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Message from the President and Secretary, ISRAPS

Dear ISRAPS members,
Greetings from the ISRAPS Executive Council!

We take this opportunity to acknowledge the contribution of all the members who have
participated in organizing various activities of ISRAPS.

Now, as the world crawls out of the pandemic situation, we are finally starting to see the return
of in-person events. Keeping with this trend, we are trying to arrange the discussion meetings and
symposia in hybrid mode. Recently, we have successfully organized ISRAPS One-day Seminar (hybrid
mode) on “Societal Applications of Radiation Chemistry” on June 10, 2022, at North- Eastern Hill
University (NEHU), Shillong.

ISRAPS also brings out bulletin which is an important medium for dissemination of information
on frontier research in the field of Radiation and Photochemistry. This edition is a collection of
articles about the recent developments in the field of photochemistry from the eminent speakers
invited to National Symposium on Radiation and Photochemistry (NSRP-2021), which was held
virtually at IIT Gandhinagar during June 25-26, 2021. The Executive council of ISRAPS takes this
opportunity to thank the authors for making this issue very informative. We would also like to
thank Prof. Sriram Kanvah Gundimeda, the Guest Editor of this issue, for his efforts to bring out
a scientifically rich bulletin.

We would also like to inform ISRAPS members about the forthcoming NSRP-2023 under the
ISRAPS flagship. NSRP-2023 will be held during 5-7 January 2023 at BITS Pilani, K. K. Birla Campus,
Goa. We request all the researchers in this field to join hands to make it a grand success.

Finally, on behalf of the ISRAPS executive council, we wish to express our sincere gratitude
to all the members of ISRAPS for their continued support and encouragement in carrying out the
activities of the society. We also look forward to your valuable suggestions and active participation
in the forthcoming events of ISRAPS.

Dr. Awadhesh Kumar Dr. (Mrs.) J. Mohanty
President Secretary
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Edita’s Deshe...

Light-induced processes have attracted immense attention across interdisciplinary research
areas involving chemistry, materials science, and the biological domain. Indian Society of Radiation
and Photochemical Sciences (ISRAPS) aims to foster research in these domains by organizing several
symposia, workshops, and meetings. In 2021, we organized National Symposium on Radiation
and Photochemistry (NSRP) virtually, where several eminent scientists have delivered excellent
scientific deliberations. Continuing the rich tradition of ISRAPS to bring forth a special issue after
every national or international meeting, I am honored to guest-edit a special issue ISRAPS bulletin-
2021 containing articles on contemporary research areas in the field of radiation and photochemical
sciences. The current issue has five articles. The first article discusses the synthesis, photophysical and
electrochemical properties of diketopyrrolopyrroles substituted with electron-donating groups and
could provide avenues for developing newer organic materials for organic electronic applications. The
second article discusses the commonly available sensing strategies for detecting Heparin, an anionic
polysaccharide, and a widely used anticoagulant during surgical procedures. The third article discusses
the photophysical properties, particularly the preferential solvation of 5-amino quinoline in binary
solvent mixtures, and highlights various solute-solvent interactions. The fourth article summarizes
the understanding of exciton diffusion and deactivation pathways in phenyl and phenylethynyl
derivatives of anthracene. The article also discusses the substituent-dependent formation of the excimer
state or dissociation to the triplet pair state. Finally, the last article discusses various fluorescence
sensors with coumarin scaffolds to detect various ionic analytes of environmental relevance. On behalf
of ISRAPS, I sincerely acknowledge the cooperation from all the contributing authors on this issue. I
take this opportunity to thank ISRAPS for giving me the guest editorial responsibility.

Dr. Sriram Kanvah obtained his Ph.D. in Chemistry from the Indian Institute of
Technology Bombay, Mumbai. He was a post-doctoral fellow with Prof. Gary Schuster at
Georgia Institute of Technology Atlanta and worked as a research-intellectual property
analyst at General Electric Company Bangalore. After that, he joined IIT-Gandhinagar,
Discipline of Chemistry, in Dec 2009. His groups research interests are in synthesizing
and developing photoresponsive systems for organic electronics, biological imaging, and
chemosensing applications. So far their research group graduated 7 PhD students and
guided dissertation projects of several MSc students. Apart from the research, Sriram
gives several lecture-demos to school students and teachers to promote science awareness..
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Donor Functionalized bis(thienyl)diketopyrrolopyrroles:
Photophysical and Electrochemical properties

Faizal Khan*, Yogajivan Rout*, Rajneesh Misra*
(*Authors contributed equally)
Department of Chemistry, Indian Institute of Technology Indore, Indore- 453552, India
* Email: rajneeshmisra@iiti.ac.in

Abstract

Diketopyrrolopyrrole (DPP) is a n-conjugated bicyclic bis(lactam) ring, having strong electron

accepting nature and exceptional photochemical and thermal stability. The modification of

donor functionalized DPPs with tetracyanoethylene (TCNE) results in improved acceptor

strength and the resultant molecular system shows absorption in the near infra-red region. The

1,1,4 4-tetracyanobutadiene (TCBD) functionalized DPPs show applications in organic photovoltaic,

nonlinear optics, and bio-imaging. In this article, we have discussed about the synthesis of donor-

acceptor based DPP chromophores and, the effect of various donor/acceptor moieties on the

photophysical and electrochemical properties.

Introduction

The organic small molecules with absorption
in the visible to near-infrared (vis-NIR) region
have attracted considerable research interest
owing to their potential applications in organic
photovoltaics (OPVs), dye sensitized solar cells
(DSSCs), nonlinear optics (NLOs), organic light
emitting diodes (OLEDs), and organic field effect
transistor (OFETs).[®! The n-conjugated organic
chromophores are an interesting class of materials,
which can be easily synthesized and absorb light
in vis-NIR region. Diketopyrrolopyrrole (DPP)
has attracted great deal of attention in last few
years due to its strong electron accepting nature,
exceptional photochemical, thermal stabilities,
and applications in materials chemistry.*”! In
1974, DPP was first discovered by Farnum et al.
and further its synthetic procedure was modified
by Igbal, Cassar, and Rochat in the early 1980s.
671 DPP is considered as an important class
of pigments used in paints, inks and plastics
owing to their excellent shades and better
ambient stability.[®! DPP dyes are generally
insoluble in most of the organic solvents due
to strong intermolecular H-bonding and n—n
stacking interactions between the lactam rings.

Ol The solubility of DPPs can be improved in
organic solvents by easy functionalization of the
N-atoms with long linear or branched alkyl side
chains. The optoelectronic properties of the
DPPs can be tailored by substituting DPP with
various donor units at 3- and 6- positions."! Our
group is involved in the design and synthesis
of donor functionalized DPP derivatives in
which thienyl-DPP was used as a central core
unit as thiophene is a good electron donor and
makes less dihedral angle with the DPP core
which enhances the electronic communication
in the molecular system. A number of electron
donor moieties (phenothiazine, triphenylamine,
ferrocene and carbazole) were incorporated
to 3- and 6- positions of DPP core. Another
component tetracyanoethylene (TCNE) was used
as an additional electron withdrawing unit.!"
The incorporation of TCNE to electron donor
functionalized DPPs significantly improves
the electron accepting strength and photonic
properties of the obtained materials. In this
article, we present the highlights from our recent
work on different electron donor functionalized
DPP derivatives.
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1. Tetracyanobutadiene incorporated
phenothiazine-bis(thienyl)
diketopyrrolopyrrole dyad systems

The optoelectronic properties of the DPPs
can be tailored by substituting DPP with various
donor functionalities at 3- and 6- positions.
The monobromo and dibromo substituted
DPPs were reacted with ethynyl phenothiazine
through Sonogashira cross coupling reaction
to synthesize 1 and 2 (Chart 1). ™! The ethynyl
linkage of 1 and 2 was further functionalized with
tetracyanoethylene (TCNE) through the [2+2]
cycloaddition-retroelectrocyclization reactions
to form tetracyanobutadiene (TCBD) bridged
DPP-phenothiazine 3 and 4. The photophysical,
computational and electrochemical properties of
1-4 were investigated.

The electronic absorption spectra of acetylene
bridged DPPs 1 and 2 display absorption bands at
584,549 nm and 626, 585 nm, respectively (Figure
1). The high energy band corresponds to the
n—n* transition of the DPP core, whereas the low
energy band is originated from intramolecular
interactions between the donor and acceptor
units. The TCBD bridged DPPs 3 and 4 show
absorption maxima in lower energy and higher
energy regions at 689, 635 nm and 746, 684 nm
respectively corresponding to the intramolecular
interactions between the phenothiazine donor
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and DPP-TCBD conjugate acceptor units, and
n—n* transition of the DPP-TCBD conjugate
moiety. The incorporation of a supplementary
acceptor (TCBD) to the acetylene bridged DPPs
1 and 2 significantly alters the absorption and a
bathochromic shift of 105 nm and 120 nm were
observed in the absorption maxima of 3 and 4
(Figure 1).
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Figure 1. Normalized absorption spectra of DPPs 1-4
recorded in dichloromethane solution.

The unsymmetrically substituted DPP 1
exhibits three reversible oxidations at +0.42V,
+0.73V and +0.91V, respectively whereas, the
symmetrically substituted DPP 2 exhibits two

Hq7

0, GCs CN /e
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Chart 1. Chemical structures of the phenothiazine functionalized bis(thienyl)diketopyrrolopyrrole derivatives 1-4.



ISRAPS Bulletin

oxidation potentials at +0.71V and +0.93V (Figure
2a). The incorporation of TCBD to ethyne bridged
1 hardens the oxidation, and the DPP 3 shows
the first oxidation potential at +0.41V, whereas
the second and third oxidation potential were
anodically shifted by 260 mV and 180 mV and
appeared at +0.99V and +1.09V, respectively.
The DPP 4 shows two oxidation potentials at
+0.97V and +1.21V. The ethyne bridged 1 and
TCBD bridged 3 exhibit two and four reduction
potentials in their voltammograms. The reduction
potentials of 1 was identified by DPV at -0.89V
and -1.13V corresponding to the DPP moiety
whereas the reduction potentials of 3 was
identified at -1.38V and -0.81V corresponding to
the DPP moiety and the two additional reduction
potentials at -0.50V and -0.30V were observed,
which was attributed to the reduction of TCBD
moiety. The DPP 2 exhibits two reduction
potentials at-0.94V and -1.49V and two oxidation
potentials at +0.71V and +0.93V. The DPP 4 shows
two oxidation potentials at +0.97V and +1.21V
and four reduction potentials at -0.19V, -0.28V,
-0.66V and -1.52V.

The optimized geometries of acetylene
bridged DPPs 1 and 2 show that the electron
density in HOMO is mainly localized on the DPP
moiety and acetylene bridge, and some part is
localized on the phenothiazine moiety. On the
other hand, electron density in LUMO energy
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level is mainly concentrated on the DPP core
indicating its electron acceptor nature (Figure
2b). The di-substitution of DPP core by ethynyl
phenothiazine lowers the HOMO-LUMO gap in
2 (2.11 eV) compared to mono-substitution in 1
(2.28 eV). The TD-DFT studies on TCBD bridged
3 and 4 indicated that the absorption peak
originated due to the transfer of electron density
from donor (phenothiazine) to the acceptors
(DPP and TCBD). The incorporation of TCBD
in acetylene based DPPs disturbs the molecular
planarity and results in the twisted conformations
of 3 and 4. The incorporation of TCBD stabilizes
the HOMO and LUMO energy levels and the
degree of stabilization of LUMO level was more,
which resulted in further lowering of HOMO-
LUMO gap in 3 (1.96 eV) and 4 (1.62 eV).

2. Tetracyanobutadiene incorporated
triphenylamine-bis(thienyl)
diketopyrrolopyrrole dyad systems

The diketopyrrolopyrrole has been
identified as a potential electron acceptor, when
combined with an electron donor, it forms a
donor-acceptor molecular system. Furthermore,
strong donor-acceptor (D-A) interactions
between the DPP core and adjacent thiophene
moieties result in strongly hybridized frontier
molecular orbitals in diketopyrrolopyrrole-
based systems. We functionalized DPP with
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Figure 2. (a) Cyclic voltammograms (black line) and differential pulse voltammograms (red line) of DPPs 1-4 recorded in
0.1 M Bu NPF  solution in dichloromethane at 100 mV s scan rate, versus SCE at 25 °C, (b) Frontier Molecular Orbitals
and energy level diagram of DPPs 1-4.
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Chart 2. Chemical structures of triphenylamine functionalized bis(thienyl)diketopyrrolopyrrole derivatives 5-8.

another donor triphenylamine, to see its effect
on the photophysical properties of the resultant
DPP materials. The monobromo and dibromo
DPPs were reacted with ethynyl triphenylamine
through Sonogashira cross coupling reaction,
to synthesize DPP 5 and 6 (Chart 2).'" The
ethynyl bridged compounds 5 and 6 were
reacted with TCNE through [2+2] cycloaddition
retroelectrocyclization reaction to synthesize
DPP 7 and 8.

Figure 3 shows the electronic absorption
spectra of DPPs 5 and 6 in the UV-visible region
from 300-750 nm. The shorter wavelength
absorption bands (below 500 nm) and longer
wavelength absorption bands (510-750
nm) correspond to the n-n* transition and

intramolecular charge transfer (ICT) from TPA to
DPP, respectively. The absorption spectra of these
DPPs in thin films are red shifted as compared
to their solutions. This suggested that the DPP
molecules have more planar conjugated backbone
in solid state as compared to solution.

The optical absorption spectra of DPP 7 and
8 in a dilute tetrahydrofuran solution and in thin
film cast from tetrahydrofuran is shown in Figure
3. The absorption bands of 7 (\ =476 nm) and 8
(A,... = 480 nm) in the shorter wavelength region
are attributed to the n-* transition and are similar,
whereas the absorption bands of 7 (A =683 nm)
and 8 (\ =738 nm) in the longer wavelength
region are attributed to intramolecular charge
transfer (ICT) between donor and acceptor
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Figure 3. Absorption spectra of DPPs 5-8 recorded in tetrahydrofuran solution and in thin films.
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Figure 4. Frontier molecular orbital pictures of triphenylamine substituted DPPs 5-8 showing localization of electron

density in HOMO and LUMO energy levels.

moieties present in the molecules. The red shift
in the ICT band of 8 as compared to 7 suggested
stronger D-A interaction in DPP 8 caused by the
presence of two TCBD units.

The DFT studies show that the electron
density on HOMO for both the DPPs is distributed
throughout the molecule, whereas the LUMOs
is mainly concentrated on the DPP unit. The
localization of LUMO on the DPP core indicated
its acceptor nature. The typical donor-acceptor
(D-A) interaction and charge transfer from TPA
to DPP is depicted in Figure 4. In unsymmetrical
DPP 7, the LUMO is concentrated on the DPP-
TCBD conjugate moiety. The DPP 7 exhibits
ICT transition which was originated due to
the transition from HOMO-1-LUMO. In DPP
8, the HOMO is distributed over the entire
molecule, while HOMO-2 is distributed over the
two triphenylamine donor units. The HOMO-
2—LUMO and HOMO—LUMO transitions in
8 at the long wavelength region corresponds to
charge transfer from donor TPA to TCBD-DPP
conjugate acceptor units.

DPP 5 and 6 exhibits four oxidation potentials
in their cyclic voltammograms and have nearly
identical first oxidation potentials. Two reduction
waves in the CV and DPV of 5 and 6 correspond
to the formation of mono and dianion. There are
three oxidation waves in the TCBD-substituted
unsymmetrical DPP 7, but only two in the
symmetrical DPP 8. The di-TCBD bridged DPP
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Figure 5. Cyclic voltammetry (red line) and differential
pulse voltammetry (black line) of DPPs 5-8 recorded in
0.1 M Bu ,NPF, solution in dichloromethane at 100 mV s’
scan rate, versus Ag/Ag" at 25 °C.

8 show higher first oxidation potential as
compared to the mono-TCBD bridged DPP 7,
indicating that TCBD causes harder oxidation.
The unsymmetrical and symmetrical TCBD
derivatives (7 and 8) have four reduction waves,
two of which correspond to the TCBD unit and
two correspond to the DPP unit (Figure 5).

3. Metal functionalized bis(thienyl)
diketopyrrolopyrrole

The redox chemistry and formation of
electron transfer complexes in metal functionalized
systems make them to be used in a variety of
optoelectronic applications. We developed
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and synthesized a cobalt-based bis(thienyl)
diketopyrrolopyrrole to investigate the effect
of metal on the photonic and electrochemical
properties. The di-ethynyl diketopyrrolopyrrole
reacts with cyclopentadienyl cobalt (I) dicarbonyl
and sulphur in degassed toluene to produce the
cobalt-dithiolene functionalized DPP 9 (Chart
3).sl

C1o|:|21 ﬁ

9

Chart 3. Chemical structure of cobalt-based bis(thienyl)
diketopyrrolopyrrole derivative 9.

The DPP 9 shows two absorption bands, one
in the visible region at 620 nm and another in the
NIR region at 820 nm (Figure 6a). The CV and
DPV voltammograms of 9 show two oxidation
waves in which the first oxidation at 0.61V was
due to the cobalt oxidation and second oxidation
at0.78V was due to the thiophene moiety (Figure
6b). DFT calculation revealed localization of
HOMO on the central DPP core while LUMO
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is localized over the cobalt-di-thiophene ring as
shown in Figure 6c¢.

4. bis(thienyl)diketopyrrolopyrrole dimers

We synthesized two dimers of DPP, 10
and 11 that contained vinyl and acetylene
bridges between the two DPP units with a D-A-
D-n-D-A-D structure and investigated their
optical and electrochemical properties.!**! The
DPPs 10 and 11 were synthesised via the Stille
coupling reactions of monobromo DPP with
a half equivalent of bis(tributylstannyl)ethene
and bis(tributylstannyl)acetylene, respectively
(Chart 4).

