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Abstract.

Salt formation has been shown as a simple strategy to induce aggregated induced emission or

aggregated enhanced emission in primary ammonium salts derived from 9-anthracene carboxylic acid, 1-pyrene
carboxylic acid, 3-coumarin carboxylic acid and histamine. All the salts displayed enhanced fluorescence in
their solid state compared to that in their solution state. Single crystal structure of the salt of 9-anthracene
carboxylic acid i.e., His-anthracene revealed that restricted intramolecular rotation of the fluorphoric moiety
(anthracene) was responsible for such radiative pathway leading to enhanced emission.
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1. Introduction

Light emitting properties like luminescence or fluores-
cence are well-known and well-studied phenomenon
in the molecular world.! Usually, photophysical stud-
ies are carried out in a highly dilute solution so that
the molecule under study can almost be considered as
‘isolated’.> However, when the molecule is not isolated
and kind of forced to aggregate either due to solvo-
phobic effect or crystallization, emission behaviour of
the molecule is immensely affected and in most of the
cases, luminescence is greatly reduced or quenched —
a phenomenon widely known as ‘aggregation-caused
quenching’ or ACQ. The reason for such quenching is
attributed to the mechanical restriction due to aggre-
gation. ACQ phenomenon is most common to the flu-
orophores containing aromatic moieties.® It has been
proposed that ACQ occurs because of the possible
7 — 7 interactions involving the large m-surface usu-
ally present in fluorescent molecules leading to the for-
mation of eximers or exiplexes. It is understandable
that ACQ is an impediment in real-life applications
of luminescence materials. For example, luminescent
molecules are often used as sensors in aqueous
media wherein the highly hydrophobic luminescent
moieties are expected to aggregate, leading to ACQ
thereby reducing the sensitivity of the sensors.*®

In 2001, Tang et al. reported a counter-intuitive phe-
nomenon which they termed as ‘aggregation-induced

*For correspondence

AIE; AEE; single crystal; salt,crystal engineering.

emission’ (AIE). They observed that a series of
phenyl substituted siloles were non-emissive in dilute
solution whereas they were highly fluorescent in
the solid state.”!® Such counter-intuitive phenomenon
was explained by invoking the concept of restricted
intramolecular rotation (RIR) in aggregated state. It is
well known that molecular motion consumes energy.
In dilute solution, the peripheral phenyl rings in these
silole derivatives can freely rotate along the single
bond between the phenyl ring and silole moiety thereby
allowing a relaxation channel for the excited molecules.
On the other hand, when RIR comes into play in aggre-
gated state, the excited molecules are forced to take
a radiative pathway causing emission or AIE. Scien-
tists around the world immediately realized soon after
this serendipitous discovery that AIE has significant
technological implications. Instead of passively work-
ing against aggregation in order to avoid ACQ, one
can deliberately design molecule that would reinforce
RIR in aggregated state thereby causing AIE. In fact,
a plethora of reports vis-a-vis designing molecules
with AIE property poured in.''~'> Typically in AIE
active molecule, the rotor (e.g., phenyl ring) rotates
freely in solution against the stator (e.g., silole moi-
ety) thereby making it non-emissive, whereas such
free rotations are restricted in aggregated state causing
AIE. During attempts to design AIE materials, lumini-
genic moieties are installed on a polymeric chain caus-
ing a certain degree of RIR thereby enabling emis-
sion in the solution state.'®!” Such RIR is reinforced in
aggregated state causing enhanced emission and such
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Scheme 1. The PAM salts under study.

molecules are aggregation-enhanced emission (AEE)
active.

Herein, we demonstrated salt formation as a sim-
ple strategy to impose AEE activity. Thus, a new
series of simple organic salt was synthesized from
three fluophoric carboxylic acids namely anthracene-,
pyrene- and coumarin carboxylic acid and histamine
(scheme 1). It was observed that photoluminescence of
the salts were enhanced manifolds compared to that
of the solution state demonstrating AEE activity in
these salts. With the help of single crystal structure
of His-anthracene, a structure-property correlation was
attempted.

2. Experimental
2.1 Materials and physical measurements

All the starting materials were commercially available
which were used without further purification. Solvents
were of L.R. grade and used without further distillation.
Both 'H and 'C NMR spectra were collected using
500 MHz spectrometer (Bruker Ultrasheild Plus-500)
and a 400 MHz spectrometer (Bruker Ascend™-400).
FT-IR spectra were obtained using an FTIR instru-
ment (FTIR-8300, Shimadzu). The elemental compo-
sitions of all the purified compounds were confirmed
by elemental analysis using Perkin—Elmer Precisely,
Series-II, CHNO/S Analyser-2400.

