-cast method by placing a drop of the salt dissolved in
DMSO and allowing it to evaporate slowly. FESEM images were
recorded using a Gemini 300 FESEM. The melting points were
recorded using Buchi melting point B-540 apparatus. Thermo-
gravimetric analyses were performed using a PerkinElmer TGA
4000 at a heating rate of 10 °C per minute under a nitrogen
gas flow.

Preparation of Hanthraimida, salts and cocrystals

The compound Hanthraimida was prepared according to the
reported procedure.">"™ The ionic cocrystals of the H,26pdc
and H,35pdc salts were prepared by dissolving equimolar
(1 mmol) amounts of Hanthraimida and either H,26pdc or
H,35pdc in 25 mL of methanol at room temperature. The
respective solution was kept undisturbed for two days, which
yielded the crystals of the respective salts. The ionic cocrystals
with resorcinol were prepared in methanol (25 mL) by dissol-
ving equimolar (1 mmol) amounts of the three components,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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namely, Hanthraimida, H,26pdc or H,35pdc and resorcinol.
Upon standing of the respective solution in open air, the
crystals of the respective ionic salts 3 and 4 were crystallised.
The respective supernatant solutions were decanted to collect
the crystals and the crystals were dried over a filter paper. The
spectroscopic details of the salts and ionic cocrystals are listed
in the ESL{

Crystallographic study

The X-ray single crystal diffraction data for the salts were
collected using an Oxford SuperNova diffractometer at room
temperature. Data refinement and cell reductions were carried
out using the CrysAlisPro.118 SMART software. Data reduction
and cell refinements were performed using SAINT and XPREP
software. Structures were solved by direct methods using
SHELXS-14 and were refined by full-matrix least-squares on F
using SHELXL-14. All non-hydrogen atoms were refined in the
anisotropic approximation against F> of all reflections. Hydro-
gen atoms were placed at their geometric positions by riding
and refined in the isotropic approximation. The crystallo-
graphic parameters are listed in Table 1.

Results and discussion

The structure of the salt of Hanthraimida with H,26pdc was
discerned by X-ray crystallography and had the composition of
2[(Hs;anthraimida)]**[(26pdc)*~-2(H26pdc)|-(H,26pdc)-CH;OH
(1), whereas the salt of Hanthraimida with H,35pdc was
a conventional tetrahydrate having a composition of
(H;anthraimida)®*(35pdc)®>-4H,O (2). On the other hand, three
component reactions of Hanthraimida and resorc with the
respective positional isomer of H,pdc in methanol yielded the
ionic cocrystals [(Hsanthraimida)]*'[(26pdc)]*” -resorc-H,O-
CH;0H (3) and 2[(Hzanthraimida)]'[(35pdc)]* -2(resorc) (4)
(Scheme 1), respectively. The conventional salts of Hanthrai-
mida,14’15
salts. Accordingly, we also expected a similar mono-cation
(H,anthraimida®) in each salt, but we found that only cocrystal
4 had such a cation and other salts 1-3 had a dication
(H;anthraimida®) as the respective cations.

The structure of 1 (Fig. 3a) has two symmetry independent
cations in its unit cell, and these are illustrated in Fig. 3b. The
self-assembly had chains of hydrogen bonded catemers (Fig. 3c)
formed between the neutral species and anions of H,26pdc.
Each pyridine dicarboxylate of the chain was flanked by two
pyridine monocarboxylates. Such units were hydrogen bonded
to a neutral H,26pdc forming a chain with - - -H,pdc- - -HPdc- - -
pdc: - -HPdc- - - as repeat units. There are reports on sickle- or
concave-shaped species having symmetry non-equivalent spe-
cies in their unit cells.>>*® Hsanthraimida®>* had a sickle
shaped geometry; possibly due to such a geometry it could
manage to have two symmetry independent cations in the unit
cell of salt 1. These cations were hydrogen bonded to the
catemeric carboxylate—carboxylic acid chain in two distinguish-
able environments. The chains were hydrogen bonded between