CiH21 ‘O CiH21 ‘O

1"

Chart 4. Chemical structure of bis(thienyl)
diketopyrrolopyrrole dimers 10 and 11.
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Figure 6. (1) Normalized absorption spectra of DPP 9 recorded in dichloromethane solution (b) Cyclic voltammetry (red
line) and differential pulse voltammetry (black line) of DPP 9 recorded in 0.1 M Bu NPF solution in dichloromethane
at 100 mV s scan rate, versus Ag/Ag" at 25 °C; and (c) Frontier molecular orbitals of 9 showing localization of electron

density in HOMO and LUMO energy levels.
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Figure 7. (1) Normalized absorption spectra of DPP 10 and 11 recorded in chloroform solution and in thin films. Cyclic
voltammetry (red line) and differential pulse voltammetry (black line) of (b) 10 and (c) 11 recorded in 0.1 M Bu,NPF,
solution in dichloromethane at 100 mV s scan rate, versus Ag/Ag*at 25 °C.

Figure 7a shows the normalized electronic
absorption spectra of DPP dimers 10 and 11 in
chloroform and in thin films. The absorption
maxima of 10 and 11 in the solution was observed
at 618 nm and 584 nm, respectively due to the ICT
transition. In thin films, the absorption spectra
of DPP 10 and 11 show strong absorption over
the entire wavelength range of 500-850 nm. The
absorption spectra of the thin film were similar
to those in solution, but the absorption maxima
value was redshifted, and the peak was widened,
implying strong n-n intermolecular interactions
in the solid state, resulting in enhanced n-electron
delocalization across the molecular backbone.

The DPPs 10 and 11 show one reduction
wave corresponding to the DPP core and two

5. Tetracyanobutadiene incorporated
ferrocene-bis(thienyl)diketopyrrolopyrrole
systems

Mono and di-ferrocenyl substituted DPP
derivatives 12 and 13 were synthesized by the
Sonogashira cross-coupling reactions of ethynyl
ferrocene with monobromo and dibromo DPPs.
The DPPs 12 and 13 were reacted with 1 and
2 equivalents of tetracyanoethylene through
the [2+2] cycloaddition-retroelectrocyclization
reactions at room temperature to give
unsymmetrically and symmetrically substituted
DPPs 14 and 15 (Chart 5).0'"!

The DPPs 12-15 show two absorption bands
in their absorption spectra as shown in Figure 8.

oxidation waves,
corresponding to
the unsymmetrical
thiophene moieties
(Figure 7b and c).
The reduction wave
associated with
the DPP core was
observed at -0.99 V
in 10 and at -1.01 V
in 11. For DPPs 10
and 11, the oxidation
waves were observed
at 0.89 V and 1.34 V
and 0.99 V and 1.29

V, respectively.
derivatives 12-15.

Chart 5. Chemical structures of ferrocenyl functionalized bis(thienyl)diketopyrrolopyrrole
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The absorption band in the lower wavelengths
correspond to the m—n* transition, which is
localized over the DPP unit, whereas the intense
absorption bands at longer wavelength region is
attributed to ICT transition from ferrocene to DPP
core. The di-TCBD substituted DPP 15 showed
redshift with broad absorption band compared
to the DPPs 12-14 due to the presence of strong
cyano based acceptor in both side of DPP unit.
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Figure 8. Absorption spectra of DPP 12-15 recorded in
dichloromethane solution.
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Figure 9. Thermogravimetric analysis of DPPs 12-15
measutred at a heating rate of 10 °C min~' under nitrogen.

ferrocene unit, Figure 10). The DPP 13 and
TCBD functionalized DPP 15 show two oxidation
waves, one corresponds to the thiophene and the
other one is attributed to the ferrocene moiety.
After incorporation of TCBD unit the oxidation
potential of ferrocene unit shifted from 0.60 V in
DPP 12 to 0.96 V in DPP 14 and from 0.61 V in
DPP 13 to 0.97 V in DPP 15. The DPPs 12 and 13
showed two reduction waves for the DPP unit of
the ferrocenyl-DPPs, which is attributed to mono
and dianion formation, whereas DPPs 14 and 15

The thermal properties of
DPPs12-15reveal that the DPPs
exhibit good thermal stability
(Figure 9). On increasing the
n-electron conjugation the
thermal stability increases
due to which the symmetrical
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Figure 10. Cyclic voltammetry (red line) and differential pulse voltammetry (black
line) of (a) 12, (b) 13, (c) 14, and (d) 15 recorded in 0.1 M Bu ,NPF, solution in
dichloromethane at 100 mV s scan rate, versus Ag/Ag* at 25 °C.

terminal thiophene and the
thiophene adjacent to the
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Chart 6. Chemical structures of carbazole functionalized bis(thienyl)diketopyrrolopyrrole derivatives 16-19.

showed four reduction waves out of which the
first two corresponds to the TCBD unit and the
other two attributed to the DPP unit.

6. Tetracyanobutadiene incorporated
carbazole-bis(thienyl)diketopyrrolopyrrole
dyad systems

Further we have synthesized mono and
di-carbazole based derivatives DPP 16 and
17 by the Pd-catalyzed Sonogashira cross-
coupling reaction.” The DPP 16 and 17 were
reacted with excess amount of TCNE at 135 °C
in microwave irradiation for 4 h through [2+2]
cycloaddition-retroelectrocyclization resulted
in TCBD substituted DPPs 18 and 19 (Chart 6).

The carbazole functionalized derivatives
DPP 16 and 17 showed two absorption bands in
the visible region around 550-620 nm, in which
the absorption band in the lower wavelength
region corresponds to n—n* transitions and the
absorption bands at higher wavelength region is
attributed to the ICT transitions.

The TCBD bridged DPPs 18 and 19 show a
bathochromic shift of 115 nm and 110 nm in their
absorption spectra (Figure 11) as compared to
their precursors, ethynyl bridged DPPs 16 and
17 due to the presence of cyano based TCBD

1.04

o
o«
n

0.64

044

Normalized Absorbance

o
N
A

oo M M ' M
400 500 600 700 800 900

Wavelength(nm)

Figure 11. Normalized absorption spectra of DPPs 16-19
recorded in dichloromethane.

acceptor units. The DPPs 18 and 19 show a
single absorption band around 695 and 726 nm,
attributed to ICT transitions. The optical bandgap
follows the trend 19>18>17>16, indicating that
the TCBD derivatives (18 and 19) show low
HOMO-LUMO gap. The ethynyl bridged DPPs
16 and 17 are emissive in nature, whereas the
TCBD based DPPs 18 and 19 are non-emissive
due to the strong donor-acceptor interaction,
which quenches the fluorescence. The thermal
properties for DPPs 16-19 show decomposition
temperatures at 333 °C, 398 °C, 266 °C and 329
°C, respectively (Figure 12). The DPP 16 and 17
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Figure 12. Thermogravimetric analysis of DPPs 16-19
measured at a heating rate of 10 °C min™ under a nitrogen
atmosphere.

Vol. 34, Issue Number 3

July, 2022

showed low HOMO-LUMO band gap compared
to ethyne-bridged DPPs 16 and 17.

Conclusions

In summary, this article describes various
strategies used for the development of small
molecules based on diketopyrrolopyrroles
along with their photophysical, computational
and electrochemical properties. The variation
of the donor/acceptor strength results in
significant tuning of the HOMO-LUMO gap.
The incorporation of cyano-based TCBD acceptor
units in ethyne bridged DPPs resulted in the
extension of the absorption towards the NIR
region. The main synthetic techniques used to
synthesize the push-pull functionalized DPP
derivatives include Sonogashira and Stille cross-
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Figure 13. Cyclic voltammograms of DPP (a) 16, (b) 17, (c) 18, and (d) 19 recorded in 0.1 M Bu,NPF, solution in
dichloromethane at 100 mV s? scan rate, versus Ag/Ag* at 25 °C.

showed better thermal stability compared to
their TCBD functionalized derivatives DPP 18
and DPP 19.

The electrochemical properties of carbazole
functionalized DPPs 16-19 explained that all
derivatives showed multi redox waves due
to presence of various donor and acceptor
(carbazole, thiophene, TCBD and DPP) units
(Figure 13). In the anodic side, DPPs 16-19 showed
two oxidation waves due to the thiophene and
carbazole moieties. In the cathodic side, first two
reduction waves for DPP 18 and 19 corresponds
to the TCBD unit and the next reduction waves
were attributed to the DPP unit. The DPPs 16 and
17 exhibit two reduction waves due to the DPP
moiety. The electrochemical results explained
that the TCBD functionalized DPPs 18 and 19

10

coupling reactions, and [2+2] cycloaddition-
retroelectrocyclization reactions. Several donor
units, including triphenylamine, phenothiazine,
carbazole, ferrocene, and cobaltocene, were
attached at the 3- and 6- positions of bis(thiophen-
2-yl)diketopyrrolopyrrole to improve the
donor-acceptor interactions and enhance the
photophysical properties of these derivatives.
The absorption spectra of ethyne bridged
donor-DPP systems exhibit absorption in the
UV-visible region and the incorporation of
1,1,4,4-tetracyanobutadiene (TCBD) moiety
significantly shifts the absorption to near
infrared region. Metal functionalization of
DPP shifts its absorption to the NIR region,
and the cobaltocene based derivative of DPP
(9) exhibits an absorption band at 820 nm in its
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absorption spectra. The electrochemical studies
reveal additional low voltage waves in the cyclic
voltammograms of TCBD based systems (3, 4,
7,8, 14, 15, 18, and 19). The photophysical and
computational study indicates that inserting the
strong electron-deficient moieties improves the
intramolecular charge transfer (ICT) and lowers
the HOMO-LUMO gap dramatically, for all the
derivatives. We hope that this article represents
substantial information about the synthesis of
DPP derivatives and provides a new pathway
for their application in optoelectronics.
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Abstract

Heparin is the most negatively charged bio-macromolecule, and is a popularly used blood

anticoagulant. The currently practised assays for Heparin monitoring are indirect measurements

subject to their own limitations and variations. In this regard, considering the advantageous

characteristics of fluorescence sensing, such as, high sensitivity, easy operation, flexibility to a range

of assay conditions, and comparatively rapid detection, a variety of optical probe molecules are

being utilized for Heparin sensing. Herein, we provide a brief overview on some of the fluorescent

probe molecules explored by our research group. The potential of Thioflavin-T, Pseudoisocyanine

and YOPRO-1 as potential fluorophores for the development of rapid and simple Heparin detection

protocols have been summarized in this article.

1. Introduction

Heparin is a highly sulfated, linear
glycosaminoglycan that possesses the highest
anionic charge among all the biological
macromolecules.[1] Heparin is widely used in
surgical procedures as a blood anticoagulant,
as well in the treatment of various thrombotic
diseases. Heparin binds to antithrombin with a
very strong affinity, and enhances the activity
of antithrombin in the mechanism of blood clot
formation.[2] Precisely, antithrombin inactivates
the activity of thrombin, which is involved in the
process of blood clotting. The addition of Heparin
accelerates the activity of antithrombin, resulting
into blood anticoagulation activity. [3] However,
Heparin overdose in the blood can lead to various
fatal complications, such as, hemorrhages,
thrombocytopenia, and hyperkalemia. [4-5] The
prescribed therapeutic doses of Heparin are
2-8 U/mL (17-67 pM) during cardiovascular
surgery and 0.2-1.2 U/mL(1.7-10 pM) for long-
term postoperative care.[6-7] In cases of Heparin
overdose, a well-known and the only medically
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approved antidote of Heparin, Protamine, is used
to reverse the activity of Heparin. Protamine is
a cationic protein having an isoelectric point of
13.8 and interacts through strong electrostatic
interactions with Heparin, thereby reversing
its activity. Thus, it is imperative to monitor the
level of Heparin in the blood during and after
surgery. Considering the importance of Heparin
as a widely used blood anticoagulant, there has
been a constant effort for developing sensing
systems for the detection of Heparin.

A wide array of techniques, have been
utilized for the effective detection of Heparin,
which include, electrochemical methods, [8]
ion-exchange chromatography, [9] colorimetry,
[10-12] fluorimetry, [13-18] and capillary
electrophoresis [19]. Among the already reported
methods, fluorescence based methods for the
detection of any bioanalyte are considered to be
particularly advantageous, because they offer
very high sensitivity, moreover, it is an easy
read-out technique which is widely utilized in
the field of clinical diagnosis. [20-21] In addition,
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naked eye detection also provides a very simple
way to detect targeted analytes. [22-23] In this
regard, a variety of fluorescence based sensing
systems have been reported for the detection of
Heparin with the help of certain fluorophores
such as, conjugated polymers, [16-17, 24] small
molecular probes, [13, 15, 18, 25-32] quantum
dots, [33] and fluorophore labeled biomolecules
[34-36] and nanocomposites [37].

However, a majority of the reported
fluorescence-based sensing systems bear certain
disadvantages, such as, “turn-off” mode of
detection,[38] i.e. fluorescence quenching, which
is generally associated with low sensitivity and
is often affected by environmental fluctuations.
[39] Additionally, while some of the reported
fluorescence sensing systems also work through
the “turn-on” mechanism, i.e. fluorescence
enhancement upon interaction with Heparin,
a majority of these probe molecules require
time-consuming and tedious protocols for their
synthesis. [39-40] Thus, commercially available
fluorophores which will work through the “turn-
on” mechanism are desired for the development
of effective protocols for the simple, sensitive as
well as specific detection of Heparin. Molecular
rotors are one such class of molecules which work
through the fluorescence turn-on mechanism,
since they are initially non-emissive, in their free
monomeric form, as their structures undergo
large amplitude torsional movements causing
efficient non-radiative de-excitation of their
excited state. [41-43] Whereas, in the aggregated
state, the torsional movements in their structure
are restricted, leading to a huge emission
enhancement. [44-46]

Thus, we intended to explore molecular
rotor based cationic probe molecules for the
effective sensing of Heparin. The entire approach
for utilizing cationic fluorophores for Heparin
sensing is based on the preamble that the
anionic Heparin and the cationic fluorophore
will undergo strong electrostatic interactions
among each other, causing charge neutralization
of the fluorophore, subsequently leading to
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aggregation of the fluorophore, resulting into
huge fluorescence enhancement. In this regard,
we have examined monocationic fluorophores,
such as, Thioflavin-T (ThT); pseudoisocyanine
(PIC) and a dicationic fluorophore, YOPRO-1 for
the “turn-on” fluorescence detection of Heparin.

These probe molecules represent a wide
range of desirable properties, such as, their
cationic charge, molecular rotor nature, longer
excitation and emission wavelength lying in the
red region and their ability to work through turn-
on fluorescence mechanism.

Therefore, this article aims to contribute
to this growing area of Heparin sensing by
summarizing the interesting photophysical
properties of the mentioned fluorescent probe
molecules. We envisaged that the interaction of
the fluorophores with Heparin may lead to huge
modulations in their photophysical properties,
which will provide us an opportunity for,
fluorimetric and colorimetric based sensitive
detection of Heparin. Heparin induced large
modulation in the photophysical properties of
ThT, PIC and YOPRO-1 have been observed.
Overall, our probe molecules, offer a simple, dual
read-out, economic and specific, selective and
rapid sensing of Heparin. Along with Heparin
detection, the probe-Heparin complexes have
also been utilized for the detection of Protamine,
which is the only medically affirmed antitoxin
of Heparin. We have employed a variety of
photophysical methods for investigating the
interaction between the fluorophores and
Heparin, such as, steady-state fluorescence,
ground-state absorption, time-resolved emission,
circular dichroism measurements followed by
molecular docking calculations. Finally, the
performance of ThT, PIC and YOPRO-1 for
Heparin sensing have been evaluated in the
human serum matrix.

2. Experimental

2.1 Materials

All experiments were executed utilizing
nano pure water. The fluorescent probes ThT and
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Scheme 1: Chemical structures of (A) Thioflavin-T (ThT)
(B) Pseudoisocyanine (PIC) (C) YOPRO-1 and (D) Dimer
repeat unit of Heparin.

PIC were obtained from Sigma Aldrich, whereas,
YOPRO-1 was purchased from Thermo fisher
scientific. The concentration of the probes was
calculated using the molar absorptivity, viz. ThT
(8,4, ~ 31,600 M''em™), PIC (g,,, ~ 42,700 M'cm™)
YOPRO-1 (g, ~ 52,000 M'em™) and optical
density. Heparin sodium salt, Protamine sulfate,
Hyaluronic acid, Chondroitin sulfate, Dextrose,
Mannitol, Galactose, Sucrose, Sodium acetate,
Sodium sulfate, Calf thymus DNA and Sodium
chloride were purchased from Sigma Aldrich.
A cuvette with 1cm path-length was used to
perform the measurements “unless otherwise
stated. The pH of all the stock solutions was
adjusted to ~7 and an optimum temperature of
25°C was maintained while performing all the
experiments.

2.2 Apparatus

Jasco spectrofluorimeter (model FP-8500)
was used to carry out steady-state emission
measurements and the ground-state absorption
measurements were performed using a Jasco
UV-vis spectrophotometer (model V-650).
TCSPC measurements were carried out to collect
fluorescent decay traces using an IBH instrument
with a picosecond diode laser of excitation source
406 nm (~100ps, 1IMHz) the details of which have
been described elsewhere.[47-49] The instrument
response function of the TCSPC setup was
measured to be ~180 ps. All the measurements
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were performed for 2-3 times in order to ensure
the reproducibility.

2.3 Analysis

Data analysis of the obtained fluorescent
decay traces was done using DAS-6 (a data
analyzing software) with the help of single and
multi-exponential decay models. The quality of
the fits was judged by the x ? (reduced chi square)
value which was approximately close to ~1.1 and
the distribution of the weighted residuals was
found to be random around the zero line along
the data channels.

The multi-exponential function, used for
fitting the decay process, is given as follows,[50]

1) =1(0)) a,exp(~/7,) 1)

The average excited-state lifetime was
calculated with the help of the following equation,

(2)

Where 4,=a7/Y.7 and a, stands for the
amplitude of the individual decay constants (t)).