2.2 Syntheses

Except 3-cumarine carboxylic acid (855 mg, 4.5 mmol),
the other two acids were not soluble in MeOH. The salts
were thus prepared by adding solid acids (1107 mg,
4.5mmol of pyrene-1-carboxylic acid and 1000 mg,
4.5 mmol of 9-anthranoic acid) into methanolic solu-
tion of histamine (500 mg, 4.5 mmol). The resultant
mixture became homogeneous solutions which upon
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evaporation in rotary evaporator yield the correspond-
ing salts. All the salts were characterized by NMR ( 'H
and C), FT-IR and elemental analysis. Salt formation
was confirmed by the absence of the bands (>C=0Oc¢oon
at 1650-1700 cm™") for the parent acids and the pres-
ence of sharp bands in the range of 1524-1645 cm™!
(>C=0c00-)-

2.3 His-pyrene

Elemental analysis calcd for C22H21N302.H20 (%):
C 70.38, H 5.64, N 11.19; found: C 70.43, H 5.48, N
11.19; 1H NMR (500MHz, DMSO-ds): § (ppm) = 9.30
(d, J =9.5 Hz, 1H); 8.41 (d, J =8 Hz, 1H); 8.25 (t,
J =75 Hz, 2H); 8.21 (d, J = 8 Hz, 1H); 8.1 (m,
J =175 Hz, 3H), 8.05 (t, /J = 7.5 Hz, 1H), 7.58
(s, 1H), 6.89 (s, 1H), 3.08 (t, J = 7.5, 2H), 2.86
(t, I = 7.5, 2H); 13C NMR (400MHz, DMSO-dy):
8 (ppm) = 171.88, 135.69, 134.94, 130.78, 130.68,
128.19, 127.32, 127.20, 127.15, 126.88, 126.60,
125.93, 124.93, 124.76, 124.18, 124.02, 124.00, 48.54
and 25.77; FT-IR (KBr pellet): 3439, 3417, 3047, 2885,
1645 (>C=0cpp-), 1585, 1568, 1501, 1383, 1356,
1313, 1218, 1178, 1150, 1086, 1030, 968, 945, 879,
845, 789, 763, 716, 619, 457 and 413 cm™!.

2.4 His-anthracene

Elemental analysis caled for C20H19N302 (%): C
72.05, H 5.74, N 12.60; found: C 70.79, H 5.70, N
12.17; 1TH NMR (500MHz, DMSO-ds): §(ppm) = 8.36
(s, 1H), 8.15 (d, J = 8.5 Hz, 2H); 8.01 (d, J = 8.5 Hz,
2H); 7.51 (s, 1H); 7.44 (m, 4H); 6.84 (s, 1H); 3.04 (t,
J =17.5Hz, 2H); 2.82 (t, J = 7.5 Hz, 2H); 13C NMR
(400MHz, DMSO-di): 6§ = 172.06, 140.44, 134.94,
131.02, 127.82, 127.25, 12592, 124.99, 124.51,
123.58, 48.05 and 25.30; FT-IR (KBr pellet): 3107,
3053, 2960, 2856, 2787, 2721, 2669, 2610, 1639
(>C=0cp0-), 1582, 1526, 1503, 1492, 1440, 1427,
1389, 1277, 1220, 1180, 1103, 1025, 1010, 997, 941,
885, 862, 845, 827, 798, 784, 739, 656, 600, 576 and
444 cm™'.

2.5 His-coumarin

Elemental analysis caled for C21H20N405 (%): C
59.79, H 5.02, N 13.95; found: C 58.39, H 5.33, N
13.26; 1H NMR (400MHz, DMSO-dy): 6(ppm) = 8.47
(s, 1H); 8.13 (s, 1H); 8.06 (d, J = 9.2 Hz, 1H); 7.72
(d, J = 4.8 Hz, 1H); 7.56 (d, /J = 4.8 Hz, 1H);
732 (d, J = 9.6 Hz, 1H); 6.88 (d, / = 9.6 Hz,
1H); 6.46 (d, J = 9.2 Hz, 1H); 3.03 (t, / = 7.2 Hz,
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2H); 2.80 (t, J = 7.2 Hz, 2H). 13C NMR (500MHz,
DMSO-dg): §(ppm): 172.11, 165.76, 160.82, 154.94,
142.20, 134.77, 131.94, 128.43, 124.48, 119.08,
118.73, 116.19, 115.26, 37.50 and 28.38; FT-IR (KBr
pellet): 3063, 2598, 1732, 1624 (>C=O0coo-), 1597,
1568, 1452, 1389, 1279, 1254, 1225, 1159, 1101, 997,
814, 748, 627, 592 and 461 cm™'.