reported so far in the literature, were mono-cationic

Mater. Adv,, 2022, 3, 3513-3525 | 3515
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2[(H;anthraimida)]** [(H;anthraimida)]**
[(26pdc)>~-2(H26pdc) ] - [(26pdc)]*~ -resorc- (Hsanthraimida)>* 2[(Hzanthraimida)]"
Parameters (H,26pdc)-CH;0H CH;0H-H,0 (35pdc)*~-4H,0 [(35pdc)]> ™ -2resorc
Formula C71HgeN10017 C35H35N40g C2sH34N4Og Ce1H50N70g
CCDC 2099505 2099504 2099935 2099936
Mol. wt 1331.33 642.69 554.59 1018.15
Space group P1 P1 P1 P1
a (A) 8.9684(14) 10.662(8) 10.541(5) 10.8880(9)
b (A) 14.022(2) 12.684(9) 10.714(5) 12.0827(10)
c(d) 26.653(4) 14.241(11) 13.132(7) 20.6944(19)
() 101.059(5) 110.387(13) 89.016(14) 91.546(3)
8 () 94.792(5) 111.87(3) 70.669(13) 92.109(3)
7 () 95.101(5) 92.60(2) 81.670(14) 107.956(3)
Vv (A%) 3259.2(9) 1641(2) 1384.0(12) 2586.0(4)
Density, g cm ™ 1.357 1.301 1.331 1.308
Abs. coeff., mm~* 0.099 0.093 0.098 0.088
F(000) 1396 680 588 1076
Total no. of reflections 11550 5778 4899 9156
Reflections, I > 20(]) 7298 3886 2414 5940
Max. 0/° 25.048 25.048 25.049 25.050
Ranges (%, k, ) -10 < h < 10 -12 < h<12 -12<h<12 —12 < h <12
—-16 < k < 16 -15<k<15 -12<k<12 -14<k<14
-31<l<31 -16<l<16 -15 <1< 15 —24 <1<24
Complete to 260 (%) 100 99.6 99.8 100
Data/restraints/parameters 11550/4/905 5778/4/436 4899/0/361 9156/5/692
GooF (F?) 1.258 1.044 1.050 1.034
R indices [I > 20(1)] 0.0659 0.0742 0.1004 0.0637
WR, [I > 20(1)] 0.1769 0.2108 0.2063 0.1606
R indices (all data) 0.1119 0.1051 0.1917 0.1030
WR, (all data) 0.2174 0.2390 0.2439 0.1849
2[(H3anthraimida)]* [(26pdc)> 1
Ho. N co \2(H26pd0)T(Ha26pdey CH;OH
X
(H,26pdc)
N
N() —_— @I;allthl‘ailnida)2+(3Spdc)z"' 41130) 2
J HO,C CO,H
oY
NH .
N pdc = Pyridinedicarboxylate
989 .
» : 2
i) HOZCENJ,C%H HO@,OH [(Hzanthraimida)™ (26pdc)~]-(resorc) -4H,0 CH;0H| 3
\ / < +
(H,26pdc) (resorc)

[2(Hyanthraimida)*(35pdc)® T 2(resorc) 4

HO,C CO,H HO OH
~
WY
N

(H,35pdc)  (resorc)

Scheme 1 Reactants, products, salts and ionic cocrystals of Hanthraimida.

them and were located at translated positions with respect to
each other. The spaces in between the chains accommodated
the imidazolium portion of the di-cation. The imidazolium N*-
H bond acted as the hydrogen bond donor from an oxygen
atom to carboxylate. However, the -NH,~" moiety formed N3'-
H---013 and N3"-H---012 hydrogen bonds to link another

chain (Fig. 3c).