<r>=) A,

2.4 Detection of Heparin in real samples

Human serum samples were procured
from Sigma Aldrich and were utilized as it is.
The serum samples were diluted using nano
pure water. The compositions of human serum
used for Heparin sensing were 1% for ThT assay,
3% for PIC assay and 20% for YOPRO-1 assay.
Various Heparin concentrations were added
into the serum samples to form Heparin spiked
samples.

3. Results and Discussion

3.1. Thioflavin - T as a potential Heparin
sensing probe:

Figure 1A presents the emission spectra of
ThT in the presence of Heparin. Upon addition of
Heparin to an aqueous solution of ThT, a largely
red-shifted emission band appears at ~560 nm,
which is in sharp contrast to a very weak emission
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band for ThT at 490 nm (Figure 1A). Further
addition of Heparin causes a gradual increase
in the emission intensity of the red-shifted
emission band and leads to a large emission
enhancement of ~45 times at the saturation
condition. ThT is virtually non-fluorescent in
aqueous solution owing to its ultrafast molecular
rotor property.[42] Ultrafast molecular rotors are
characterized by their ability to twist around a
single bond (Central C-C bond in ThT) [42, 51]
This twisting motion constitutes a very efficient
non-radiative process (k_ ~10' S) for ThT,
which leads to a quick dissipation of excitation
energy, and leads to a very low emission yield.
[42] However, this twisting motion is strongly
affected by the rigidity of its micro-environment,
which in turn immensely influences its emission
yield. Owing to the immense sensitivity of the
emission yield of ThT towards the rigidity in its
surrounding environment, ThT is employed as
a sensor for micro-viscosity in several chemical
and biological environments, including amyloid
fibrils.[42, 52]

Thus, although it can be argued that the
increase in ThT emission, in the present case, is
due to confinement of its monomeric form upon
binding to Heparin, but according to the previous
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literature, the monomeric ThT emits at 490 nm.
Thus, the presence of a strikingly large red-shifted
emission band at 560 nm, in the present case,
suggests that in the ThT molecules associated
with Heparin are not in the usual monomer form,
but rather ThT is present in a different molecular
form. Very recently, a similar red-shifted emission
band has been observed for ThT in the presence
of highly negatively charged sulphated B-CD,
and has been attributed to H-aggregates of ThT.
[53] Since Heparin is known to bear the highest
negative charge density for any known biological
macromolecule, so it is very likely that Heparin
will induce the formation of ThT aggregates. In
the aggregated state, the torsional relaxation of
ThT is strongly hindered [53] which leads to a
turn-on emission in the presence of Heparin. The
emission intensity increases in a linear fashion
with the increasing concentrations of Heparin in
a concentration range of 0 - 15uM, and the linear
regression is [, = 58+ 184.8 x [Heparin/pM] (R*
= 0.996). The detection limit (LOD) of Heparin
based on 3.30/s was calculated to be 18 nM,
where o represents the standard deviation of 10
blank measurements (ThT in aqueous solution),
and s represents the slope of the fluorescence
intensity (at 560 nm) with Heparin concentration

(Figure 1A, inset). Importantly,

H-aggregates of ThT formed on
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Figure 1. (A) Steady-state fluorescence spectra (A = 400 nm) of ThT (24
uM) at varying concentration of Heparin. The emission spectrum of ThT
in water is represented by the dashed line. Inset: Variation in the emission
intensity of ThT with the increasing concentration of Heparin (B) Ground-
state absorption spectra of ThT (24 uM) at varying concentration of Heparin.
The dashed line represents the absorption spectrum of ThT in water. Inset:
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Variation in the absorbance ratio (OD,,/OD
concentration of Heparin. [54]

413

responsible for the origin of this
red-shifted emission, and to
explore the possibility of detection
of Heparin through colorimetry
measurements, absorption spectra
of ThT, in the presence of Heparin,
was recorded. As displayed in
Figure 1B, the addition of Heparin
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to an aqueous solution of ThT leads to a blue-
shifted absorption band at 393 nm with a gradual
decrease in absorbance. However, in aqueous
solution, ThT displays an absorption maximum
at 413 nm. The blue shift in the absorption
spectra of ThT in the presence of Heparin is in
sharp contrast to the association of monomeric
ThT with the other negatively charged surfaces
such as DNA, SDS micelles, etc,[52] where a
red shift in the absorption spectra has been
observed. This contrasting absorption spectral
features of ThT in Heparin again indicates the
association of ThT with Heparin, in a form other
than monomeric form. Recently, a blue shift in
the absorption spectra of ThT in the presence
of negatively charged sulfated $-CD has been
ascribed to H-aggregates of ThT.[53] Thus, the
blue-shifted band presenting an absorption
maximum at 393 nm for ThT in the presence
of Heparin can be attributed to H-aggregation
between ThT molecules on the highly negatively
charged surface of Heparin. This blue shift can
be understood in terms of molecular exciton
theory. According to the molecular exciton
theory,[53, 55] when chromophores adopt a head-
to-head cofacial arrangement (H-aggregate), the
transition from ground state to the higher energy
exciton state is allowed, which results in the blue
shift in the absorption spectra.
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The excitonic interaction between the ThT
molecules in the aggregated form is further
confirmed by electronic circular dichroism (CD)
measurements, which displays a clear bi-signate
CD signal in the absorption region of ThT
chromophores (Figure 2A). The bi-signate feature
is characteristic of the aggregates,[53] and can be
assigned to excitonic coupling between transition
dipole moments of ThT.[53, 56]

Since the absorption maxima of monomer
and H-aggregates of ThT are reasonably well
separated (~20 nm), so we attempted to analyze
our absorption titration data in terms of variation
of absorbance at two different wavelengths, i.e.,
at 393 nm, corresponding to ThT H-aggregate,
and at 413 nm, corresponding to the ThT
monomer band. The ratio of the absorbance at
these two wavelengths was found to increase
linearly (Figure 1B, Inset) with the increasing
concentration of Heparin in a concentration
range of 0- 15 uM, and the linear regression was
OD,,,/OD,,,=0.784 + 0.039 x [Heparin/pM] (R
= 0.995). The calculated LOD of Heparin based
on 3.30/s was 26 nM. Thus, the present system
provides a unique advantage of dual read out of
signal for Heparin, both in terms of colorimetry
and fluorimetry.

Time-resolved emission measurements
are crucial to gain insights into the excited
state relaxation of dye molecules,
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-
o
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o
T
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and provides important clues for
understanding the mechanism of
enhanced emission of molecular
rotors. In the aqueous solution,
the monomer form of ThT decays
very fast, which is within the limit
of our equipment (the limit is 0.12
ns). It is reported to be ~ 1 ps in

360 400 440 480
Wavelength / nm

Time / ns

water,[42] which is assigned to the
ultrafast twisting dynamics of ThT

Figure 2. (A)Circular dichroism spectrum of ThT in aqueous solution (dashed
red line) and ThT in Heparin (blue solid line). The green dotted line represents
Heparin in water without ThT(B) Excited-state decay trace for ThT in (i)
aqueous solution and (ii) Heparin (A, = 406 nm, A, = 560 nm). The solid
black line represents instrument response function (IRF). [54]

around the central C-C single bond
in the excited state which quickly
dissipates the excitation energy. On
the contrary, the transient decay for
ThT aggregates, in the presence of
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Heparin, (monitored at 560 nm) extends upto  exponential decay nature has been attributed
few nanoseconds (Figure 2B), with a multi- to the different conformational structure of the
exponential decay kinetics. ThT in the excitonic or aggregated states.[53]

The average excited-state lifetime for ThT Selectivity is a very important parameter
in the aggregated state is calculated to be ~1.4  to evaluate the performance of a sensor. The
ns. The long lifetime indicates the presence  structurally similar two glucosoaminogylcan
of new aggregated species, and is also in  analogues, Hyaluronicacid (HA)and Chondroitin
conformity with the significantly reduced non-  sulfate (ChS) are often the main contaminants
radiative processes (k_~7.4x10°S-1in Heparin  of clinical Heparin, thus, they were selected to
as compared to k  ~ 10> S' for ThT in water)  evaluate the selectivity performance of ThT.
of ThT aggregates in the presence of Heparin, = The most intense fluorescence enhancement
leading to observed emission enhancement for ~was observed for ThT in the presence of
H-aggregates of ThT. A similar long lifetime  Heparin, while for Chs and HA, the fluorescence
for the ThT aggregates has been also observed  enhancement of ThT was found to be insignificant
in presence of sulfated p-CD and its multi- (Figure 3A). Thus, these results suggest that ThT
displays very high selectivity for

Heparin over its two structurally

. -t A o © B similar common contaminants.
= U ° E This selectivity for Heparin may
:f; 2r 82l be due to lower charge density
o ® 5 and disadvantageous spatial
‘%__ 1k ® nE L orientation as well as more distant
= = spatial distribution of anions on
° ChS and HA as compared to those

okt B 8,4 0 4 8] , N N 5 of Heparin. On average, Heparin

° Conce:ntt)rationlpMzo 0°§;::::1§i::&::§:§§§9&¢2$ * possesses three sulfate groups

N and one carboxylate group per

Figure 3. (A) Variation in emission intensity (A =400 nm, A =560 nm). disaccharide unit, among which
of ThT at increasing concentrations of Hp, ChS and HA. (B) Selectivity ~one sulfate and carboxylate group
analysis with various saccharides and anions.[54]. reside at the same side of one

saccharide ring, ChS carries one

e e carboxylate and one sulfate group
OOF T a ssm 088" Rtagsas per disaccharide unit, whereas
HA carries only one carboxyl
ose | group per disaccharide unit. The
selectivity experiments for ThT

om0 1O were also extended to some mono-
A B

400 . . : . . . L and disaccharides and various
0 4 8 12 0 4 8 12

Heparin / uM Heparin/uM anions. None of these anions and

- — — ) molecules produce distinguished

Figure 4. (A) Variation in emission intensity of ThT (A_=400nm, A =560
. . . . ST Ve em fluorescence enhancement for

nm) with the increasing concentration of Heparin in 1% Human serum. The ThT (Fi 3B). Th )
best-fit straight line (in red) represents linearity of the data. (B) Variation in (Figure 3B). ese results
the ratio of absorbance (OD,,./OD,, ) of ThT with the increasing concentration demonstrate that our sensor
of Heparin in 1% Human serum. The best-fit straight line (in red) represents system displays high selectivity
linearity of the data. (The measurements were performed at a high concentration towards Heparin.

of dye in a thinner path-length cuvette).[54]
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that the developed ThT H-aggregate
based detection method can be used
to detect Heparin without significant
matrix interference.

To reduce the risk of medical
complications, in case of Heparin
overdose,[24, 33] Protamine, the
only clinically approved antidote for

Figure 5. (A) Steady-state emission spectrum (A, = 400 nm) of ThT in
Heparin at varying concentration of Protamine (PrS). ThT in only water
is represented by the black dotted line. Inset: Variation in the emission
intensity at 560 nm with increasing concentration of PrS (B) Transient
decay trace for ThT in Heparin and ThT in Heparin with 3.7 uM PrS. The

dotted red line represents the decay in water.[54].

To evaluate the practical usefulness of our
sensor system for Heparin in real biological
samples, we attempted to detect the amount of
Heparin in human serum samples using ThT.
In diluted human serum samples containing
ThT, the fluorescence intensity of ThT increased
linearly with the increased concentration of
Heparin (Figure 3A). We also analyzed the
colorimetric response of ThT towards Heparin
spiked human serum samples. The absorbance
ratio at two wavelengths (OD,,,/OD,,.) increases
linearly with the increasing concentrations of
Heparin (Figure 3B). The calculated LOD for
Heparin detection in human serum samples was

Heparin, is administered to reverse
the anticoagulant effect of Heparin.
[24] Here, we anticipated if we can
monitor interaction of Protamine
with Heparin, using the same system
of ThT aggregates. Figure 5A shows

that the fluorescence intensity of
the ThT-Heparin complex decreases drastically

with the gradual addition of Protamine. This
decrease in emission intensity can be attributed
to the disassembly of the ThT H-aggregates from
Heparin surface, as a consequence of stronger
electrostatic interaction of cationic Protamine
with anionic Heparin. Since the free ThT is
weakly emissive in nature, so the disassembly
of the H-aggregates of ThT from the Heparin
surface towards the monomeric form leads to a
decrease in emission intensity. This dissociation
of ThT aggregates was further supported by
time-resolved emission measurements, where

" o9

Monomer

Heparin Aggregate

&

Monomer

Scheme 2. Schematic representation of Heparin induced ThT aggqregates and its dissociation upon Heparin-Protamine

interaction.[54].
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decay trace for ThT-Heparin complex reaches
a situation similar to that of bulk water, upon
addition of Protamine (Figure 5B).

Thus, this data suggests that H-aggregates of
ThT formed on the Heparin surface can be used
for investigating the interaction of Heparin with
its only medically approved antidote Protamine.
(Scheme 2)

In Summary, we have developed a turn-
on sensor system for quick, economic and
convenient detection of Heparin. This utilizes
emission from “H-aggregates”, which are
otherwise considered as non-emissive and rather
problematic in designing a biosensor. Hence
our system provides a unique case for sensing
a vital bio-molecule and a drug with extensive
medical applications. Compared with the use
of sophisticated fluorescent sensors, obtained
through complicated and time-consuming
synthetic steps, for identifying Heparin, the self-
assembly induced, rather unusual H-aggregate
emission reported here, exploits non-covalent
interaction. Our sensor system offers several
advantages including, label free approach,
high sensitivity and selectivity, emission in the
biologically is advantageous red-region, and
most importantly constructed from in-expensive
commercially available dye molecule, which is
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expected to impart a large impact on the sensing
field of Heparin. The assay shows reasonably
good Heparin quantification range with very
low LOD, even in 100 fold diluted human serum
samples. Further, our system also represents
one of the very few which can operate both
through fluorimetry and colorimetry, providing
great versatility to the sensing system. ThT
can be also suitably used as a probe to explore
the interaction of Heparin with its antidote,
Protamine. Thus, our assay is expected to
facilitate the Heparin related biochemical and
biomedical research.

3.2 Pseudoisocyanine as a potential Heparin
sensing probe

Herein, we have evaluated a monocationic
cyanine based probe, known as Pseudoisocyanine,
(PIC) which belongs to the class of molecular
rotor and is a known molecule for assembling in
the form of J-aggregates. Figure 6A represents the
emission spectra of PIC in presence of Heparin.
In aqueous solution, PIC does not show any
detectable emission, however, in the presence
of Heparin, PIC displays a large emission
enhancement with an emission maximum at 571
nm. The increasing concentration of Heparin in
the aqueous solution of PIC gradually increases
its emission intensity, with an exceptional

emission enhancement of 400 fold,
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Figure 6. (A) Steady-state emission spectra (A =520 nm) of PIC at different
concentrations of Heparin (in uM) (1) 0.5 (2) 1 (3) 1.5 (4) 2 (5) 3 (6) 6 (7)
9(8) 11.5 (9) 16 (10) 22 (11) 29 (12) 35. Inset: Changes in the fluorescence
intensity of PIC with increasing concentration of Heparin. (B) Ground-state
absorption spectra of PIC at varying concentration of Heparin (in yM)
(1)0(2)1(3)2(4)3(5)6(6)9(7)11.5(8) 16 (9) 35. Inset: Variation in
) of PIC with the increasing Heparin

the ratio of absorbance (OD,,/ OD
concentration.[31]

522

20

for the molecule and renders the
molecule virtually non-emissive in
bulk water.[57] However, enhanced
emission for PIC, although very
limited, has been achieved in the
case of PIC aggregates.[58] PIC is
known to form J-aggregates upon
binding to negatively charged
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synthetic polymers or polyelectrolytes, such
as, carboxymethyl amylose, poly(styrene
sulphonates), poly(acrylic acids) etc.[59-60] Since
Heparin is the most negatively charged biological
macromolecule, it is reasonable to expect that
Heparin will also promote the formation of
PIC aggregates. Thus, in the present case, the
extra-ordinarily enhanced emission of PIC, with
emission maximum at 571 nm, is assigned to the
formation of J-aggregates of PIC taking place on
the surface of Heparin. In this aggregated state,
on the surface of Heparin, the tight packing of the
PIC molecules prohibit the torsional relaxation of
PIC, thus blocking the non-radiative process and
consequently achieving large enhancement in
the emission intensity. The PIC-heparin complex
registers a quantum yield value of 0.024 which
is very similar to the value reported for PIC in
glycerol [61]. Note that the emission from the PIC
J-aggregate, in the presence of Heparin, lies at a
relatively red-region of the visible spectrum (571
nm) when compared to the reported fluorescence
based probes [13-18, 62]. This constitutes a
significant advantage for a bio-sensing probe, as
this region of spectrum is relatively much less
affected by the interference of auto-fluorescence
of tissue components.

