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metal and highly acidic pH sensing with live cell applications
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Two novel pyrene containing monomeric and dimeric schiff base derivatives PCS1 and PCS2 has been synthesized via one-
pot reaction and their Nano-J- type aggregation with induced emission enhancements (AIEE) were well demonstrated by
UV-Vis/PL, Transmission Electron Microscope (TEM), Dynamic Light Scattering (DLS), time resolve photoluminescence
(TRPL), and live cells imaging studies. Contrast to PCS2, PCS1 in CHsCN exhibits the fluorescence “OFF-ON” sensor
selectivity to transition trivalent metal ions (Fe3+, cr’ and AI3+) among other metals, via PET inhibition with excimer PCS1-
PCS1* formation. The 2:1 stoichiometry of sensor complexes PCS1---M** (M = Fe/ Cr/ Al) were calculated from job plots
based on their PL titrations. In addition, the binding sites of sensor complexes PCS1--M* were well recognised from the 'H
NMR titrations and supported by ESI (+Ve) mass and FTIR analysis. Additionally, fluorescence reversibilities of PCS1---M*"
were observed via consequent additions of M*" ions and PMDTA, respectively. Further, the detection limits (LODs) and the
association constants (K,s) values of PCS1--M** complexes were calculated by standard deviation and linear fittings.
Likewise, the quantum yield (D), TEM analysis, pH effect, density functional theory (DFT) studies and time resolve
photoluminescence (TRPL) studies were investigated for the PCS1---M** sensor complexes. More importantly, confocal
fluorescence microscopy imaging in Raw264.7 cells showed that PCS1 could be used as an effective fluorescent probe for
detecting transition trivalent metal ions (Fe3+, cr*, and AI3+) in living cells. Impressively, both PCS1 and PCS2 evidenced the

“OFF-ON” sensing to highly acidic pHs (1-3) with live cell applications.

detections with living cell applications.7"9 But, synthetic

difficulties were observed in the design of those selective
10-12

Introduction

Supramolecular chemistry has long been utilized to create
probes. Therefore, to avoid such synthetic issues, few

schiff base probes have been reported with effective AIEE
properties.lg"15 Akin to AIEE studies,

anions, amino acids, pH and metal ion sensors are also
16-18

nano-architectures with fascinating molecules with varieties of
The supramolecular
morphologies are derived from non-covalent interactions such

promised applications.l'3 major

chemical, biological,

as hydrogen bonds, Vander Waals forces, m-nt stacking, and
dipole—dipole interactions.* Among these, stacking
interactions are found to be widely used for the construction

considered as the exciting research filed. In these

TT-TU
deliberations, many reports are available towards various
analytes including emphasized transition metal ions and for

of J or H-type three-dimensional supramolecular designs in
both chemical and biological systems.‘r"6 Recently, AIEE probes
have been reported with J or H-type nano-aggregation for the
detection of many diseases and also for several analyte
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wide range of pHs.19'21

Attributed to the biological and environmental importance
of Fe**, cr**, and A*" ions, many sensory probes have been

22-24 3+ 3+ 3+ . .
In between Fe™", Cr™", and Al™" ions, variety of cell

reported.
functions such as muscle and brain function, haemoglobin
formation, and electron transport in DNA and RNA synthesis
were carried out vitally by Fe* ions.”> However, by enhancing
the production of reactive oxygen species (ROS), excess
amounts of Fe®" may cause damage to nucleic acids and
proteins in a living cell.’® On the other hand, cr’ ions also
plays an important role in the maintenance of an effective
carbohydrates, lipid and protein metabolism.”’ But, its
deficiencies causes sugar metabolic disorder resulting in

J. Name., 2013, 00, 1-3 | 1
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engendering diabetes and cardiovascular disease risk, even
- . 28 o - .
cataract, blindness, uremia, and so on.” Similarly, excessive
. 3+ . . 29
intake of Cr’* ions also leads to genotoxic effects as well.

Conversely, human illnesses such as dementia and
encephalopathy, Parkinson and Alzheimer diseases are
believed to be attributed to the toxicity of AP 303 Long-

sighted the importance of these trivalent transition metal ions,
several methods has been reported for their detection

including plasma-mass spectroscopy, inductively coupled
plasma-atomic emission spectrometry, inductively coupled
atomic absorption/emission spectroscopy, and voltammetry.32'
34 However, most of them are low in selectivity and sensitivity
with need of expensive instruments. In contrast, simple and
cost effective fluorescent “off-on” sensor selective probe for
trivalent cations are found to be impressive with wide
applications in and environmental
chemistry.35'37

developing sensory probes for low acidic pHs 1-3 is also found

medicine,
Similar

biology,

to transition trivalent sensors,

to be essential for many applications, such as nuclear fuel
reprocessing, the separation of rare-earth metals, and the
. e . 38,39
recycling and reuse of strong acids in industrial processes.
Based on charge transfer (ICT), photoinduced
(PET),
excimer/exciplex

internal
electron transfer chelation-enhanced fluorescence
(CHEF), formation,
resonance energy transfer (FRET) mechanisms,