3516 |
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The self-assembly of (Hzanthraimida)®>*(35pdc)*™-4H,0 is
shown in Fig. 3d, and it had self-assembled hydrogen bonded
dimers of the salts. Each 35pdc®~ was bridged by di-cations to
form dimers. For this, one carboxylate group of 35pdc>~ was
hydrogen bonded to the imidazolium cation, whereas the
second carboxylate group of the same pdc>~ formed a hydrogen
bond with NH," (Fig. 3d). The di-cation H;anthraimida®" had a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The crystal structure of (a) 2[(Hzanthraimida)l®*[(26pdc)?~-2(H26pdc) 1-(H,26pdc)-(CHzOH) (1). (The solvent molecules are omitted for clarity.)
(b) Two distinct environments of the symmetry independent di-cations marked in red and black circles. (c) The prominent hydrogen bonds in the self-
assembly. (d) The hydrogen bonded assembly of (Hsanthraimida)?*(35pdc)>~-4H,0 (2) (the inset is the crystal structure of 2). (e) Octameric water cluster

in 2. (Thermal ellipsoids are with 50% probability.) (f) and (g) are the scanning electron micrographs of the crystals of 1 and 2, respectively.

sickle shaped geometry. The self-assembly between the two
di-cations took place by keeping the concave faces of the di-
cations facing each other. The assembly was done with the
help of hydrogen bonds with two dicarboxylate anions, which
provided space to accommodate four water molecules in the
void. The water molecules were observed as hydrogen bonded
octameric water clusters as illustrated in Fig. 3e. Each water

© 2022 The Author(s). Published by the Royal Society of Chemistry

octamer was held in the lattice hydrogen bonds with two
dicarboxylates. The cluster contributed to form the tight packed
structure of the salt by filling the possible voids in the absence
of them and also provided the additional hydrogen bonds to the
self-assembly, contributing to the overall stabilization. The presence
of water molecules in the salt was also confirmed by themogravi-
metry; salt 2 loses water molecules upon heating at 70-100 °C.

Mater. Adv., 2022, 3, 3513-3525 | 3517
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Some imidazoles derived as ancillary ligands or as a part of
carboxylate ligands in metal complexes stabilize different water
clusters.””*® Depending on the directional behaviors of ligands,
central metal ion and substrates, different geometrical arrange-
ments of the octamers of water clusters were observed.?”*® In the
present case, four water molecules were assembled to form a
cyclic synthon, which was connected to two pairs of hydrogen
bonded water molecules each linked at the two terminals of the
cyclic synthon. Certain concave shaped molecules having water
clusters form a gel.>* However, we did not observe a stable
gel in the present case but we found that salt 2 was difficult
to crystallize, and the crude sample obtained by solvent eva-
poration was a sticky semi-solid; however, upon re-dissolving,
it provided micro-crystals. The microcrystals grown in different
directions with sizes less than 200 nm were observed in the
scanning electron micrograph of 2, whereas the SEM image
of salt 1 showed micrometer size needle shaped crystals
(Fig. 3f and g).

The ionic cocrystal 3, namely [(Hzanthraimida)]**[(26pdc)]>-
resorc-H,0-CH3;OH (Fig. 4a), had the 1,3-dihydroxybenzene part-
ner molecule and the solvent of crystallization methanol and
water molecules. One of the oxygen atoms (04) and the nitrogen
atom (N4) of one dicarboxylate were hydrogen bonded to two N-H
bonds of NH,". Another carboxylate of the same 26pdc formed
hydrogen bonds with another N-H bond of a neighboring dica-
tion. Such assembling provided robust hydrogen bonded Rj(12)
synthons®' (Fig. 4b). The literature suggests that such synthons
are useful in generating extended assemblies and contribute to
molecular recognition.®* These synthons were connected to the
N'-H bond of the imidazolium cationic part. One oxygen atom
from each of the other carboxylate groups of two independent