The titration data inferred that the linear
regression was I, = 5+ 857 x [Heparin/pM]
with a correlation coefficient (R?) of 0.996, for the
linear increment in the emission intensity with an
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increasing concentration of Heparin, in a dynamic
range of 0 -4 uM. The calculated detection limit
of Heparin based on 30/s[63] was 2 nM, where
o represents the standard deviation of 10 blank
measurements, and s represents the slope of
the plot of emission intensity versus Heparin
concentration. The observed detection limit for
our sensor system is quite good when compared
to the previously reported Heparin detection
methods.[13, 15, 33, 64-66]

Toinspect the possibility of Heparin detection
by colorimetric method, the absorption spectra of
PIC has been also measured in the presence of
Heparin. Figure 6B represents the absorption
spectra of PIC at varying concentrations of
Heparin. PIC, in aqueous solution, presents an
absorption maximum at 522 nm. The addition
of Heparin to aqueous solution of PIC leads to
dramatic changes in the absorption spectra of PIC
with the evolution of a distinctly red-shifted sharp
new absorption peak at 563 nm along with the
concomitant reduction of monomeric absorption
peak at 522 nm and with an isobestic point at
539 nm. This intense and sharp absorption band at
ared-shifted wavelength is a characteristic of the
J-type aggregate, where the dye molecules in the
aggregate structure with interacts strongly with
each other leading to new electronic excitations,
which are coherently delocalized over many PIC
molecules rather than beinglocalized at individual
PIC molecule. The delocalized excitation causes
an intense and sharp absorption
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band for PIC J-aggregates. Similar
spectral features have been reported
for PIC J-aggregates in the system
constituting of negatively charged
synthetic polyelectrolytes.[59]
Thus, the spectral features observed
for PIC in the presence of Heparin

)
o
L)
o i

1 2 3 4 & F PR T PR

Y J-aggregates of PIC on the surface

Concentration / uM Qu&co\"oa," & &i"'

can be ascribed to the formation of

Figure 7. (A) Change in emission intensity of PIC (A =520 nm, A =571
nm) with varying concentrations of Heparin (HP), Chondroitin sulfate (ChS)
and Hyaluronic acid (HA). (B). Fluorescence response of PIC towards various

possible interfering polysaccharide and biomolecules.[31]

of Heparin. The appearance of
distinct absorption maximum at
563 nm (in presence of Heparin), is
significantly red-shifted by ~40 nm
in comparison to PIC in aqueous
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Figure 8: Steady-state fluorescence spectrum (A= 520
nm ) of PIC at varying concentration of Heparin in 3%
human serum (1) 4 uM (2) 8 uM (3) 12 uM (4) 16 uM (5)
20 uM. Inset: The variation of emission intensity of PIC at
571nm with the increasing concentration of Heparin in 3%
human serum. The best-fit straight line (in red) represents
linearity of the data.[31]

solution, facilitates visual color change of the
experimental solution for the free and bound
form of PIC.

We analyzed the spectrophotometeric
titration data in a ratiometric fashion. For this
purpose, we chose two wavelengths, i.e., 522 nm,

Vol. 34, Issue Number 3

July, 2022

corresponding to monomeric species and 563
nm, corresponding to PIC J-aggregates. With a
gradual increase in the concentration of Heparin
from 0 to 5 pM, the ratio of optical density (OD)
at these two wavelengths was observed to vary
in a linear fashion, and the linear regression was
OD,,,/OD,,,= 0.07 + 0.22 x [Heparin/pM] with
a correlation coefficient (R?) of 0.999. The limit of
detection for Heparin calculated as 3.30/s was
9 nM. Thus, the present system of PIC offers an
unique opportunity of dual read out of signal for
Heparini.e., both by fluorimetry and colorimetry.

We have also tested the selectivity of
PIC towards Chondroitin 4-sulfate (ChS) and
Hyaluronic acid (HA) (Figure 7A), in addition
to some more possible interfering bio-analytes
including several mono and disachharides such
as glucose, mannitol, sucrose and dextrose, and
some common anionic species, such as adenosine
triphosphate, sodium citrate, sodium sulfate and
sodium acetate. However, none of these species
could induce the characteristic fluorescence
response (Figure 7B) from PIC thus endorsing
a very high selectivity of PIC towards detection
of Heparin.

We next attempted to detect Heparin in
human serum samples. In serum

S oo oG — = samples containing 12 uM PIC, the

i EN_ o o o g fluorescence intensity at 571 nm,

3 ! H 2 - 26 12 was found to increase linearly in
23 .z R :-: £0.6 p——i—s - the concentration range of 0-20
® terstim | 5 e : uM of Heparin (Figure 8) and a
£ 804 linear correlation equation of I, =
i 0.2 20+ 88.4 x [Heparin/pM] with a
regression coefficient of 0.987. The

e e o w0 oo | LODwasfound tobe11.4nM. The
Wavelength/ nm Wavelength / nm linear detection range obtained in

the serum matrix is also suitable

Figure 9. (A) Steady-state fluorescence spectrum (A= 520 nm) of Heparin
induced PIC J-aggregate system at varying concentration (in uM) of Protamine
sulfate (PrS) (1) 0 (2) 0.5 (3) 1.0 (4) 1.4 (5) 2.3 (6) 5. Inset: Changes in the
emission intensity at 571 nm with the varying concentration of PrS.(B) Ground-
state absorption spectrum of PIC in Heparin at varying concentration of PrS
(inuM) (1) 0(2) 0.5 (3) 1.0 (4) 1.4 (5) 2.3 (6) 5. Inset: Changes in the ratio of
of PIC in Heparin with the increasing concentration

absorbance (OD,,/OD
of PrS.[31]
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22

for monitoring Heparin in the
postoperative scenario or long
term care (1.7-10 uM).[67] Thus,
these results suggest that the
induced emission response from
the PIC J-aggregate has potential
to sense Heparin in the serum
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matrix without significant interference from the
matrix itself.

We have further investigated the binding
of Protamine with Heparin and its impact
on the fluorescence response of our sensor
system, so as to utilize this variation for probing
Protamine-Heparin interaction. Therefore, the
fluorescence response of the PIC-Heparin complex
was evaluated in the presence of the varying
concentration of Protamine and the results have
been presented in Figure 9. As evident from the
figure, the addition of Protamine to the PIC-
Heparin complex leads to a progressive decrease
in the fluorescence intensity of the system in
a concentration dependent fashion indicating
gradual breakage of the PIC J-aggregate on the
surface of Heparin. This observation is attributed
to the fact that Protamine is an arginine rich
positively charged peptide bearing very high
binding affinity for Heparin and thus upon binding
to Heparin, weakens the interaction of PIC with
Heparin leading to disassembly of PIC J-aggregate
from the surface of Heparin. The interaction of
Protamine with Heparin was also monitored
using steady-state absorption measurements
and the results have been summarized in figure
9B. As evident from the figure, the addition of
Protamine to the PIC-Heparin complex leads to a
sharp and progressive decrease in the J-aggregate
absorption band causing a reduction in the ratio
of the absorbance (OD,,,/OD,,,) in a manner
similar to that of the steady-state emission
measurements. This decrease in the J-aggregate
band of the PIC-Heparin complex can be assigned
to the dissociation of PIC from the surface of
Heparin due to stronger electrostatic interaction
of positively charged Protamine with negatively
charged Heparin. Thus, these results clearly
suggest that, in addition to sensing Heparin, PIC
can also be employed to monitor the interaction
of Heparin with Protamine.

We would like to conclude with a brief
discussion on the advances that we have made
in the current work as compared to our previous
work,[54] where we employed Thioflavin-T, a
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Scheme 3. Schematic presentation of Heparin-induced
PIC aggregates.[31]

molecular rotor probe, as a sensor for Heparin.
The fundamental difference in the strategy
that we employed in the present case was the
utilization of type of aggregation formed in the
presence of Heparin. The type of aggregation
has large bearing on the emission yield of the
aggregate assembly. For example, it is known
that H-type aggregate, where the chromophores
are arranged head-to-head, are weakly emissive
in nature whereas J-type aggregation (head-to-tail
arrangement of chromophore) are, in general,
highly emissive in nature. In the previous case
of Thioflavin-T, we had H-type aggregates where
we could achieve only limited enhancement of
upto 45 fold.[54] In the present case, we have
chosen Pseudoisocyanine (PIC) molecule, which
has been reported to have a tendency to form
J-aggregate in some other chemical environment,
and to our expectation, we could observe an
intense J-aggregate emission in presence of
Heparin. Thus, in the present work, which
employs Pseudoisocyanine (PIC) dye, we have
been able to achieve an impressive emission
enhancement of upto ~400 fold as compared to
~45 fold in our previous work that leads to ~ 8
fold improvement in the detection limit in an even
higher concentration of serum matrix (11.4 nM for
PICin3 % serum vs 90 nM for Thioflavin-T in1 %
serum). Apart from emission, the changes in the
absorption spectra for our current probe molecule
(PIC) are way more distinct and significant, in
response to Heparin, as compared to our previous
probe (ThT). In the case of PIC, a large red-
shifted (AN~ 41 nm) sharp and distinct absorption
band is observed specifically in the presence
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of Heparin which leads to a colour change in
the experimental solution that can be detected
even with naked eyes. On the other hand, the
changes in the absorption spectra for ThT are
not that drastic. Another noteworthy advantage
associated with our current sensing system (PIC)
is that although the emission maximum for both
the systems are not widely different (571 nm for
PIC-Heparin vs 560 nm for ThT-Heparin), the
long wavelength (red side) excitation for the PIC
(A= 520 nm) is definitely an advantage over our
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previous molecule, ThT (A =400 nm), from the
viewpoint of reduced auto-fluorescence. Thus,
although the working mechanism for both the
dyes (turn-on emission) is similar, our present
probe (PIC) offers many crucial advantages over
our previous probe ThT, which are important
from sensing perspective.

3.3. YOPRO-1 as a potential Heparin sensing
probe

Since the whole idea of using cationic
molecular rotor probe for Heparin sensing is to
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Figure 10. (A) Steady-state fluorescence spectra of YOPRO-1 in water
(A, ,=440nm) at various Heparin concentrations (in nM) (i) 220 (ii) 430 (iii)
680 (iv) 960 (v) 1380 (vi) 2090. The steady-state fluorescence spectrum of
YOPRO-1 in water is represented by a dashed black line. (B) Variation in the
emission intensity at 580nm with increasing Heparin concentration. The data
points are represented by red triangles whereas the linear fit to these data points
is represented by a solid blue line.[72]
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Figure 11. (A) Ground-state absorption spectra of YOPRO-1 in water at
varying Heparin concentrations (in uM) (i) 0 (ii) 0.11 (iii) 0.32 (iv) 0.54 (v)
0.76 (vi) 0.97 (vii) 1.60. Inset: Normalized absorption spectra of YOPRO-1 in
water (dashed red line) and YOPRO-1 bound to 4.7 uM Heparin (solid blue
line) (B) Variation in the absorbance at 480 nm and 430 nm respectively with
increasing Heparin concentrations. The data points obtained for the absorbance
at 480 nm are represented by blue squares and the linear fit to these data points
is represented by a solid pink line, whereas, the data points obtained for the
absorbance at 430 nm are represented by red triangles and the linear fit to these
data points is represented by a dark green line.[72]

24

exploit the electrostatic interaction
between the cationic probe and
anionic Heparin, thus, employing
a molecular rotor probe with a
higher cationic charge will be
a desirable advance in the field
of Heparin sensing for better
performance. Thus, in the present
contribution, we introduce a
dicationic unsymmetric
cyanine based molecular rotor
dye, commercially known as
YOPRO-1 (See Scheme 1C), for
the fluorescence based Heparin
detection. Figure 10 A represents
the steady-state fluorescence
spectra of YOPRO-1 in the
presence of Heparin. Heparin
additions into the aqueous
solution of YOPRO-1 results into
a huge emission enhancement
at 580 nm compared to a weak
emission band, obtained at 510
nm, in case of aqueous solution of
YOPRO-1. A large red shift of ~70
nm, in the emission maximum,
and a ~55 fold enhancement in
emission intensity is seen in the
emission spectra of YOPRO-1
upon the addition of increasing
concentrations of Heparin. The
weak emission of free YOPRO-1
has been attributed to the
molecular rotor nature of the
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probe. [68] Some of the unsymmetrical cyanine
dyes, including YOPRO-1, are reported for turn
on detection of double stranded DNA, [68-71]
where the torsional motion of fragments of
YOPRO-1 are heavily impeded in the presence
of DNA, leading to large emission enhancement.
Nevertheless, the exciting class of these cyanine
dyes have never been utilized for Heparin
detection. Thus, although it can be considered
that the increase in emission intensity of YOPRO-1
in the present case, is due to the impediment of
torsional relaxation in the monomeric form of
the YOPRO-1 upon its interaction with Heparin,
however, according to the existing literature, it
is known that the monomeric form of YOPRO-1,
emits at 510 nm, including in the DNA matrix.
[68-69] Thus, the presence of a large red shift of
~70 nm (A__ = 580nm) in the emission maximum
suggests that the emission enhancement obtained,
in the presence of Heparin, is not due to the
monomeric form of the probe, but due to
some other molecular form of the probe. Since
Heparin is known as the most negatively charged
biomolecule, it is expected to induce aggregation
of the dicationic probe, YOPRO-1 due to the strong
electrostatic interactions between them followed
by charge neutralization of the probe molecule
on the surface of Heparin. Similar red-shifted
emission due to aggregation of molecular rotor
based probe molecules has been also previously
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reported in literature. “The emission intensity is
seen to increase linearly with a gradual increase
in the concentration of Heparin in the range of
0-1600 nM with a linear regression equation
of 1580 (subscript)=3063 X[Heparin]/nM+393,
R2 (superscript)=0.978, (Figure 10). The limit
of Heparin detection was calculated, using the
formula 3.36/s, and was found to be 0.48 nM.”

For further investigations on the aggregated
form of YOPRO-1 and to examine the prospect
of colorimetric detection of Heparin, ground-
state absorption measurements were carried
out at various concentrations of Heparin and
Figure 11A displays the results. Initially, the
absorption maxima of the aqueous solution of
YOPRO-1 appears at 480 nm, however, upon
gradual addition of Heparin to the solution,
impressive changes in the absorption spectra of
YOPRO-1 are obtained, with a remarkable blue
shift of ~50 nm that results into a new absorption
maxima at 430 nm (See figure 114, inset). This
kind of blue shift in the absorption maximum of
YOPRO-1 is in sharp contrast with that observed
for the monomeric form of the dye, in presence
of other negatively charged biomolecules, such
as, DNA, where it registers a red-shift in the
absorption maximum.[73] Thus, the distinct
blue shift observed in the present case, suggests
the presence of YOPRO-1 in a molecular form

different from its more frequently

encountered monomeric form.
10000 A 3500 )
e Such new absorption bands,
o B 2500 | blue-shifted from its free
2 g 200} monomeric form, are indicative
2 - .
S 100 < 1500 of the formation of H-aggregates
1000 | of YOPRO-1 molecules. This can
10} . be understood by the excitonic
o 10 2 % 4 PO P IO D &2 theory,[74] according to which,
PGPS » OT 7 2" § cys .
Timelns Tl T S when the transition dipoles of
SN S . .
S S chromophores maintain a head-
& A
o
v to-head arrangement, known as

Figure 12. (A) Transient decay traces of YOPRO-1 in water (A = 445,
580) in the (1) absence (red line) and in the (2) presence of 0.65 M Heparin
(dark green line). The instrument response function is displayed by a black dotted
line. (B) Response plot for (AL ) for various proteins at a concentration at 2.7
uM. The presented error bar is the standard error of the mean.[72]
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H-type aggregate, the transition
from ground state to only higher
energy exciton state is allowed,
which leads to shift towards the
higher energy (blue shift) of the

A

em
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Figure 13. (A) Steady-state fluorescence spectra of YOPRO-1 in 20 % Human
serum matrix (A =440 nm) in presence of various concentrations of Heparin (in
uM) (1) 0(2) 0.11 (3) 0.54 (4) 0.86 (5) 1.28 (6) 1.49 (7) 1.69 (8) 2.30 (9) 2.69 (10)
3.82 (11) 6.58. Inset: Variation in the emission intensity at 580nm with increasing
concentration of heparin. The blue triangles represent the data points whereas
the solid red line represents the linear fit to these data points. (B) Ground-state
absorption spectra of YOPRO-1 in 20 % Human serum matrix in presence of
increasing concentrations of Heparin (in uM) (1) 0 (2) 0.44 (3) 0.86 (4) 1.28 (5)
1.69 (6) 2.30 (7) 3.08 (8) 3.82 (9) 5.25 (10) 6.58. Inset: Variation in the absorbance
at 480nm with increasing concentration of Heparin. The red triangles represent
the data points obtained for the emission intensity at 580 nm, whereas, the solid
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in terms of fluorimetry as well
as colorimetry.

In order to further under-
stand the mechanism of en-
hanced emission for molecular
rotor class of molecules, carry-
ing out time resolved emission
measurements are crucial,
as they provide important
information on excited state
relaxation of the probe mole-
cules. Therefore, time-resolved
emission measurements for
YOPRO-1 in aqueous solution
and, in the presence of Hepa-
rin, were carried out. As seenin
figure 3A, in aqueous solution,
YOPRO-1 records a very fast

blue line represents the linear fit to the data points.[72]

absorption maxima. Whereas, when the transition
dipole arrangement is head-to-tail, the transition
from ground-state to lower excitonic state is
allowed, leading to a lower energy shift (red-
shift) in the absorption spectra. Thus, the blue-
shifted band for YOPRO-1, observed in the
presence of Heparin, clearly indicates the H-type
arrangement of molecular dipoles of YOPRO-1 in
the aggregated state.

Since the absorption maxima of the
monomer form and the H-aggregate form
of YOPRO-1 is distinctly separated by ~50
nm shift, analysis of the titration data was
performed at both the wavelengthsi.e. at 480 nm
corresponding to YOPRO-1 monomer, and at 430
nm, corresponding to YOPRO-1 H-aggregates
(Figure 11B). The linear regression of the monomer
form was OD,, =-0.101[Heparin]/uM+0.1427,
R?=0.986 and that of the H-aggregate form was
OD,,,=0.0267[Heparin]/ uM+0.038, R*=0.997. The
LOD of the system (using absorbance data) was
calculated using the formula of 3.30/s and was
found to be 3.9 nM. Thus, the current framework
offers a very good opportunity of read out of signal
in dual-way for the quantification of Heparin, i.e.,
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decay trace (within the limit of

the instrument, IRF~180 ps).
This suggests that the excited state of YOPRO-1
undergoes efficient non-radiative deexcitation
on an ultrafast time scale. Infact, a lifetime of ~2
ps has been reported for YOPRO-1 in aqueous
solution.[68] However, a dramatic slowdown
in the transient decay traces is observed in the
presence of Heparin (Figure 12A). The average
excited state lifetime was determined to be ~12.8
ns. Note that such an enormous increment in the
excited-state lifetime has not been noted before
for YOPRO-1, even in the presence of DNA, for
which they are known to be excellent binders.

Further, we have also tested the selectivity
of YOPRO-1 towards Heparin in terms of
fluorescence response, towards various related
analytes. The selected analytes included the two
structurally similar glycosaminoglycan analogs,
Chondroitin sulfate and Hyaluronic acid, which
are the main contaminants of clinical Heparin
along with some coexisting analytes. The response
of YOPRO-1 in terms of difference in the initial
and final emission intensity (Al ) obtained at
equal concentrations of tested analytes were
recorded and the results are displayed in figure
12B. It is evident from the figure that YOPRO-1
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shows maximum fluorescence response towards
Heparin compared to the other biomolecules.