2.6 Single-crystal X-ray diffraction

X-ray quality single crystal of His-anthracene was
obtained by a slow evaporation of a DMSO solution
of the salt at room temperature. Single-crystal X-ray
data were collected with MoK radiation (A = 0.7107
A) using a SMART APEX-II diffractometer equipped
with a CCD area detector (table 1). Data collection, data
reduction, and structure solution and refinement were
carried out using the SMART APEX-II software pack-
age. The structure was solved by direct methods and
refined in a routine manner. The non-hydrogen atoms
were treated anisotropically (figure 1). Whenever pos-
sible, the hydrogen atoms were geometrically fixed.
Hydrogen bonding parameters are given in table 2.

Table 1. Crystal data.

Crystal parameters

CCDC No.
Empirical formula
Formula weight
Crystal size/mm
Crystal system
Space group
alA

b/A

c/A

a/®

B/

v/°

Volume/A3

Z

Deale /gem™3
F(000)

uMoKe /mm™!
Temperature/K
Rint

Range of h, k, 1
fmin/max/°

Reflections collected/unique/ observed [1>20 ()]

Data/restraints/ parameters
Goodness of fit on F?
Final R indices

[I>20(D)]

R indices (all data)
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Figure 1. ORTEP plot (50% probability) of His-anthracene.

3. Results and Discussion

As discussed in the introduction section, RIR is the
key to induce AIE or AEE. Anchoring luminigenic
moiety on polymer chain is a well-known strategy
to incorporate RIR. We thought that a similar effect
can also be induced via supramolecular way, i.e., by
making supramolecular polymer via hydrogen bonding.
Organic salt formation is one such easy way towards
supramolecular polymer synthesis. By judicious choice
of acid and amine, it is possible to generate 1D, 2D,
3D and OD hydrogen bonded network in organic salt

His-anthracene

1001247
C20H9N30,
333.38

0.55x 0.28 x 0.05
Orthorhombic
P2(1)2(1)2(1)
10.2623(5)
11.3590(6)
14.7950(8)

90

90

90

1724.65(16)

4

1.284

704

0.085

100(2)

0.0246
-14/14,-14/15, -21/21
2.26/31.23
26724/ 3088/ 2488
3088/0/231

1.076

R; =0.0440
wR, =0.1314

R; =0.0587

wRy, = 0.1478
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Table 2. Hydrogen bonding parameters of His-anthracene.

D-H---A D-H (A) H---A (A)
N(18)—H(18A)---N(24)  0.89 1.94
N(18)—H(18B)- - - (03) 0.89 1.90
N(18)—H(18C)- - - O(2) 0.89 2.10
N(18)—H(18C)- - -0(3) 0.89 2.40
N(22)—H(22)- - - 0(2) 0.88(3) 1.83(3)

and we have been contributed significantly towards the
design of supramolecular gelators by exploiting vari-
ous hydrogen bonded network via salt formation.'® In
the present study, we decided to exploit salt formation
strategy to induce AEE in the resulting of three well-
known fluophoric compounds with histamine. All these
acids studied herein are monocarboxylic acid and thus,
reacting them with a primary amine would expectedly
give rise to 1D hydrogen bonded network namely pri-
mary ammonium mono-carboxylate synthon which can
be considered as a supramolecular polymeric chain with
the fluorophoric moieties anchored along the chain.
Although such arrangement would predictively impart
RIR, it might still provide some room for intramolec-
ular rotation. In order to ensure maximum RIR, we
chose to react acids with histamine which is a primary
amine having additional hydrogen bonding site (imi-
dazole moiety). The N acceptor and N-H donor of the
imidazole moiety are expected to participate in hydro-
gen bonding resulting in 3D hydrogen bonding net-
work thereby restricting the ~OOC-fluorophoric moi-
ety completely. Thus, the salts were prepared by mixing
the acid and the amine in 1:1 molar ratio in MeOH at
rt. FT-IR data clearly indicated salt formation (COO~
stretching band at 1624-1645 cm™"). Figure 2 displays

398 nm

His-pyrene, Ex 340 nm

407 nm— His-anthracene, Ex 380 nm

His-coumarin, Ex 388 nm

431 nm

I_em(a. u.

400 450 500 550

Alnm ——

350

Figure 2. PL spectra of 10~* M methanolic solution of
His-pyrene (red), His-anthracene (blue) and His-coumarin
(magenta).
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D---A (A) D-H---A (°) Symmetry operation for A
2.828(2) 176.1 -x+1,y+1/2, -z+1/2
2.776(2) 168.7 X, y-1,z

2.857(2) 142.4 x+1/2, -y+3/2, -z

3.179(2) 146.9 x+1/2,-y+3/2, -z

2.705(2) 168(3) x+1,y-1,z

the fluorescence spectra of the dilute solutions (10~ M

in MeOH) of the salts.
The salt His-pyrene showed the most intense photo-

luminiscence (PL) (Ao, = 340 nm; A.,, = 398 nm). The
PL of His-anthracene showed a sharp structured spectra
(Aex =380 nm; A, = 391, 407, 431, 457 nm) relatively
less intense than that of His-pyrene. His-coumarin, on
the other hand, displayed almost negligible fluorescent
spectrum and appeared flat when plotted against the
fluorescence spectra of the other two salts. Interest-
ingly, all the three salts displayed enhanced emission
in their bulk solid state (figure 3). In the solid state,
His-anthracene displayed the most intense structured
PL spectrum (A, = 380 nm; A, = 420, 443, 469 nm)
whereas the PL spectra of both His-coumarin and His-
pyrene were broad and significantly less intense than
that of His-anthracene. The solution state PL spectra
of the corresponding salts were almost negligible com-
pared to the spectra in the solid state (figure 3). Thus, it
was clear that all the salts displayed AEE in their solid
state.