(d
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35pdc ions acted as bridging atoms to two N'-H of the two
independent di-cations. Therefore, R}(8) synthons composed of
N'-H---O bonds were formed (Fig. 4b). These synthons had
knitted the anions with the di-cations through charge-assisted
hydrogen bonds. Such interactions have yielded layer-like arrange-
ments in the self-assembly of the ionic cocrystal. The resorcinol
molecules were hydrogen bonded to the O3 oxygen atom of
dicarboxylate by O6-H- - -O3 hydrogen bonds. The structure may
thus be explained in a simplified manner as a domain expanded
carboxylate catemer by the two aqua bridges. Earlier we reported
that depending on the directional hydrogen bonds, the partner
provides avenues for robust synthons to have expansion of the
domain.**** In the present case, the water molecules have played
the role to provide robust Rj(12) synthons, each of which holds
1,3-dihydroxybenzene guests at two sides. In the self-assembly of
3, the space between the self-assembled layers of cations and
anions was occupied by the resorc molecules. The methanol
molecules also occupied the interstitial positions and were weakly
C-H- - -O hydrogen bonded.

The crystal structure of 2[(H,anthraimida)]'[(35pdc)]*”-
2(resorc) (4) is shown in Fig. 4c and had hydrogen bonded
mono-cations in pairs. These cations were arranged in head to
tail orientations with respect to each other by hydrogen bonded
bridges of two carboxylate anions. These provided robust
hydrogen bonded Rj(12) synthons (Fig. 4d). A set of resorc
molecules connected the two such dimers to form cleft-like
arrangements. Another set of resorc molecules were encapsu-
lated in such a cleft. Thus, one of the resorc guests interacted
with the dimers to form a secondary host to accommodate the
guest, namely another resorc molecule. There are examples of
assembling of a host with a guest to accommodate additional

(b)

5 %;;fms?%
St

Fig. 4 The self-assembly of (a) [(Hsanthraimida)]>*[(26pdc)]>~-resorc-H,O-CHzOH (3). (b) The aqua-bridged hydrogen bonded carboxylate dimers held
together by di-cations in the self-assembly of 3. (c) The self-assembly of 2[(H,anthraimida)l*[(35pdc)]>~-2(resorc) (4) and (d) two distinguishable
environments of the cations of 4 drawn by omitting the anthracene unit. (The insets in (a and c) are the respective crystals structures and thermal

ellipsoids are drawn with 50% probability.)
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guest molecules.*>*® Cocrystal 4 is an example where the
association of a guest molecule (resorc) with the host cations
encapsulates an additional guest resorc molecule. While the
guest resorcinol was present at the alternative positions
between the dimeric units, there were two types of the sur-
rounding supramolecular environment for the cations as
shown in Fig. 4d.

From the structural study, it is clear that the constituent
cation of the salts of Hanthraimida depends on the partner
molecules and carboxylic acid used. This suggests that the
exception can be made over the type of salts of Hanthraimida
with organic carboxylic acids where in general the mono-
cationic salts dominated.’”'® There are limited examples of
assemblies containing the conjugate acid or the base part as
neutral components in organic salts®’*° and inorganic
complexes.”® Any of the three forms of pyridinedicarboxylic
acids, namely, the neutral, mono-carboxylate or dicarboxylate,
could get incorporated in the salts either as partner molecules
or anions. Having neutral pyridinedicarboxylic acid in the ionic
cocrystal is a new observation and suggest that compositions of
salts should have priority while dealing with the salts of
polycarboxylic aids with the polytopic base. The pK, value of
H,26pdc (pK, = 2.16) and that of H,35pdc (pK, = 2.80) are
comparable, whereas the pK, values of Hanthraimida (in DMF/
water) are 5.9 and 4.1, respectively. From such a small differ-
ence of pK,, one would expect a similar cocrystal from the two
positional isomers of H,pde,'™"'* but it did not occur. So, it was
not possible to make a prior prediction on the composition of
the crystalline products. A series of independent pH titrations
with the parent compound with aqueous hydrochloric acid and
with the respective Hypdc were carried out. The variation of the
pH of the parent compound upon the addition of H,pdec to the
solution of Hanthraimida or it together with resorcinol was the
same, indicating that the pH change profiles in each case were
similar. This clearly showed that the formations of these salts
and ionic cocrystals were not primarily guided by pK,. The
transfers of protons were to confer stability by forming tight-
packed structures. In these examples, we could not forecast the
observed compositions, but had to depend on the structural
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and spectroscopic study to formulate each composition. In
general, densely packed cocrystals with stronger hydrogen bonds
are more stable,"" and the ordered m-stacks of aromatic rings
in ionic cocrystals contribute to tightly packed structures.***?
However, in the present examples, the stacking among anthra-
cene rings was not observed. Thus, the interplay of hydrogen
bonds with electrostatic interactions guided the tightly packed
structures in the present case, resulted in the partial or complete
proton transfer from H,pde to realise the stable structures with
varied compositions.