An assay for Heparin detection in complex
human serum matrix was performed. Steady-
state fluorescence measurements of YOPRO-1
in serum matrix were carried out and the results
are displayed in 13 A. As evident from the figure,
YOPRO-1 shows a sensitive response towards the
spiked Heparin in the serum. A linear response
in the concentration range of 0-3uM was obtained
with a linear regression of L, = 2671[Heparin]/
uM+3071, R?=0.992 and a LOD based on the
formula 3.30/s was found to be 7.4 nM in terms
of fluorescence measurements. We have also
evaluated the response in serum matrix by using
ground-state absorption measurements. (Figure
13B) and obtained a linear regression of OD , =-

0.033[Heparin]/uM+0.244 and a LOD of 12 nM.

Lastly, we have also employed YOPRO-
1-Heparin complex to detect Protamine
concentrations. Figure 14A displays the steady-
state emission spectra of YOPRO-1-Heparin
complex at various concentrations of Protamine.
The emission intensity of the complex continuously
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decreases upon increasing concentrations of
Protamine. This drop in the emission intensity
can be ascribed to the displacement of YOPRO-1
H-aggregates from the surface of Heparin due
to very strong electrostatic interactions between
cationic Protamine and anionic Heparin. This
strong binding of Protamine to Heparin leads to
release of free YOPRO-1 in the solution which are
weakly emissive and a decrease in the emission
intensity is thus observed. The signal response
for Protamine concentration was found to be in
the range of 0-350 nM with a linear regression of
I,,=-14788 [Prs]/uM+5187, R*=0.982. The limit
of detection of Protamine based on the formula
3.30/s was found to be 0.1 nM. Thus, it can
be concluded that sensing scheme can also be
employed for the detection of Protamine along
with Heparin detection.

The possibility of Protamine detection
through ground-state absorption measurements
was also investigated for the current system.
Figure 14B represents the ground-state
absorption spectra of YOPRO-1-Heparin complex
with increasing Protamine concentrations.
The blue shifted absorption band at 430 nm,

6000 T 0.10

a & 4500 P
5000 [ iix = ek
4000 | N

3000 00 01 02 03

[Prs)ipM

Absorbance

2000

1000 |

Fluorescence Int./a.u.

0055

associated with the formation of
0s0 H-aggregates of YOPRO-1, is seen
wa | togradually decrease alongside a
corresponding increment in the
monomer band at 480 nm. The
strong interaction of Protamine and
i Heparin leads to the displacement

00 041 02
[PrsyuM

X L n n
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Wavelength/nm

Wavelength/nm

of the H-aggregates of YOPRO-1

from the surface of Heparin
towards the monomeric form of

Figure 14. (A) Steady-state fluorescence spectra of YOPRO-1-Heparin complex
in aqueous solution (A, =440 nm) at various Protamine concentrations (in uM)
(1) 0 (i1) 0.05 (iii) 0.10 (iv) 0.13 (v) 0.15 (vi) 0.21 (vii) 0.26 (viii) 0.31 (ix) 0.36.
The steady-state emission spectrum of YOPRO-1 in water has been displayed in
black dashed line. Inset: Plot of changes in the emission intensity at 580 nm with
increasing Protamine concentrations. (B) Ground-state absorption spectra of
YOPRO-1-Heparin complex in presence of various concentrations of Protamine
(in uM) (1) 0 (ii) 0.08 (iii) 0.13 (iv) 0.18 (v) 0.23 (vi) 0.28 (vii) 0.38. Inset: Plot
of changes in the absorbance at 480 nm and 430 nm with increasing Protamine
concentrations. The absorbance data obtained at 430 nm are represented in red
triangles and the linear fit to the data points is represented in dark green line,
whereas, the absorbance data obtained at 480 nm s represented in blue squares
and the linear fit for the data points is represented in solid pink line.[72]
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YOPRO-1 free in the aqueous
solution. The reverse signals
obtained in terms of absorbance
of the monomer and the aggregate
band can be successfully employed
for Protamine detection through
absorption measurements.
Protamine detection could be
carried out in a linear range of
0-0.2uM and LOD for Protamine
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YOPRO-1
H-aggregates

YOPRO-1
monomer

Heparin

Scheme 4. Schematic illustration of Heparin induced
aggregate formation of YOPRO-1 and its subsequent
dissociation by Protamine-Heparin interaction.[72]

was calculated to be 6 nM based on 3.30/s. The
linear regression for the signal variation at 480
nm (monomeric form) was OD,,=0.167[Prs]/
uM+0.0142, R?=0.974, while that at 430 nm,
(aggregate form) was OD,, =-0.082[Prs]/
uM+0.057, R?=0.972. Thus, the current system
provides a benefit of dual read out in terms of
fluorimetry as well as colorimetry.

Overall, we have developed a turn on sensor
for simple, economic, and dual read out system
for the effective detection of Heparin. The sensing
system utilized the emission of H-aggregates
of a dicationic cyanine derivative, YOPRO-1
formed in the presence of Heparin. Interestingly,
H-aggregates are usually considered to be non-
emissive, problematic in biosensing applications,
which, in contrast, here, helps in sensitive
detection of Heparin. Moreover, the formation of
emissive H-aggregates has never been reported
for YOPRO-1 in any biological or chemical
environment. Importantly, most of the reported
fluorescent probes for Heparin are monocationic
in nature, and provides only limited strength
to the electrostatic interactions, thereby largely
limiting their response in serum matrix. In the
present case, YOPRO-1 is a dicationic probe,
which significantly strengthens its interaction
with Heparin which is evident from the response
obtained in high percentage of human serum
matrix (20%). YOPRO-1 is extensively utilized for
DNA staining and detection, however for the first
time, in this report, we demonstrate its application
in sensing a very vital biomolecule, Heparin. The
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probe also shows high selectivity for Heparin
over its structurally similar analogs, Chondroitin
sulfate and Hyaluronic acid. Our sensing system
provides several advantages such as emission
in the biologically beneficial red region, high
sensitivity and selectivity and most importantly,
the commercial availability of the probe molecule.
Along with Heparin quantification, this sensor
system can also be utilized for the detection of
its medically approved antidote, Protamine with
very low LOD in terms of both colorimetry and
fluorimetry. Importantly, this sensing system
shows a good response in the biologically
complex, human serum matrix suggesting the
potential application of this system in real life
scenario.

4. Conclusions

Overall, we have identified various
molecular rotor based cationic fluorophores
ThT, PIC and YOPRO-1 for the detection of
Heparin. The utilized fluorophores enable us
to detect Heparin optically via fluorimetry
as well as colorimetry. The sensing systems
provide various advantages such as, high
sensitivity and selectivity towards Heparin
and most importantly, the sensing framework
is developed with the use of commercially
available probe molecules. The probe molecules
were also utilized for the detection of Protamine,
which is the only clinical antidote of Heparin.
The performance of these fluorophores was
also evaluated in real samples (human serum
matrices). Although the monocationic probe
molecules, viz. ThT and PIC could detect
Heparin only in a limited concentration of serum,
we have made a significant development by
utilizing a dicationic probe molecule, YOPRO-1,
which significantly strengthens its interaction
with Heparin and is evident from the response
obtained in high percentage of human serum
matrix (20%). The developed assays for Heparin
sensing are expected to contribute significantly
to Heparin related biomedical and biochemical
research.
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Abstract

Steady state absorption and fluorescence spectroscopic data indicates preferential solvation of

5AQ in 1,4-dioxane -water binary mixture. Deviations from linearity are observed in fluorescence

spectra when plotted as a function of both water mole fraction (x, ) and Onsaget’s dielectric function

(E(¢)). Hydrogen bonding ability of the polar component of binary mixture also contributes to the

preferential solvation.

Introduction:

Solvents are central to the discipline of
chemistry.! Their profound impact on the reaction
pathways warrants understanding the process
of solvation and solvation dynamics.? Among
the molecular systems used for exploring the
phenomenon of solvation dynamics, quinoline
and quinoline derivatives have long intrigued
researchers owing to the diverse excited state
dynamics of these molecules.>* The origin of
these wide-ranging exited state properties can
be broadly attributed to three factors (i) the
unique structure of quinoline backbone itself
where a homocyclic and a heterocyclic ring are
fused together (ii) the nature of substituent and
its position on the quinoline backbone®” and (iii)
the solvent.® The effect of positional isomerism
on the excited state dynamics of quinoline
class of molecules has been studied by various
research groups for aminoquinolines.’ The
position of amino group on the homocyclic and
the heterocyclic part of quinoline moiety alters
fundamentally the dynamics of the molecule
upon excitation with light. Specifically, when the
amino group is present on the homocyclic part
of the molecule (for example 5- Aminoquinoline
(5AQ)), the solvation in hydrogen bonding
solvent leads to large red shifts in the emission
spectra accompanied by quenching of the
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fluorescence.' In neat alcoholic solvents, the large
red shift observed for 5AQ is attributed to the
solvation of a highly polar intramolecular charge
transfer (ICT) state by polar protic solvents.
The lowering of the ICT state energy makes the
intersystem crossing to a triplet state feasible
leading to the quenching of the fluorescence.”
Further investigations in our group in the excited
state dynamics of 5AQ in solvent mixtures,
for instance, hexane-alcohol and acetonitrile-
alcohol point indicate preferential solvation
of the 5AQ molecule by polar protic alcohol
molecules."! The extent of preferential solvation
was revealed to be dependent upon the difference
in polarity between the two components of the
solvent mixture and became more profound
when the polar solvent was protic as well. Time
resolved area normalized emission spectroscopy
(TRANES) performed on 5-aminoquinoline
in diethyl ether (DEE) and methanol reveals a
distinct second state understood to be formed
by solvation of solute molecules by methanol
molecules.’? The availability of a plethora of
solvents with varying properties like polarity
and hydrogen bonding ability provides an
opportunity to understand the phenomenon
of preferential solvation merely by changing
the components and composition of the solvent
mixture.”**
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In this study, we report the excited state
dynamics of 5AQ in dioxane-water mixture.
Steady state and time resolved spectroscopy
techniques were used to understand the behavior
of 5AQ in dioxane-water binary mixture by
varying the mole fraction of water. Many
solvatochromic studies has pointed towards the
anomalous solvent properties of 1, 4-dioxane.'®
17 Although dioxane is considered nonpolar with
a dielectric constant of 2.25, Kamlet-Taft analysis
reveal a polarizability () of 0.55."% ' Also, dioxane
is a moderate hydrogen bond acceptor (). Also,
the proximity of 1,4-Dioxane properties to that
of water and their miscibility at all proportions
makes it an interesting system.?® Previous
solvation dynamics studies performed on
systems like 4-aminophthalimide and coumarin
153 show the absence of preferential solvation
in 1,4-dioxane-water binary mixtures.? In this
study we show that the excited state dynamics of
5AQ in 1,4-dioxane-water mixture, is a complex
interplay of preferential solvation and hydrogen-
bonding. We have also performed Stern-Volmer
analysis for fluorescence quenching in 5AQ with
increasing mole fraction of water to understand
the quenching accompanied by the red shift upon
increasing mole fraction of water.

Experimental

NH,
=

N

N

Scheme 1: Structure of 5-aminoquinoline (5AQ)

5-Aminoquinolines (5AQ) was purchased
from Sigma Aldrich and was used without further
purification. 1,4-dioxane was spectroscopic grade
and was purchased from Spectrochem, Mumbai.
Deionized water was used for preparing the
1,4-dioxane-water binary mixture. The steady
state absorption spectra were recorded on
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JASCO V530 spectrometer. Perkin Elmer LS55
fluorimeter and Fluoromax-4 fluorimeter were
used for recording the emission spectra. Time
correlated single photon counting (TCSPC)
decays were recorded on a IBH Horiba Jobin
Yvon (FluoroCube) TCSPC setup for the excited
state lifetime measurements. The fluorescence
decays were collected with an emission polarizer
set at magic angle of 54.7° with respect to the
excitation light. Fluorescence decay traces were
fitted using sum of exponentials by the process
of iterative reconvolution method using IBH DAS
6.0 software using the following equation

1At = IO(A)Z el 1)

Where T; and a; are the lifetime and the
associated amplitude of the i component.
The relative fluorescence quantum yield (Pr)
was calculated using standard quinine sulfate
dissolved in 0.5M H_SO, (¢,=0.55) as the
reference.

Thenonradiativerate constants are calculated
by using theformula kyg = (1 — @f) /15 , where
@ is fluorescence quantum yield and is radiative
lifetime. For all the fluorescence measurements
the absorbance of the solutions was kept below
around 0.1. at the excitation wavelength.

Results and discussion

Steady state emission spectra of 5AQ shows
a steady red shift with increasing mole fractions
of water in the 1,4-dioxane-water mixture
(Figure 1). The emission peak maximum was
observed at 470 nm in neat 1,4-dioxane and at
510 nm in the 1,4-dioxane-water mixture when
the mole fraction of water was 0.60. Although
5AQ has a net dipole moment of zero similar
to that of hexane, the emission peak maximum
is remarkably red shifted to that in hexane (418
nm)'® This observation points toward the so-
called “pseudopolar” behaviour of 1,4-dioxane.'®
Addition of water further shifts the emission
maximum to longer wavelengths. For the lower



ISRAPS Bulletin

concentrations of water, the shift is rapid,
however, for =0.2, the shift becomes constant at
approximately 510 nm (Table 1, Figure 2). The
deviations from the linear behavior are apparent
in the emission spectrum. Even for small mole
fraction values of water (x < 0.4), the deviations
are obvious. However, it has been established that
the deviation of the fluorescence spectra only is
not definitive evidence of preferential solvation.
Scarlata and Suppan has argued that the actual
dielectric constant of the binary mixtures is a more
accurate parameter for examining the hypothesis
of preferential solvation.”* To this effect, we
have analyzed the absorption and emission peak
maxima as a function of water mole fraction
(x,) and the Onsager’s function F(e) (Figure 3).
The nonlinear behavior of fluorescence peak
maxima is evident when it is plotted against the
Onsager’s dielectric function. This observation is
in contrast from the case of coumarin 153 where
Huppert and coworkers found a small nonlinear
dependence of fluorescence peak maxima on
the water mole fraction in 1,4-dioxane-water
mixture (x  <0.5). and linear dependence on the
Onsager’s dielectric function.”® They attributed
their observation to dielectric enrichment which
is a dominant phenomenon when the difference
in the ground and excited state dipole moments
as well as the difference between Onsager’s
dielectric functions are large.

Now, It is important here to consider the
factors contributing towards the nonideality
observed in F(¢) vs x,, (Figure 3) reported in this
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Figure 1: Absorption (red) and emission (blue) spectra of
5AQ in 1,4-dioxane-water mixture with increasing mole
fraction of water. The signal to noise ratio in emission
spectra for x = 0.40 and x = 0.60, is slightly worse due
to quenching of fluorescence.

paper. Onsager’s function F, represents polarity
of a solvent as a function of dielectric constant
using the following relation
F(e)=2(e—1)/(2e+1) ()

For a binary mixture consisting of one
nonpolar and one polar solvent and dielectric

Table 1: The spectral and temporal parameters for 5AQ in 1,4-dioxane-water mixture

Mole Fraction (x. ) | F(e) | A, ™(cm?) | A ™ (cm?) | Av (cm™) | D, |k . *10%(s?) | <t> (ns)
0.00 0.455 28571 21231 7340 0.30 0.42 16.74
0.05 0.480 28653 20833 7820 0.28 0.48 15.14
0.10 0.507 28653 20534 8119 0.16 0.62 13.65
0.20 0.560 28736 20202 8534 0.09 0.97 9.41
0.30 0.613 28653 20040 8613 0.06 2.26 415
0.40 0.665 28818 19960 8858 0.03 2.79 3.47
0.60 0.770 29069 19646 9423 0.02 3.30 2.97
1.00 0.980 30030 18726 11303 - - 0.007
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Figure 2. Absorption and emission peak maxima plotted as a function of water mole fraction (x ) (left panel)

and Onsager’s dielectric function (right panel).

constants €y of €p and respectively, the Onsager’s
function is linear combination of their respective
mole fractions
Fiinear buk = XnFy + xpFp €)
For an ideal solution the value of F(g) should
vary linearly with mole fraction of water present
in the mixture. However, for 1,4-dioxane water
mixtures the deviations observed in the value
of F(¢) with increasing water mole fraction are
remarkable. ** For a molecule exhibiting charge
separation in excited state, the peak shift is usually
a good way to examine the local environment. For
a binary mixture where the F(¢) changes linearly
with the mole fraction of the polar solvent, the
peak shift is also linear. * However, in a binary
mixture of a polar and nonpolar solvent the local
environment around a highly dipolar solute is
complex in nature. The bulk mole ratio of a binary
solvent composed of moles of anonpolar solvent
and moles of a polar solvent is defined as
N,

“4)

X

The mole ratio near the solute is different
than the bulk mole ratio and is defined as

Y = yN/yP (5)

34

Bulk and mole ratio-near solute are related
to each other as

Y =Xe?

(6)

Z represents a parameter that takes into
account “preferential solvation” of the solute. For
a solute molecule of dipole moment p, Suppan
defined, Z as*

CMy?AFy p

- P TONP (7
4Amrey26RTTo

Where, AFyp = Fp — Fy is the difference
between the Onsager’s function defined above
for the polar and nonpolar components of the
binary mixture, M is the mean molar weight of the
polar and nonpolar solvents, § is mean density
of the two solvent components, T is temperature
and R is gas constant. For Z > 0, the polar solvent
relative concentration is higher around the
solute. Using the parameters for 1,4-dioxane-
water mixture, M = 53 g/mol, ®* § = 1.02 g/
cm?,® Ap =248 D¥ and r = 5.2 angstroms’®, Z
can be determined to be 0.3 indicating dipolar
enrichment upon excitation of 5AQ. In this case,
deviation of the fluorescence peak maxima from
the linear behavior with water mole fraction
is expected and indeed we observe a marked
deviation from linearity (Figure 2).
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Another important parameter, that needs
to be introduced here is nonlinearity ration
represented by ' Pexp- Pexp- is an experimentally
determinable parameter and is defined by

1
_ 2 fO (Eexp - Elinear,bulk)dxp
Pexp = AEN ,

®)

Where Eexp isexperimental peak maximum,
Elinearbuik is theoretically determined peak
energy and AEy p is the peak energy difference
when solute is present in pure polar and nonpolar
solvent.