To study how exactly the hydrogen bonding network
imposed RIR in the solid state, we tried to crystal-
lize all the salts. Our best efforts resulted in the crys-
tallization of X-ray quality single crystals of the salt
His-anthracene. SXRD study revealed that the crys-
tals belonged to the non-centrosymmitric space group
P2,2,2, (table 2). The asymmetric unit was comprised
of one ion-pair. The anthracene moiety of the mono-
anion was found to be nearly planner and oriented
almost orthogonally with the COO~ moiety display-
ing a dihedral angle of 89.0° involving the anthracene
moiety and COO™. In the crystal structure, the car-
boxylate moiety was bound to three cationic species
via various N-H- - - O interactions[N--- O = 2.705(2)-
3.1792) A; ZN-H---O = 142.4-168.7°]; the car-
boxylic acid O atoms accepted two ammonium H
atoms of two cationic species and one imidazole NH
atom of another cation. The imidazole N acceptor
was hydrogen bonded with the ammonium N via N-
H.--N interactions [N---N = 2.828(2) A; ZN-H.--N
176.1°]. Such hydrogen bonding interactions led to
the formation of 2D hydrogen bonded sheet structures
which were further packed in parallel fashion sustained
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Figure 3. PL spectra of bulk solid of His-anthracene (blue), His-coumarin
(magenta) and His-pyrene (red) in comparison with that of the corresponding
solutions (10~* M in MeOH) (Flat spectra).

by N-H---O and N-H--- N interactions involving the
COO™-ammonium and imidazole-ammonium moieties
resulting in an overall 3D Hydrogen bonded network
(figure 4). The distance between two adjacent parallel

anthracene moieties is 10.26 A. The distance between
two centroids of adjacent non-parallel anthracene moi-
eties is 7.8 A. There is no - - - 7 interactions. There
are C-H---7 interactions (3.84 A) present between
methylene group adjacent to ammonium moiety of his-
tamine and the anthracene moiety; imidazole C-H and

anthracene moiety (3.88 A) and C-H of terminal ring of

one anthracene moiety (3.68 A) with the terminal ring
of another adjacent anthracene moiety.

The luminogenic anthracene moiety in the crystal
structure of the salt His-anthracene was surrounded
by three cationic species and one symmetry related
anthracene carboxylate. Thus, there was no room for the
anthracene moiety to undergo rotation around C-C bond
of anthracene C and COO~C atom ensuring maximum
RIR in this salt that was reflected in the solid state pho-
toluminescence spectra of the salt. In the absence of the
crystal structure of the other two salts, we cannot make
definitive comment on the structural environment of the

Figure 4. Crystal structure illustration for His-anthracene: View of 2D
hydrogen bonded sheet sustained by N-H- - - O and N-H- - - N interactions.
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fluorophoric moiety in the crystal structures. The fact
that the other two salts also displayed significant AEE
indicated the existence of RIR in these salts as well.

4. Conclusion

Among these salts, in the solution state, His-anthracene
was the most PL active followed by His-pyrene whereas
His-coumarin displayed almost negligible PL. Inter-
estingly, in the crystalline (aggregated) state, His-
coumarin was significantly PL active — in fact, the
second most intense amongst the three salts wherein
His-anthracene being the strongest. Single crystal struc-
ture of His-anthracene revealed the presence of the
expected 3D hydrogen bonding network within which
the luminogenic moiety namely anthracene was sur-
rounded by the cationic as well as symmetry related
anionic species thereby imposing significant RIR that
resulted in emission enhancement in the solid state as
compared to that of in the solution state. Thus we have
demonstrated that salt formation — the easiest reaction
to carry out — can serve as a simple strategy to get
an easy access to materials capable of displaying AEE
or AIE. Owing to the easy preparative method (salt
formation), commercial availability and virtually infi-
nite combination of the acids and amines, and strong
and directional charge assisted hydrogen bonding
useful in real-life fabrication of materials, the method-
ology demonstrated herein offers an attractive and
expectedly commercially viable approach towards the
design of photonic materials.

Supplementary Information

CCDC No. 1001247 contains the supplementary crys-
tallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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