Photoluminescence properties

The detection of pyridinedicarboxylates by fluorescence
spectroscopy has attracted interest from the biological point of
view.**"® variations on the compositions of the salts discussed
above had provided the scope to study the emission properties
of them in solid and solution states. Hence, fluorescence
titrations of Hanthraimida with the two positional isomers of
H,pde (lex, 365 nm) were carried out. Both titration profiles had
showed a continuous increase in the emission of the conven-
tional vibrational distinct n*-m transitions of Hanthraimida
occurring at 418 nm, 441 nm and 471 nm (Fig. 5 (left)). The
trends from both complemented the earlier observation caused
by other aromatic carboxylic acids or phenolic compounds on
the emission spectra of Hanthraimida.'*' The observed
fluorescence enhancement upon interactions was due to the
protonation of the N-H group of Hanthraimida by organic
carboxylic acids, in these cases by the two isomers of H,pdec.
This was due to a photo-induced electron-transfer (PET) effect
that was originally present in Hanthraimida, and PET was
affected by protonation. Since the emission changes caused
by two positional isomers were identical in the respective
emission spectroscopic titration, no selectivity between them
was observed.

The solid sample of Hanthraimida had a broad emission at
388 nm (Aex = 325 nm), and this broad emission was due to the
m*-1 transition, which is in accordance with the DFT calculated
energy gap of HOMO-LUMO (357.41 nm), whereas the solid
samples of 1-4 had shown completely different emission

1.0 1 454 nm 514 nm Hanthraimida
1
—_—
—
0.8 4
z 606 nm
Z Y
£ 0.6 403 nm
£ 390 nm
3 568 nm
o
s 0.4+ 3880m 559 nm
E 425 nm
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Fig. 5 Fluorescence titration (Jey, 365 Nm) of Hanthraimida (107> M in ethanol, 2 mL) with (left) H,26pdc (10 pl aliquot of 107> M in ethanol). (right)
Photoluminescence spectra of the solid samples of Hanthraimida 1-4 (excitation at 325 nm).
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features, which showed multiple emission peaks as illustrated
in Fig. 5 (right).