The parameter called nonlinearity ratio
Pexp, is a sum of contributions from both factors
namely preferential solvation (pps) and dielectric
nonlinearity (Pn;)

Pni can be determined from experimental
parameters as follows

1
_ 2 fo (Eexp - Elinear,bulk)dxp

= (€))
pnl AFN‘P

Where 4Fyp is difference in Onsager’s
function of the two components. The
determination of Pps is rather straight forward.
Kauffman and coworkers have proposed that for
Pps < 1, pps and Z are related as*

Pps = 0.31Z, (10)

Using Coumarin 153 as a solute, Huppert
and coworkers have determined the Pni to be
0.28 for 1,4-dioxane-water binary mixtures.'
Using the values of p, experimentally measured
quantities for absorption spectra in table 1,
the value of was calculated using equation 1
and was found to be -0.22. According to the
relation Pep= PpstPyi s and p_=0.28, Pps = -0.3,
Z , determined to be ~ -1. For emission spectra
p,=-0.2 and Z  was determined to be -1.7. The
calculated values of Z indicate preferential
solvation which we observe clearly even at water
mole fractions less than 0.4.
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The molecular structure of 5AQ also
contributes towards its complex photophysics
in binary mixtures. With one ring nitrogen and
one amino group, there is always a possibility
of ground state complexation with strongly
hydrogen bonding solvents as shown in
numerous reports.” ** The fluorescence of 5AQ
is heavily quenched in the protic solvents. We
observed similar trend with increasing mole
fraction of water in the binary mixture (Table 1).
TCSPC decay traces correlate to the quenching
of the fluorescence (Figure 3). For comparison,
it is important to mention that the excited state
lifetime of 5AQ in 1,4-dioxane is 16 ns while in the
case of water it is 7 ps. It has been proposed that
hydrogen bonding facilitates intersystem crossing
in 5AQ and loss of fluorescence quantum yield."
In our experiments we observed a slow but steady
blue shift with subsequent addition of water in
the binary mixture. In neat water the absorption
peak maxima was observed to be at 333 nm
compared to 350 nm in neat 1,4-dioxane. In the
previous investigations reported by our group
we have noted that the extent of preferential
solvation depends on the physical properties of
the components of the binary mixture.’* These
physical properties include the polarity of the
solvent as well as the hydrogen bond accepting
and donating capability of the solvent molecule.™"

A, =374nm Prompt

ex x =0.00

\ x,=0.05

1000 i b x,=0.10

b x,=0.20

x,=0.30

i) x,=0.40

=] x,=0.50

g 100 E x,=0.60
o

10
20 40 60 80 100 120
Time (ns)

Figure 3. Time resolved fluorescence decays of 5AQ in
various mile fractions of water, x of dioxane-water mixture.
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12 For instance, the extent of preferential solvation
in a diethyl ether- acetonitrile system is less than
the preferential solvation present in a diethyl
ether-methanol system.'? If one of the components
is polar as well as protic, specific solute-solvent
interactions also come into play.

Conclusion:

Deviations from linearity in the fluorescence
peak maxima and the Onsager’s dielectric
function when plotted as a function of water
mole fraction show that preferential solvation is
operative in 1,4-dioxane-water mixture. Transient
1,4-dioxane-water clusters might contribute to the
dynamics but the dominating factor is H-bonding
capability of the polar counterpart of the binary
mixture as shown from steady state and time
resolved data.
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Abstract

Polyacene based organic semiconducting materials find potential application in organic solar
cell and organic light emitting diode. A thorough understanding of photophysics and exciton
dynamics is imperative for effective utilization of these materials in optoelectronics. In this article,
we describe ultrafast exciton dynamics of a series of anthracene derivatives in nanoaggregate (NA)
and thin film (TF) measured by femtosecond transient pump-probe spectroscopic techniques. In
contrast to strong emissive behaviour in solution, polyacenes in solid state exhibits quenching
of fluorescence due to various exciton relaxation channels. In diphenylanthracene derivatives,
photoinduced exciton state relaxes to excimer state. The contribution of excimer relaxationis
shown to depend on the position of phenyl substitution. Exciton diffusion parameters in these
molecules are observed to correlate with packing efficiency in nanocrystalline state. On the other
hand, phenylethynyl derivative of anthracene undergoes ultrafast singlet fission (SF) to triplet
state. Phenylethynyl substitution at 9,10 position of anthracene changes the singlet and triplet level
ordering favourable (i.e., singlet level at twice energy of the lowest triplet level) for dissociation
of singlet excitons to a pair of triplets. Energy level perturbation by phenylethynyl substitution is
exploited to induce faster SF in tetracene derivatives. Importance of intermolecular coupling on
singlet fission dynamics is exemplified in triisopropylsilyl derivative of anthracene, which does
not exhibit efficient SF process due to weak intermolecular coupling in solid state. Implication
of different excitation relaxation pathways on potential optoelectronic application is discussed.

July, 2022

1. Introduction

Small molecular organic semiconductor
materials have drawn great attention for various
optoelectronic and photovoltaic applications
in the recent past."? Efficiency of these devices
extensively relies upon the excitonic properties
e.g. exciton lifetime, exciton diffusion length of
the light absorbing materials.* Knowledge of
the effect of molecular structure and molecular
packing on the exciton dynamics and diffusion
properties provides important physical insights
about the applicability of these materials in the
organic photovoltaic or light emitting devices.>”
Thus, it is imperative to understand exciton
dynamics and excitonic diffusion properties of
organic semiconducting materials.

38

Anthracene and its derivatives are endowed
with strong near UV absorption and blue
emission with high quantum yield, which
make these materials suitable candidate for
potential application in optoelectronic devices,
particularly in blue organic light emitting
diodes. To understand the true potential in
these applications, it is necessary to unravel the
effect of substituent and morphology on the
photophysics in solid state. Modified structure on
inclusion of various substituents causes changes
in the electronic energy levels and molecular
packing efficiencies in the solid forms which
may greatly influence photoinduced exciton
dynamics of organic semiconducting materials
in solid state. Thus it is imperative to study
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steady state photophysics and exciton diffusion,
relaxation and deactivation properties to unravel
the structure-morphology dynamics in solid state
of potential blue light emitting materials.

In recent past, we conducted extensive
photopysical and ultrafast spectroscopic inves-
tigation on different polyacene derivatives in
solid state to understand structural and molecular
packing influence on exciton relaxation behav-
iour.*™ In this article, we present the summary
of our understanding on exciton diffusion and
deactivation pathways in several phenyl and phe-
nylethynyl derivatives of anthracene. We show
how electronic and structural perturbation by the
substituent’s affect excited state properties of
anthracene derivatives. Diphenyl substitution
at different position of anthracene is shown to
impact exciton diffusion and exciton-to-excimer
relaxation. On the other hand, perturbation of
electronic levels by phenylethynyl substituents
introduces a new deactivation channel, namely
singlet fission (SF) which led to production of
two triplets per absorbed photon.'*'” This po-
tentially increases the possibility to overcome
Schokley-Quisser limit of organic photovol-
taic efficiency.’®" The favourable influence of
phenylethynyl substitution meeting energetic
and kinetic criteria of SF process is exemplified
with different derivatives of anthracene and
tetracene.

O
g
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999
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Scheme 1: Molecular Structure of different anthracene
derivatives investigated to understand structural and
molecular packing effect on exciton dynamics.
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2. Materials and Methods

High purity (>99%) polyacene derivatives
reported in this articlewere purchased from
commercial sources. Nanoaggregates (NA)
were prepared by flash-precipitation method.
Typically, 100 ul of 2 mM of sample solution in
tetrahydrofuran was injected in the 5 ml aqueous
PVA solution (1 mg/ml) under vigorously
stirring condition and left undisturbed for a
few hours before carrying out spectroscopic
measurement. Thin films (TF) of anthracene and
tetracene derivatives of about 100 nm thickness
were deposited on glass substrates by thermal
vapour deposition method. The morphological
characterization of the NA and TF were carried
out by using dynamic light scattering (DLS) and
atomic force microscopy (AFM), respectively. A
representative DLS and AFM data is shown in
figure 1. Optical measurements were conducted
by UV-visible absorption and room temperature
photoluminescence experiments. Ultrafast
dynamics of excitons in NA and thin film of
the samples were carried out by fluorescence
upconversion and transient pump-probe
spectroscopy.

% Population (Intenslty)

Size (nm)

Figure 1: Representative DLS and AFM data of 9,10-DPA
nanoaggregate prepared by flash-precipitation method.
Nanocrystals of diameter in the range of few hundred
nanometers (average size of ~ 500 nm) is readily formed
for all the polyacene derivatives prepared by this method.
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Figure 2: Steady state absorption and emission spectra of monomer (black)
vs. nanoaggregate (red) of two different DPA derivatives. Figures in right
column show the transient emission decay traces of nanoaggregates at two

selected wavelengths.

3. Results and Discussion

A. Exciton-excimer relaxation in
diphenylanthracene derivatives

Diphenylanthracenes (DPA) exhibits strong
absorption and fluorescence in solution and
has been extensively used for upconverted
luminescence applications. However, in
nanoaggregated state, photophysics of DPAs is
remarkably altered due to excitonic interaction.
Depending on position of phenyl substitution,
dihedral angle between anthracene and phenyl
ring differs. From quantum chemical calculation
and reported crystal structure'®?', dihedral angle
is ~80° for 9,10-DPA, 55° for 1,8-DPA and ~28°for
2,6-DPA. The influence of difference in dihedral
angle on molecular packing and consequent
photophysical properties are described below.

Steady state absorption and emission
behaviour of monomer and nanoaggregate of 2,6-
and 9,10-DPA are shown in figure 2. Comparison
of peak normalized absorption spectra recorded
in THF solution with their corresponding
absorption spectrum of NAs show red shift
upon aggregate formation, indicating J-type
intermolecular interaction. However, the extent
of red shift for the lowest energy vibrational
progression due to aggregation is quite different
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in the absorption spectra in 2,6-DPA
NA is in line with the less twisted
conformation (dihedral angle of ~28°)
which provides favourable situation
for better intermolecular interaction.
consistent with large red shifted absorption
spectra in its NA. 1,8-DPA (dihedral angle ~55°)
displays intermediate shift in absorption band
edge. Thus, torsional conformation of phenyl
substituents in anthracene depending on the
position influences intermolecular interaction
which is reflected in the extent of shift in
absorption spectra of their NA.

Emission properties of DPAs also drastically
changes from monomer to nanoaggregate state.
Emission quantum yield significantly quenched
in solid state with appearance of low energy
emission band in some of the DPA derivatives
(Figure 2 and Table 1). Room temperature
emission behaviour of the nanoaggregates
also reflects systematic influence of molecular
structural change on the emission property
of NA samples. 9,10-DPA NAs show both
excitonic and excimeric emission covering 400-
600 nm wavelength region and contribution
of excimer emission dominates over excitonic
emission. On the other hand,in 2,6-DPA NA,
long wavelength excimer emission is negligible
and emission spectra mainly consists of excitonic
emission covering 425-500 nm wavelength range.
In 1,8-DPA, excimer emission contribution is
less as compared to excitonic emission. The
differences in emission characteristics of the
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three DPA aggregates can be explained from
their differences in intermolecular distance and
relative orientation in crystal structure.

Table 1: Photophysical parameters (emission
quantum yield and exciton lifetime) of three DPA
derivatives in monomer and nanoaggregate.

SyStem q)f (I)f exciton excimer
monomer | NA ns ns
9,10- 0.95 0.40 0.8 15 ns
DPA
1,8-DPA 0.64 0.16 0.6 13 ns
2,6-DPA 0.49 0.05 1.15 | -

Like anthracene, three DPA derivatives
discussed in the present work, form monoclinic
crystal structure in their most thermodynamically
stable polymorph. In crystalline anthracene,
minimum intermolecular distance in the direction
of closest approach of two anthracene molecules
is 6.04 A. However, efficient excimer formation
demands closer intermolecular interaction,
most favourable for intermolecular distance
< 5 A2 Consequently, crystalline anthracene
does not exhibit significant excimer emission.
In case of 2,6-DPA, minimum intermolecular
distance is about 6.24 A and hence excimer
formation is not facilitated. In case of 9,10-DPA,
the excimer emission dominates over the singlet
excitonic emission due to interaction of phenyl
substituents of adjacent molecules. We propose
that, the transition dipole associated with the
lowest energy electronic transition in 9,10-DPA
is oriented in the same direction with that of
the attached phenyl substitutions. Even though,
intermolecular distance between anthracene
cores is large in 9,10-DPA, phenyl substituents
of two neighbouring 9,10-DPA molecules are in
close proximity (~3A) which facilitates excimer
formation. In 1,8-DPA, small contribution of
excimer emission arises from the contribution
of noncrystalline phase. This contrasts with
9,10-DPA, where excimer dominates in most
stable a-crystalline phase. Dominance of excimer
emission in a-crystalline phase of 9,10-DPA was
confirmed by comparing the emission behaviour
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of NA of different sizes. As we increase size of
nanoaggregate from few hundred nanometer
to micrometer, excimer emission contribution
drastically increases. Further, grinding of
single crystal of 9,10-DPA results in decrease in
excimer emission due to increased contribution
of amorphous phase. Thus, depending upon
the position of phenyl substituents and their
conformation, crystalline packing of DPA
molecules differ, which influences emission
properties of these materials in NA state.

Time resolved emission measurement
(Figure 2) revealed dynamics associated with
relaxation of exciton to excimer state. In solution,
three DPA derivatives exhibit single exponential
decay with singlet lifetime of 3.75+ 0.25 ns in THF
solution. However, NA of 9,10- and 1,8- DPA
exhibits wavelength dependent nonexponential
decay kinetics due to presence of both exciton
and excimer emission. In 9,10-DPA, excitonic
state decays with a lifetime of 0.8 ns with con-
comitant growth of excimer emission in longer
wavelength which decays with a lifetime of about
9ns. In case of 2,6-DPA NA, the temporal profile
recorded at excitonic emission maxima (e.g. 440
nm) fit exponentially with a lifetime of about
1.15 ns. Only a small contribution (<5%) of long
lived component appears at longer wavelength.
This suggests formation of excimer state is not
favoured in 2,6-DPA and whole emission spectral
feature of 2,6-DPA NA is primarily dominated
by exciton state. However, we note that even
though 2,6-DPA NA does not relax to excimer
state, exciton emission yield is much smaller as
compared to other two derivatives which sug-
gest Presence of other unknown nonradiative
deactivation channel.

B. Exciton diffusion parameters:

Knowledge of exciton diffusion parameters
in organic semiconducting materials are very
important from photovoltaic application
perspective.* Large exciton diffusion length is
desirable for efficient diffusion of exciton to donor-
acceptor interface for efficient charge carrier
generation. In most organic semiconductors,
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exciton diffusion is limited to a few tens of
nanometers depending on molecular packing and
crystal morphology. We have employed pump-
fluence dependent exciton-exciton annihilation
kinetics to measure exciton diffusion parameters
of three DPA derivatives to understand the
impact of molecular packing on exciton diffusion.
At high exciton density, ultrafast bimolecular
exciton - exciton annihilation dominates due to
diffusional encounter of two excitons leading to
nonradiative decay of one exciton back to the
ground state. Thus, excitation fluence dependent
exciton - exciton annihilation kinetics can be
analysed to extract exciton diffusion coefficient
(D) and diffusion lengths (L) which are related
bimolecular decay rate constants of exciton (k,),
exciton decay lifetime (t or k") and exciton
annihilation radius (R ) by equation 1 and 2.5

1)
(2)

To determine exciton diffusion parameters,
nanoaggregates and thin films of different DPA
derivatives were excited at different excitation
intensities and exciton decay kinetics were
recorded. For all samples, exciton decay gets
faster with increase in excitation intensity
(representative kinetic traces of 9,10-DPA NA
at three different excitation fluencies are shown
in figure 3) which indicates involvement of
bimolecular exciton annihilation dynamics in
early time scale. However, exciton decay at
longer time scale is independent of excitation
fluence and thus represents unimolecular natural
decay of the excitons at low exciton density.
Combined unimolecular and bimolecular decay
channels (equation 3) leads to equation 4 and
thus experimental decay traces can be fit to an
analogous equation (equation 5) to extract exciton

annihilation rate constants (k) ®.

k,=8rR D
L, = (6D1)2

a[s;] _ k2[S1]?

o = ks -=5— (3)
_ [exp(=kqt)] 4

(811 = [S1]0 s @)
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(1+kjt)

It= 0 +R (5)

Here, I and I, and are the transient signal
(photoluminescence intensity or differential
absorbance by excitonic state) at time zero
and time t. R represents the residual signal,
representing long lived transient such as excimer
or triplet state. The temporal profiles recorded
were fitted following equation 5 and k," values
have been extracted from the fitting of temporal
profiles recorded for different singlet exciton densities
(IS,],)- The onset of annihilation of singlet exciton
densities have been estimated from the intercept
along x-axis of the k," vs. [S,], linear plot which
has further been used to calculate the exciton
annihilation radius. Then, exciton diffusion
coefficient and diffusion length were estimated
from equation 1 and 2 respectively, and these
parameters for different samples are provided
in Table 2. Exciton diffusion length of all three
molecules is in the range of 10 nm, typical
of small molecular organic semiconducting
systems. However, we find a systematic change
in estimated diffusion parameters for three NAs
investigated in the present work (Scheme 2). As
NA system changes form 9,10-DPA to 1,8-DPA
and finally to 2,6-DPA, diffusion parameters show
systematic increase. Different dihedral angle of
phenyl groups in different DPA derivatives
causes variation in intermolecular distance in
their NA, which in turn results in difference
in exciton hopping rates leading to changes in
diffusion coefficient and diffusion length of the
singlet excitons generated by photoexcitation.
The dihedral angle between phenyl substituent
and anthracene moiety of these three derivatives
apparently displays inverse trend of diffusion
parameters. From the crystal structure parameter
of the three derivatives, we note that the shortest
unit cell parameter decreases from 9,10-DPA
to 2,6-DPA. As exciton diffusion occurs by
incoherent exciton hopping by resonance energy
transfer mechanism, changes in intermolecular
distance critically influence the exciton diffusion
parameters. Consequently, near planar 2,6-DPA
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Figure 3: (A) Fluence dependent temporal kinetics of
exciton relaxation of 9,10-DPA NA measured at 430 nm.
(B) k," vs. [S ], plot.

NA appears as most promising fast exciton
transporter in the present series.

Table 2: Exciton diffusion parameters of three
DPA derivatives evaluated from ultrafast
exciton-exciton annihilation kinetics.

Nanoaggregate | k, (cm’s?) | D (cm’s™) | L (nm)
9,10-DPA  |0.33 x10°|1.11x10*| 7.3
1,8-DPA 1.66 x 1091290 x 10*| 10.2
2,6-DPA 222 x107|3.54x10*| 15.6

C. Singlet fission dynamics in phenylethynyl
derivatives of anthracene and tetracene

Photoinduced singlet fission to a pair
of triplet state in organic semiconductor has
opened up the possibility to increase photovoltaic
efficiency by overcoming the Shockley-Quiesser

—

Phenyl-Anthracene Dihedral Angle Increases

—

Enhancement in Excimer Emission Contribution

—

Enhancement Absorption Band Shift due to Aggregation

—

Faster Singlet Exciton Diffusion Rate

Scheme 2: Systematic diagram representing effect of
molecular structure on the photophysics and exciton
diffusion properties of different DPA nanoaggregates.

limit'®'?. However, very specific thermodynamic
(2 x E;,) and kinetic requirements (strong
intermolecular coupling) led to very limited
number of molecular systems reported to
exhibit efficient SF process.'*!” Chemically
stable, low cost, blue absorbing SF materials are
scarce. In anthracene, ethynyl substitution in
9, 10 position is computationally predicted to
have T, level at half of the singlet energy level
and thus meets thermodynamic criterion of SF
process.”* To explore experimental feasibility
of SF in anthracene derivative we conducted
detailed photophysics and ultrafast dynamics
of 9,10-bis(phenylethynyl)antharcene derivative,
abbreviated as BPEA®.
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Figure 4: Steady state and time resolved emission results of BPEA nanoaggqregate.
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Unlike DPA derivatives presented
in previous section, emission of BPEA in
nanoaggregate (NA) and thin film (TF) quenches
several orders of magnitude with a significant
red shift of emission maximum (Figure 4B).
Efficient intermolecular interaction in solid state
is reflected from large spectral shift in absorption
spectrum. Strong emission quenching suggests
fast singlet exciton deactivation mechanism
in BPEA NA. Fluorescence upconversion
measurement indeed revealed ultrafast exciton
quenching with a lifetime of 20 ps as compared
to 4.5 ns lifetime in solution (Figure 4C). To
underpin fast nonradiative relaxation mechanism
in BPEA NA and TF, we performed detailed
ultrafast spectroscopic measurement of this
sample. Ultrafast pump-probe spectroscopic
measurement revealed clear signature of
ultrafast and efficient singlet fission in BPEA
nanoaggregate and thin film. Figure 5A shows
the femtosecond transient spectral evolution of
BPEA nanoaggregate upon 390 nm femtosecond
laser excitation. Decay of singlet exciton excited
state absorption (ESA) signal at 600-700 nm
region and recovery of ground state bleach in
first few picoseconds time scale is assigned to
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exciton-annihilation common to the behaviour
of DPA derivatives described in previous section
(confirmed by pump fluence dependent study).
Interestingly, in tens of picosecond timescale, rise
of triplet signal at 480 nm region and concomitant
increase of bleach signal at 520 nm region (Figure
5B) gave a direct spectroscopic signature of
SF process generating a pair of triplet excitons
by interacting with a neighboring ground
state molecule. Triplet character of long-lived
excitons was confirmed by triplet sensitization
experiment. Microsecond lifetime together with
160% triplet yield unequivocally established
dominant SF mechanism responsible for singlet
exciton deactivation in BPEA nanoaggregate.
Very similar results were obtained in thin film
sample of BPEA. We attributed efficient singlet
fission to thermodynamically favourable energy
level ordering (E; > 2 x E|,) of singlet and triplet
level in BPEA.»* As singlet fission was not
observed in diphenyl derivatives of anthracene,
positioning of phenylethynyl groups at 9 and 10
position is attributed to crucial to induce SF in
this anthracene derivative. In addition, planar
structure of BPEA allows close packing in solid
state which provide necessary intermolecular
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-3
o
g T T L] 40 !:I_ . 'Zpﬁ'ﬂ 500 7S50
E
g C Y
= oF
Singlet
Exciton Fiss|
§ Matural
Exciton
Decay
Enh.l:f:-rnm o a9
400 450 500 550 600 650 700 75 s 3P <%
Wavelength (nm) © ©

Figure 5: Ultrafast pump-probe dynamics of BPEA nanoaggregate. (A) Transient spectral evolution, (B) Kinetic traces at
two selected wavelengths, (C) Schematic showing dominant SF process as derived from ultrafast pump-probe experiments.

44



ISRAPS Bulletin

coupling required for ultrafast SF, outcompeting
other nonradiative decay channels. It is important
to note that in thin film and nanoaggregate of
BPEA, SF efficiency is not quantitative (i.e. triplet
yield is <200%) due to presence of noncrystalline
phase which partially traps of exciton localization
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as excimer state. Moreover, polymorphism
in BPEA crystal structure is reported to show
different SF rates in differently treated thin film.”
Our recent measurement on single crystalline
sample of BPEA has shown faster and quantitative
SF with 200% triplet yield (unpublished results).

Creation of two triplet excitons
per absorbed photon by means
of SF mechanism is proposed
to a potential gateway of
improving photovoltaic
efficiency utilizing BPEA
types of efficient singlet fissile
materials.

To further probe the
effect of molecular packing
on SF dynamics, a structurally
analogous molecule, namely,
9,10-bis(triisopropylsilyl)
anthracene (abbreviated as
TIPSA) were subjected to
photophysical and ultrafast
spectroscopic investigation.
Due to bulkier and nonplanar
triisopropyl substitution,
intermolecular interaction
is anticipated to be affected
which may hamper
experimental feasibility of
SF process. Indeed, while SF
is computationally predicted
to be thermodynamically
favorable in TIPSA?, our
spectroscopic investigation
does not find signature of
efficient triplet formation in
TIPSA. As shownin figure 6A,
absorption spectrum of TIPSA
is very similar in monomer
and nanoaggregate. Similarly,
emission spectrum (Figure 6B)
is only moderately quenched
in TIPSA as compared to
hundred fold quenching in
BPEA. However, emission
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peak in TIPA NA is red shifted and spectrally
broad, similar to the behaviour of 9,10-DPA.
This broad and red shifted emission is attributed
to formation of long lived excimer state,
charcaterized by more than ten nanosecond
lifetime (Figure 6C). Ultrafast transient pump-
probe measurement displayed in Figure 6D
shows that that evolution of exciton absorption
band to a negative stimulated emission band in
100 ps timescale confirming relaxation of exciton
state to excimer state. However, we have only
observed very weak signature of triplet state
absorption at 430 nm region. We attribute this
to inefficient intermolecular coupling leading
to slow SF rate and thus other relaxation
mechanism such as excimer formation becomes
dominant relaxation channel of singlet exciton
state. Our results support that kinetic feasibility
of SF process requires strong intermolecular
interaction in solid state.

To confirm favourable influence of
planar phenylethyl substitution towards SF
dynamics and generality of this approach, we
further investigated exciton dynamics of a
phenylethynyl derivative of tetracene, namely,
5,12-bis(phenylethynyl)tetracene (abbreviated
as BPET).™ Tetracene is known to undergo
singlet fission, however, due to endothermic
nature, singlet fission is slower in this material
(occurs in tens of picoseconds). Hints of fast
nonradiative deactivation of singlet exciton in
BPET nanoaggregate and thin film came from
static absorption and fluorescence experiments.
Like BPEA, BPET film exhibits strong perturbation
of absorption spectrum and almost three orders
of magnitude quenching of emission, making
it virtually nonemissive species which is in
sharp contrast to its highly emissive behaviour
in solution.?® Detailed ultrafast pump-probe
experiment on thin film of BPET revealed that
singlet excitons in BPET undergo ultrafast triplet
pair formation in <200 fs timescale, which is an
order of magnitude faster than tetracene. Figure
7 shows that transient spectral evolution of BPET
thin film. In early timescale, transient spectrum
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of BPET film exhibits signature of triplet excited
state. While there is a slow rise component in the
triplet ESA and concomitant growth of bleach
signal, characteristics of SF process, observation
of triplet signal in early timescale (within 300 fs of
laser excitation) hints to an ultrafast component
of triplet generation in this material. As time-
resolution of our pump-probe spectrometer was
limited to 200 fs, we adopted an indirect approach
to assess possibility of ultrafast SF process in this
material. Under identical experimental condition
(same pump fluence and sample absorbance),
comparison of bleach signal with a non-singlet-
fission material in solution such as perylene led
us to extract formation of 1.6 times of excited
state per photon absorption, which implies 80%
SF yield occurring in <200 fs. Slower component
of triplet rise (with a lifetime of about 20 ps)
is attributed to originate from non-crystalline
phase in thin film which does not provide strong
enough electronic coupling for ultrafast singlet
fission. Detailed analysis of ultrafast pump-probe
data led us to conclude ultrafast SF to correlated
triplet pair state in <200 fs, followed by triplet
pair separation in 1.4 ps in the crystalline phase of
BPET sample. In essence, ultrafast SF in BPET also
leads to better triplet yield (~180%) as compared
to that in tetracene thin film (~150%).

Conclusion

In conclusion, solid state photophysics of
polyacene molecules is remarkably altered as
compared to well documented properties in
solution. Depending on the structure of molecule,
photogenerated excitons in anthracene derivatives
canrelax to excimer state in picoseconds time scale
or may dissociate to triplet pair state by singlet
fission (SF) process. Structural control of exciton
and excimer emission in diphenyl derivatives
of anthracene may be used to tune the emission
colour and bright white light emissive system
can be formulated with suitable doping.” On the
other hand, changes in energy ordering of singlet
and triplet levels in phenylethynyl derivative of
anthracene favourable for singlet fission led to
the possibility of carrier multiplication potentially
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important for improving photovoltaic efficiency.
The favourable influence of phenylethynyl
functionalization on singlet fission has also been
reported for tetracene derivative. Importance
of intermolecular interaction in SF kinetics
is exemplified by comparing pump-probe
spectroscopy of BPEA and TIPSA nanoaggregate.
In summary, structural influence on exciton
diffusion and exciton relaxation behaviour
in anthracene and tetracene based polyacene
nanoaggregates and thin films have been
discussed in detail.
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Abstract

The design of chromofluorescent molecular sensor for the selective and sensitive detection of

analyte of chemical, biological and environmental relevance is an innovative approach that offers

tremendous applications. Contrary to potentiometric/electrochemical sensing techniques, the

dual mode optical sensing provides a direct visualization tool toward a particular analyte without

a sophisticated analytical instrument. In this regard, coumarin molecules have found a special

place to act as an excellent chromogenic and fluorogenic unit. We have developed a coumarin

functionalized organic molecule which could optically discriminate the presence of fluoride

and cyanide ions amongst the other anions in a solution phase. Further, the same molecule

could able to show brilliant aggregation induced emission (AIE) characteristic which can

be employed to sense heavy metal ions like copper in almost 100% water medium via a

fluorescence colour change.

1. Introduction

Developing specific molecular probes for
solution phase analysis of ionic analytes in a
mixture of competitive species is undoubtedly
a challenging task.’? Amongst the various
analytes, the detection of biologically and
environmentally relevant fluoride, cyanide and
copper ions is of most significant.>> Though
several methods, including atomic absorption,
electrochemical, voltammetric, potentiometric
and ion-exchange chromatography techniques
have been explored® but these practices do
not offer a cost-effective, rapid and real time-
monitoring system for detection of ions. In
this regard, optical chemosensors possessing
a chromofluorogenic unit are emerged as a
powerful tool for the sensing of ionic analytes.”
The ionic analytes bind to the probe molecules
vianon-covalent interactions and thereby trigger
a perturbation in their photo physical properties
to elicit a colour and/or fluorescence change in
the probe solution.”

Recently, salicylidine Schiff base derivatives
have been emerging as a potential candidate
for anion sensors.'® The uniqueness of this
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molecule is the presence of phenolic OH proton
which can act as hydrogen bond donor for
anionic species and the azomethine linkage that
facilitates to undergo addition type reaction
by a nucleophilic anion. Besides, Schiff bases
show excellent photophysical properties via
excited-state intramolecular proton transfer
(ESIPT), photochromism and thermochromism
processes.?In recent studies, salicylidene based
Schiff bases have been emerged as potential
molecules to show AIE characteristics in highly
aqueous medium.”The uniqueness of salicylidene
based Schiff base molecule is the presence of
phenolic ‘O” and azomethine ‘N’ which can act
as electron donor for binding metal ions. Thus,
attachment of a chromogenic and/ or fluorogenic
moiety as signalling subunit with the azomethine
bond via n-conjugation could provide interesting
optical response through efficient charge transfer
during ion binding. Further, the chelating nature
of ligands with metal ions strongly influences
the fluorescence intensity of the metal-ligand
complexes through modulating the energy levels
of the ligand and metal ions." It is therefore
envisaged that attachment of a salicylidine
unit with a coumarin derivative can lead up to
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the development of chromofluorogenic sensor
where the interaction between the ionic species
with sensor molecule may trigger a colour and
fluorescence change in the sensor medium. This
prompted us to develop a coumarin-thiazolyl
functionalized salicylidine Schiff base probe
(3) which can trigger an optical output in the
sensor medium upon interaction with ionic
species. In this study, we have demonstrated
the chromofluorogenic response of probe 3 with
anions and cations through a fascinating colour
change visible to naked eye.

2. Experimental

2.1. General procedure for synthesis of probe 3

A solution of salicyladehyde (0.305 gm,
2.5 mmol) in ethanol (5 mL) was added slowly
in dropwise manner over 15 minutes to the
solution of amino-thiazolyl derivative 2 (0.488
gm, 2.0 mmol) dissolved in 30 mL ethanol under
reflux condition (Scheme 1).”” Then the solution
was allowed to reflux for 8 h with stirring till
complete precipitation is formed. The precipitate
obtained was then filtered under hot condition
and washed with hot ethanol for several times to
remove the unreacted salicyladehyde. The solid
product obtained was dried in vacuum to get
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the pure compound 3 as yellow colour powder
in quantitative yields (92 %).

2.2. Instrumentation

'H NMR was recorded on an Avance
I11-400 MHz Bruker spectrometer. Chemical
shifts are reported in parts per million from
tetramethylsilane with the solvent (DMSO-d,:
2.5 ppm) resonance as the internal standard.
Data are reported as follows: chemical shifts,
multiplicity (s = singlet, d = doublet, t = triplet, m
= multiplet), coupling constant (Hz). UV-visible
absorption spectra were recorded on a Shimadzu
UV-2450 spectrophotometer. Fluorescence
emission spectra were recorded on a Hitachi
F-7000 fluorescence spectrophotometer. pH
readings were measured on UTECH CON-700
digital pH meter. Hydrodynamic diameters of
the aggregates were measured using Malvern
Zetasizer instrument. Transmission electron
microscopy (TEM) experiment was performed
on FEI Tecnai G* 20 Twin instrument. HRMS
experiment was performed on a Bruker ESI-
MS microTOFQ instrument. Chromatographic
purification was done using 60-120 mesh silica
gels. For reaction monitoring, manually coated
silica gel-300 mesh TLC plates were used.

(o)

N CH,Br

+ H,NT NH,

o o

s
Ethanol, 60 °C I />_ NH,
A N
CH,;COONa
0" Yo
2
CHO Ethanol,
@( Reflux 8 h
OH
' S HO
DN
0" o
3

Scheme 1: Synthesis of probe 3.
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Figure 1: Colour change in probe 3 in (a) organic and (b) aqueous solution (50uM) with the addition of 10 equivalents
of various anions. The corresponding absorption spectra of probe 3 upon addition of 10 equiv. of F, CI, Br, I, H,PO,,
HSO,, AcO and CN ions in (c) organic and (d) aqueous medium (50 uM).

2.3. Analytical characterization of probe 3

M.P. =230 °C."HNMR (400 MHz, DMSO-d,)
d (ppm) =7.00 (2H, m, Ar-H), 7.40 (1H, t, =8 Hz,
Ar-H),7.47 (2H, m, Ar-H), 7.64 (1H, t, =8 Hz, Ar-
H),7.90 (1H, d, J=8.0Hz, Ar-H),7.97 (1H, d, ] =8
Hz, Ar-H), 8.37 (1H, s, coumarinyl-H), 8.88 (1H, s,
thiozolyl-H), 9.38 (1H, s, aldimine-H), 11.53 (1H, s,
Ar-OH, D,0 exchangeable). *C NMR (100 MHz,
DMSO-d,) 6 (ppm) = 115.9, 116.9, 119.1, 119.5,
119.8,120.0,124.8,129.1,131.1, 132.1, 135.2, 139.8,
145.7,152.6,158.8, 160.3, 164.3, 170.4. FT-IR (KBr)
v (cm™) = 3132, 3041, 1735 (>C=0), 1724, 1625,
1610 (>C=N), 1571, 1508, 1475, 1367, 1288, 1170,
1095, 1016, 904. UV-visible (acetonitrile, 50 M)
=\__(nm) 346, 378 (n-n*). Fluorescence emission

max (

(acetonitrile, 50 pM) A =535 nm at A_ 375 nm.