The charge-assisted hydrogen bonds usually modulate
n-stacking®® and influence photoluminescence properties in
the solid state, but none of the assemblies of 1-4 had
n-stacking among the anthryl fluorophores. The UV-visible
spectra of 1-4 in the solution did not show the shift of the
peaks from the parent Hanthraimida (Fig. S28, ESIt); however,
the solid samples of 2 and 3 clearly showed a 32 nm shift of
peaks (Fig. S32, ESIT) towards a higher side with respect to the
absorption peak of Hanthraimida. This suggested a charge-
transfer in these two examples. In general, the effects of
different weak interactions and proton transfers are averaged
out in solution and the interactions of solvent molecules at the
excited and ground states play important roles in emission
spectroscopy.”” In the solid state, the structures are rigid;
hence, it provide scope to understand the properties from a
fixed geometry. The HOMO-LUMO gaps calculated using DFT
are used to elucidate different mechanisms such as the excited
state proton transfer mechanism.*®*° So, we examined the
molecular orbitals of the cations (Fig. 6a) and anions (Fig. 6b)
using DFT calculations with the B3LYP functional using 6-
311++G (d,p) as the basis set. There can be two forms of the
protonated states of the monocation, namely the anthryl-
ammonium form represented as H,anthraimida® had a
HOMO-LUMO gap of 360.22 nm (Fig. 7a), whereas the other
form having the imidazolium cation [Hanthraimida]'(imida-
zole) had such an energy gap of 643.81 nm and a HOMO-
LUMO+1 energy gap of 422.28 nm (Fig. 7a). Accordingly, the two
forms of mono-cations had a large difference with their respec-
tive m* to 7 transition. Hanthraimida and H,anthraimida® had
orbitals in the HOMO and LUMO and were localized at the
anthryl group. Hence, in these cases, the excitation of HOMO to
LUMO was for m-mn* transition. Moreover, in the form
[H,anthraimida](imidazole) and in Hzanthraimida™, the
respective HOMO was localized at the anthryl group, whereas
the LUMO was localized at the imidazole unit (Fig. 6a). Thus,
the lowest n-m* emission in these species had to be from
LUMO+1 to HOMO. The dication Hzanthraimida®>* had the
calculated HOMO-LUMO energy gap of 499.98 nm, and the
calculated HOMO and LUMO+1 was 365.4 nm. The calculated
energy differences between the HOMO and LUMO of H,26pdc,
H26pdc ™, 26pdc®~, were 231 nm, 403 nm and 373 nm, respec-
tively (Fig. 6b). The same gap for 35pdc2~ was 281.20 nm. Thus,
the calculated n* to m emission for Hanthraimida®' at
365.4 nm was comparable to that of 26pdc2™ (373 nm). The
similar energy gaps of these two species of the salts had
suggested the possibility of the Forster resonance energy
transfer.® The excitation spectra were shown in each case
and the excitation took place at 325 nm. Hence, by comparing
the theoretical n* to m emissions, there was a possibility to observe
the emission from either Hzanthraimida®* or Hanthraimida®
or 26pdc2™, but the observed emission in each case was at
longer wavelengths having a large Stokes shift. Salt 1 had two
Hjanthraimida®" cations with an independent crystallographic
symmetry in the unit cell; in the solid state, it showed
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emissions at 522 nm and 568 nm. The degenerated HOMO
and LUMO of the two symmetry independent di-cations split by
mixing of orbitals, leading to emissions at 522 nm and 568 nm,
whereas the peaks at 385 nm and 425 nm were from 7©* to &
transitions of Hzanthraimida®* and H26pdc ™, respectively. The
broad unresolved emissions in 390-403 nm were observed for
2, which is assigned to Hzanthraimida®'. Salt 3 had emissions
in the region of 385-425 nm from the emissions of H;anthrai-
mida®" and 26pdc2~. The salt and cocrystals 2 and 3 had a
common emission at 606 nm. This emission was attributed to
the formation of the mono-cation by the excited state proton
transfer from the di-cation to the pdc anion. The path E shown
in Fig. 7a is one of the possible path. This suggestion is based
on the fact that different cations have small energy barriers and
they could have easily transformed to one another by the
excited state proton transfer. On the other hand, the ionic
cocrystal 4 showed a weak emission at 385 nm and two
relatively sharper emissions at 454 nm and 515 nm. The
385 nm emission was from n* to & transition of Hyanthraimida®
and the latter two emissions were due to the mixing of the
orbitals of the two symmetry independent H,anthraimida®, as
shown in Fig. 7b. The emission spectra of 1 and 2 were recorded
by changing the irradiations to 330, 340, 360 and 370 nm in
independent experiments. It was found that as the irradiation
wavelength was increased, the emissions at the higher wave-
lengths were shifted to further higher wavelengths and the
intensities of the emissions at shorter wavelengths were
reduced drastically (Fig. S19 and S20, ESIt). In aggregates, the
vibrational levels play a major role to shift the spectral
positions.’® The excitation to higher vibrational levels was
reduced by increasing the irradiated wavelength, and the
emission occurred from the lower vibrational level of the
excited state in such a situation which caused the shifting of
the emissions towards a higher wavelength side to show a left-
skewed shape of the spectral peak at longer wavelengths. The
possibility of stray light interference in photoluminescence was
checked by recording the data in two sets of independent
experiments performed on cocrystal 2 and cocrystal 3 by using
two different models of the spectro-fluorimeter (Horiba Jobin
Yvon Fluoromax-4P and Fluoromax-4C). Consistencies of the
emission peaks in the respective spectra obtained from both
the equipments under analogous conditions were observed. We
also had carried out experiments by changing the slit widths, as
illustrated in Fig. S26 and S27 (ESIT). As expected, the inde-
pendent samples of cocrystal 2 and that of cocrystal 3 showed
the two anticipated emission peaks with a change in slit widths
having a band-pass from 5 nm to 4 nm. However, the spectra
were with slight differences in the intensities of emissions.
However, when the band-pass was 2 nm, there was a drastic
change in the emission peaks. A single peak was observed in
both the cases by using this slit (2 nm). It is understandable
from the manual of the equipment as well as from the conven-
tional understanding that lowering the slit width is useful to
obtain better peaks but at the cost of other peaks. In the present
examples, we have dealt with multi-component cocrystals to
observe photoluminescence as a collective effect from the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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aggregates. Hence, the consistent data on the dual emissions aggregate while performing irradiations. The dual emissions
with larger slits are attributed to covering the domain (repeat in different materials may occur through different paths, and
units in the lattice as discussed in structural analysis) of the some of these are reported to violate the Kasha rule.”
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Fig. 7 (a) Different emission paths in salts having the Hzanthraimida2* cation yielding the mono-cation through the excited state intermolecular proton