3. Results and discussion

3.1. Colorimetric analysis of probe 3 upon interaction
with anions

The visual response of probe 3 against
various anions (such as F, Cl, Br, I, H PO, HSO,
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, AcO" and CN) was first monitored through
colorimetric analysis in organic (acetonitrile,
ACN) medium. It was found that the probe 3
exhibited a prominent and instant colour change
from colourless to deep red only with fluoride
ions while no significant colour response was
observed on treatment with CI, Br,, I, H,PO, and
HSO, ions under analogous condition (Figure
1a). On the other hand, interaction of 3 with AcO-
and CN-ions exhibited a faint colour change in
comparison to that observed with fluoride ions
(Figure 1a). When a similar set of colorimetric
analysis was carried out in aqueous medium
(H,O-ACN, 1:1 v/v), it was interesting to note
that the probe 3 exhibited a instantaneous colour
change from colourless to deep yellow only
with cyanide ions while no optical response was
observed on treatment with F-, CI, Br, I, H,PO,,
HSO,, AcO ions as shown in Figure 1b.

Moreover the colorimetric analysis of the
interaction of 3 with CN-ions was tested in
different percentage of aqueous acetonitrile
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mixture ranging from 95/5 to 5/95 (ACN-H,O
v/v) which exhibited that the detection of
cyanide ions could be possible through visual
colour change in aqueous medium as high as 50%
by volume of water.

3.2. UV-visible and Fluorescence study of probe 3
with anions

Based on the results obtained from the
colorimetric analysis, UV-visible spectroscopic
investigations of 3 upon interaction with fluoride
and cyanide ions were performed at 50 pM
concentration. Addition of fluoride ions to 3 in
organic medium exhibited a newly developed
longer wavelength absorption peak at 491 while
no change was observed in the UV-visible
spectrum upon addition of CI, Br, I, H,PO, and
HSO, ions as depicted in Figure 1c. Conversely,
addition of F, ClI, Br,, I, H,PO,;, HSO,, AcO  and
CN-ions to 3 in aqueous medium exhibited a
longer wavelength absorption peak at 460 nm
only in the presence of cyanide ions as shown
in Figure 1d.

It was further observed that, gradual
addition of a standard solution of fluoride ions
(TBAF) to 50 pM solution of 3 in organic medium
resulted in progressive increase in the absorption
peak centred at 491 nm with simultaneous
decrease in the absorption band at 378 nm in the
UV-visible spectra with the appearance of an
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isobestic point at 421 nm (Figure 2). When the
concentration of fluoride addition approached to
one equivalent with respect to 3, a colour change
from colourless to reddish was observed in the
probe solution and this colour became deeper on
further addition of fluoride ions with concomitant
increase in the intensity of absorption band at 491
nm. The observed colorimetric changes in probe
solutions reached its limiting value on addition
of two equivalents of fluoride ions.

Experimental observations indicate that the
appearance of new absorption band at a higher
wavelength (491 nm) during probe-fluoride
interaction could be either due to the formation
of hydrogen bonds with the phenolic -OH or its
deprotonation by fluoride ions which results in
a visual colour change possibly through efficient
intramolecular charge transfer (ICT). UV-visible
titration experiments of probe 3 with cyanide
ion in organic medium (50 pM) exhibited a
concurrent increase in the absorption peak at 491
nm, however, with lesser intensity as shown in
Figure 3a. On the other hand, titration of cyanide
ion with 3 in aqueous medium showed gradual
increase of an absorption peak at 460 nm with a
visual colour change from colourless to yellow
in the probe solution (Figure 3b). Analysis of the
titration profiles of cyanide ion with 3 in organic
and aqueous medium indicates that the intensity
of the absorption peaks at 491 and 460 nm
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Figure 2: (1) UV-visible titration spectra of probe 3 (50 uM) with 0-5 equiv. of TBAF in organic medium, (b) Change in
absorbance at 378 and 491 nm with various concentrations of F-ions.
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Figure 4: (a) Fluorescence spectra of probe 3 (50 uM) with 0-5 equiv. of TBAF in organic medium. Inset shows change in
fluorescent intensity (I/1 ) at 484 nm for 3 with varying equivalents of F-ion. A =375nm, A =484 nm. (b) Fluorescence
spectra of probe 3 (50 uM) with 0-5 equiv. of CN in aqueous medium. Inset shows change in fluorescent intensity (I/
1) at 506 nm for 3 with varying equivalents of CN ion. A= 375 nm, A, = 506 nm. Fluorescent “turn on” behaviour of
3 (50 uM) for (c) fluoride ion in organic medium (d) cyanide ion in aqueous medium over other anions (10 equivalents)

under UV light (365 nm).

respectively reached the limiting value beyond
two equivalents of cyanide addition. Similarly
the titration experiments of 3 with acetate ion
(TBAACO) in organic medium showed analogous
results as that of cyanide ion with a gradual
increase in the absorption peak at 491 nm.
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The interaction of probe 3 with the anionic
species was further investigated by fluorescence
technique in organic and aqueous mediums. It
was observed that, addition of 10 equivalents
of various anions such as F, CI, Br, I, H.PO,,
HSO,, AcO" (as TBA salts) and CN- (as KCN)
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to 3 in organic medium resulted in an intense
emission peak at 484 nm only in presence of
fluoride ions. In a similar experiment, addition
of various anions to 50 uM probe solution in
aqueous medium showed a significant increase
in the fluorescence intensity at 506 nm only in
the presence of cyanide ions. This indicated that
the probe is quite selective and specific towards
CN-ion in aqueous medium. In absence of anions,
the probe exhibited a low intensity emission
peak at 535 nm in organic medium. On gradual
addition of fluoride ions from 0 to 5 equivalents,
a hypsochromically shifted (AN = 51 nm) peak
was increased at 484 nm that became saturated
beyond two equivalents of fluoride ions with
a fluorescence ‘turn on” behavior by intensity
enhancement of 150-folds (Figure 4a). In a
similar experiment in aqueous medium, probe
3 showed an emission peak at 506 nm (A\ = 29
nm) upon incremental addition of CN- ions up
to two equivalents with 37-fold increase in the
fluorescence intensity (Figure 4b).

The fluorescence “turn-on” signal in probe
3 could be a result of intramolecular charge
transfer through anion-probe interaction which
may suppress the n-n* transitions to facilitate

Vol. 34, Issue Number 3

July, 2022

the n—n* transitions that mostly responsible
for the emissive behavior of the probe.'® Probe
3 is fluorogenically selective for fluoride and
cyanide ions in organic and aqueous mediums
respectively (Figure 4c,d), which were in good
agreement with the UV-visible experiments.
Our result is worthy to note as it exhibits a
fluorescence “turn on” behavior in comparison
to earlier reports'”'® which showed fluorescence
quenching rather than enhancement on fluoride
binding. While probe 3 exhibited a significant
fluorescence change from colourless to green
selectively with cyanide ions in comparison to
other anions in aqueous medium (Figure 4d).

3.3. Aggregation-induced emission (AIE)
studies of probe 3

The aggregation induced emission
characteristics of 3 was investigated at 50
uM concentration in DMSO solution with
addition of different fraction of water (f )
ranging from 0 to 99.5% (v/v) buffered by 10
mM HEPES at pH 7.4. Figure 5a represents the
AIE character of 3 under UV-lamp at 365 nm.
Monomeric solution of 3in 100% DMSO is almost
colourless for visual detection. However, upon
increasing the water fraction,
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fluorescence beyond 60%. The
corresponding fluorescence
spectra of 3 exhibit a weak
emission band at 506 nm in
100% DMSO solution (50 uM)
which decreases upon gradual
* addition of water fraction
and new band at a longer
* wavelength of 544 nm appeared
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544 nm corresponding to the
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Figure 5: (a) Visual fluorescence response of 50uM probe 3 under an UV-lamp
at 365 nm at varying DMSO-Water (buffered by 10 mM HEPES at pH 7.4)
fraction. (b) Fluorescence response for 50uM of probe 3 at varying DMSO-Water
(buffered by 10 mM HEPES at pH 7.4) fraction (Aex = 362 nm).(c) Change in
fluorescence intensity of probe 3 at 544 nm as a function of different percentage

of water fraction (% fw).

fraction and exhibits a highest
value at 80% (f,) (Figure 5c).
Further addition of higher water
fraction (f, >80%) results in
reduction of emission intensity
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addition of 10 equiv. of various metal ions; (c) Histogram showing fluorescent intensity of AIEgen-3 at 544 nm with 10
equiv. of various metal ions (red bars) and with 10 equiv. of various metal ions plus of 10 equiv. of Cu** ions (black bars)

[A, =362 nm].

which could be possibly due to formation of
larger molecular aggregates that precipitate
out quickly resulting in a decrease in emission
intensity. Besides, dynamic light scattering (DLS)
studies of probe 3 in different water fractions in
DMSO (f, 60%, 80% and 99.5%) also showed a
decrease in average particle size (Z_ ) onaddition
of higher water volumes (Z_  at f,_ 60% = 801
nm; at f, 80% = 372 nm and at f, 99.5% = 175
nm) indicating the formation larger aggregates
that precipitates out from the solution phase.
However, the emission intensity at 544 nm for 3
is significantly increased to 10 fold at 80% water
fraction, and even in the 99.5% water fraction,
the fluorescence intensity is still much higher
(-7 fold) than that in pure DMSO.

Interestingly, the Stokes shift in aggregated
probe 3 at 80% water fraction (AA=170 nm) is
found to be much higher than that in pure DMSO
(AN=132 nm) which is possibly because of the
collective effect of ESIPT and AIE process.” It is
believed that, at lower water fractions (in good
solvent condition), the molecule (3) undergoes
free rotation of the salicylidine aromatic unit
around the C=N bond resulting in suppression
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of ESIPT via non-radiative decay of excited states.
However, as the volume of water fraction increases
beyond 60%, the probe 3 suffers restriction in its
free rotation possibly due decrease in solubility
resulting to close packing/aggregation of the
hydrophobic molecules through inter- and intra-
molecular hydrogen bonding. This restriction
of intramolecular rotation (RIR) in aggregated
probe 3 perhaps facilitates the radiative release
of the photo-excited energy through suppression
of non-radiative decay.” All the above findings
clearly suggest that compound 3 is an AIE
active fluorophore in aqueous medium.* For
the investigation of metal ion interactions, the
aggregated fluorophore 3 was taken at 20:80 (v/v)
DMSO:HEPES buffer medium at pH 7.4 which
is termed as AIEgen-3 solution on subsequent
discussion.

3.4. Fluorescence and UV-visible studies of
AlIEgen-3 with metal ions

The fluorogenic response of AIEgen-3 (50
uM) was investigated against 10 equivalents of
various metal ions (such as Na*, K*, Ag*, AI**, Ba**,
Ca?*, Cd*, Co*, Cr**, Cu**, Fe?*, Hg*, Mg*, Mn*,



ISRAPS Bulletin

Vol. 34, Issue Number 3

July, 2022

S rw - v g
oo “a% ¥ ~ 4

B I Bk, W

e . » ® & "

- e ¥
wo Bvo g BT
.l'.. ‘; "o “‘&“‘ ‘.j .
5 @ " .. y. b N

-4 . .':b"" -9 ..'3. ‘
g - '.‘ '_' s w “ ‘ "
i£‘ X .. " ‘. ~". o s
.'~:, -"‘p‘ .}' *s- LRl ~"..
:.n o . 1 Y ' . i‘.'_,- q

Figure 7: TEM micrograph of (a) AIEgen-3 (b) AlEgen-3 + Cu**

Ni%*, Pb**, Pd?** and Zn?* taken in HEPES buffered
medium at pH 7.4) through visual fluorescence
analysis under an UV-Lamp at 365 nm. It was
observed that AIEgen-3 exhibited a diagnostic
colour change from bright yellow fluorescence
to non-fluorescent (colourless) only in presence
of Cu?*" ions while no significant fluorescence
response was observed in presence of other metal
ions under the identical conditions (Figure 6a).

The emission spectra of AIEgen-3 with
various metal ions exhibited quenching of the
AIE band at 544 nm only in presence of Cu* ions
(Figure 6b). The competitive metal ion interaction
study of AIEgen-3 in presence of 10 equivalents
of various metal ions clearly demonstrates that
the fluorescence intensity of AIEgen-3 at 544 nm
gets completely quenched by Cu?* ions even in
the presence of other interfering metal ions. This
result indicates a very high level of selectivity
of AIEgen-3 toward Cu?* ion. The selectivity

behaviour was again monitored by UV-visible
spectroscopy by addition of various metal
ions to AIEgen-3 solution (50 uM). The results
indicated that the absorption maxima at 374 nm
significantly decreases in presence of Cu** ion
while other metal ions could not produce any
detectable change in its UV-visible spectrum.

The mechanism of interaction of probe
3 with copper ions has also been studied by
dynamic light scattering (DLS), transmission
electron microscopy (TEM) and ESI-Mass
spectrometry (ESI-MS) experiments. For instance,
the aggregation behavior of probe 3 in poor
solvent (water) in the absence and presence of
Cu? ions have been examined from the particle
size measurements by DLS experiments. The
results showed that the average particle size
(Z,,) of AlEgen-3 (f, 80%) in the absence of
copper ions is estimated to be 372 nm. However,
in presence of 2.0 equivalents of Cu** ions the

Table 1: Estimation of Cu?* ion by AIEgen-3 in real samples using fluorescence assay
Sample Cu?* added | F..at544 | Cu* found | RSD (%)* | Estimation
(M) nm (a.u.) (M) (%)
AlEgen-3 (50 uM) (Blank) 0 59.85 -- -- --
Tap water sample-1 5 52.47 4.69 1.25 93.8
Tap water sample-2 10 46.31 9.58 1.31 95.8
Lycopene syrup -1 -~ 47.63 8.67 1.62 --
Lycopene syrup -2 5 43.47 12.44 1.19 91.0
*RSD (%) = percent relative standard deviation
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Figure 8: Visual colour (top) and fluorescence change
(bottom under UV light 365 nm) of 3 (50 uM) with the
addition of various concentration of CN-ion in tap water.

average particle size dramatically increases
to 656 nm which indicated an obvious effect
of Cu?* ions on the aggregation pattern of the
probe. Further, the morphology of AIEgen-3
aggregates has been investigated by TEM analysis
which clearly indicates the formation of discrete
aggregated nanoparticles in the range of 300-
400 nm (Figure 7a). The addition of Cu** ions to
AIEgen-3 modulates the aggregation pattern of
the probe that result in the formation of pinnate
leaf type aggregates (Figure 7b). Moreover, the
formation of AIEgen-3-Cu* complex was also
analysed by ESI-MS that showed a strong peak
at m/z 245.03 which could be attributed to the
dimeric complex [2(AlEgen-3).2Cu.CIO,.CH,CN.
H,O.H]*" (calculated m/z 245.24).

All these findings clearly suggest that the
aggregated AIEgen-3 interact with Cu*" ions
resulting in swelling up of the aggregates via
copper ion intercalation leading to the formation
of larger particles. The aggregated copper
complex possibly quenches the AIE fluorescence
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signal of AIEgen-3 at 544 nm via Cu* mediated
PET mechanism.

4. Analytical applications

Considering the important applications of
cyanide in industry, the detection of cyanide in
natural environment by visual and fluorescence
method in aqueous medium by probe 3a has
been investigated. Moreover to verify the
possible interference of other components and
ions present in real samples in the detection of
cyanide ion, we have taken the town supply
tap water as the medium of analysis. Different
amounts of potassium cyanide were added to tap
water in order to make the final concentrations
of cyanide ion between 2 to 100 pM. A 50
PM probe solution was prepared in aqueous
medium (H,O-Acetonitrile 1:1 v/v) and different
concentrations of cyanide ion in tap water were
added to the probe solution. The observed visual
and fluorescence colour change was depicted in
Figure 8 which indicated that the probe could
be applied for the detection of cyanide ion at
micromolar range in environmental samples.

Further, the detection and estimation of
copper ions by AIEgen-3 has been investigated
in natural environment by fluorescence
measurement using town supply tap water
as the medium of analysis. The extent of
fluorescence quenching in AIEgen-3 (50 pM)
with known concentrations Cu* ions have been
calibrated and found to be in excellent linear
correlation (R? = 0.99) over the range 5 pM to
50 pM. Now solutions of Cu* ions in varying
concentrations were prepared in tap water
and estimated by AIEgen-3 (50 pM) using the
calibration plot. The results (Table 1) indicated
that AIEgen-3 could be applied for the detection
and estimation of Cu?* ions in environmental
samples. In addition, AIEgen-3 is also capable of
estimating the amount of Cu?* ions present in a
pharmaceutical syrup sample (Lycopene syrup)
without any pretreatment of the syrup solution.
This will definitely open up new opportunities
to estimate Cu** ions directly in pharmaceutical
formulations.
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5. Conclusions

In summary, a chromofluorescent
salicylidine probe 3 functionalized with thiazolyl-
coumarin derivatives has been synthesized
through simple condensation reaction in
quantitative yield. Interestingly probe 3 could
optically discriminate the presence of fluoride
and cyanide ion in organic and aqueous mediums
respectively through a significant colorimetric
and fluorescence “turn-on” change in the probe
solution. Moreover probe 3 shows aggregation
induced emission (AIE) characteristics at different
water fraction in DMSO medium to elicit a bright
yellow fluorescence under UV-illumination at 365
nm. The aggregated probe AIEgen-3 selectively
discriminates Cu** ions over a series of other
interfering metal ions by a fluorescence “on-oft”
strategy via CHEQ process in DMSO-HEPES
buffer (2:8 v/v) at a physiological pH of 7.4. The
practical application of the probe was analyzed
in various samples present in tap water and
pharmaceutical formulations. The probe could be
applied for the detection of copper and cyanide
ion in aqueous environmental samples and as
well as estimation copper ion in a pharmaceutical
syrup (Lycopene).
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