transfer to anions (assuming the invariant role of the anions to accept protons at the excited state). (b) The emission paths of symmetry non-equivalent

H,anthraimida® cations due to splitting caused by mixing of orbitals.

Our systems do violate the Kasha rule in showing the higher
wavelength emissions.

The emission decay profile of 1 was tri-exponential and had
lifetimes of 0.65 ns, 5.25 ns and 13.70 ns, where the second and
third paths were followed by about 75% species. However, in
the other three cases 2-4, each had a short lifetime path having
a lifetime in the range of 2.06-3.47 ns, two relatively longer
lifetime paths with 20.95-27.48 ns for one set and 45.25-
120.90 ns for another. The relatively longer lifetimes were
followed by a major proportion of species (>80%) attributed
to the intra-molecular excited state proton transfers. This was
due to the transfer of protons from the dication to the anion.

3522 | Mater. Adv., 2022, 3, 3513-3525

As a result of such a proton transfer, the mono-cation trans-
forms from one form to another as in the path E in 1-3 and in
the case of 4 the splitting of the HOMO and LUMO took place.
This caused the emissions in the visible region.

In conclusion, a combined structural and theoretical study
on the observed photoluminescence of salts and ionic cocrys-
tals having different compositions and also having different
cationic forms of the same fluorophore has shown emissions at
longer wavelengths. Salt 1 had provided an unusual example on
the combinations of neutral and two different anionic forms.
Here, the catemeric carboxylic acid-carboxylate had provided
the template for the cations at symmetry independent positions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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In these selected examples, symmetric non-equivalent cations in
the lattice were observed due to the different local non-covalent
environments. There was a larger difference in the emission of
Hanthraimida in the presence of pdc in solution than that of the
corresponding salt in the solid state. The DFT calculated energy
gaps of different forms of ions could explain the emissions
observed at shorter wavelengths. The multiple fluorescence emis-
sions in the visible-region of the salts in the solid state were
attributed to the mixing of degenerate energy-levels of the sym-
metry independent ions and intermolecular proton transfers at
the excited state.
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