selective “off-on” fluorescent sensors for M** (M=Fe/Cr/Al)
40, 41

and fluorescence

various

ions were reported. Among them, due to its simplicity with
applications in many opto-electronic and biological systems,
PET and excimer/exciplex formation mechanisms are highly
impressive.“’ 3 In this concern, pyrene containing probes are
very motivating because of their faster response via PET and
excimer/exciplex formation specific
44 On the other hand, many pyrene containing
the
responses towards variety of analytes and also forms J or H-

type aggregation in its AIEE properties with many biological
47-49

towards species of
interest.
evidenced “off-on” fluorescence

moieties sensor

and environmental applications. Excitingly, pyrene
containing schiff base based sensor and AIEE probes are also
available with lesser synthetic steps and specific selectivity
towards variety of analytes.so' >! Hence, by considering the
importance of both AIEE and sensor selectivity properties, we
tend to develop such pyrene containing monomeric and
dimeric schiff base derivatives with AIEE characteristics and
utilized as “off-on” fluorescent sensor to M>" (M = Fe/ Cr/ Al)
ions.

Herein, we have successfully synthesized novel pyrene
containing monomeric and dimeric schiff base derivatives PCS1
(in CH3CN) and PCS2 (in DMSO) via one-pot reaction and their
AIEE active J-type nano-aggregation with H,0 (0-90%) was well
established by UV/PL, TEM, DLS, TRPL and live cell imaging
studies. Contrary to PCS2, the better “off-on” fluorescent
sensor selectivity of PCS1 (in CH;CN) to M3 (M = Fe/ Cr/ Al)
ions were demonstrated by UV/PL, 'H NMR, ESI (+Ve), and
studies with live cell

density functional calculations

2| J. Name., 2012, 00, 1-3

applications. Further, highly acidic pH (1-3) “off-on”
fluorescent sensor responses were proved by live imaging

studies.

Experimental Studies
Materials and methods

All anhydrous reactions were carried out by standard procedures
under nitrogen atmosphere to avoid moisture. The solvents were
dried by distillation over appropriate drying agents and reactions
were monitored by TLC plates. 'H and **C NMR were recorded on a
300 MHz Bruker spectrometer. The chemical shifts (8) are reported
in ppm and coupling constants (J) in Hz and relative to TMS (0.00)
for 'H and 2 NMR, (s, d, t, g, m, and dd means single, double,
ternary, quadruple, multiple, and doublet of doublet, respectively),
and d-chloroform [at 7.26 ppm (lH NMR) & 77.0 ppm (BC NMR)]
and dg-DMSO [at 2.49 (*H NMR) and 39.52 ppm (**C NMR)] were
used as references. Mass spectrum [ESI(+Ve)] was obtained from
the respective mass spectrometer. Absorption and fluorescence
spectra were measured on HITACHI, U-3310 Spectrophotometer
and HITACHI F-7000 Fluorescence Spectrophotometer, respectively.
Identification and purity of the compound PCS1 was characterized
by NMR (*H & ™€) and ESI (+Ve)-Mass.
photoluminescence (TRPL) spectra were measured using a home-

Time-resolved

built single photon counting system. Excitation was performed
using a 410 and 420 nm diode laser (Picoquant PDL-200, 50 ps
fwhm, 2 MHz). The signals collected at the excitonic emissions of
solutions were connected to a time-correlated single photon
counting card (TCSPC, Picoguant Timeharp 200). The emission
decay data were analyzed with the biexponential kinetics in which
two decay components were derived. The lifetime values (t; and t,)
and pre-exponential factors (A; and A,) were determined and
summarized. 0-14 pH buffers were freshly prepared as per the
literature.”> TEM studies were done by JEOL-JEM-2100. The size
distribution of PCS1 in CH3CN (at 0 and 80% H,0) and PCS2 in DMSO
(at 0 and 80% H,0) were also characterized by dynamic light
scattering BECKMAN COULTER Delsa™ Nano C particle analyzer.
Fourier transform Infrared spectroscopy (FTIR) were analysed by
Perkin Elmer - 100 FT-IR SPECTRUM ONE spectrometer. The powder
XRD data of bare AuNPs was obtained from BRUKER AXS D2 Phaser
(a26-x1-A2BOE2B). Fluorescence microscopic images were taken
using Multiphoton and Confocal
Germany, TCS-SP5-X AOBS.

Microscope System, Leica,

Sensor titrations

Compound PCS1 was dissolved in CH;CN and Na*, Ni**, Fe*', cd™,
crt K, cu™, Fe?
medium at 1x10° M concentration from their respective chloro and
perchlorate compounds. Similarly, Ag’, Co*, Zn**, Pb**, Mn**, and
Hg2+ metal cations were dissolved in water medium at 1x10° M

3 . . .
*and AP’" metal cations were dissolved in water

concentration from their respective acetate salts. Penta methyl

This journal is © The Royal Society of Chemistry 20xx
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diethylene diamine (PMDTA at 1x107 M) was dissolved in CH5CN for
sensor reversibility.

FTIR analysis

For FTIR analysis the metal (M* = Fe** / ¢r** / AP*") ions in H,0
concentrations were fixed at 1 equiv. and PCS1 concentrations were
varied as 1 and 2.0 equivs., in CH3CN. The complexes were stirred at
45°C for 12 hrs, dried in oven at 100 °C for 3 hrs. Then grinded with
KBr to make pellets for the measurements.

Procedure™™ for the synthesis of compound PCS1 and PCS2

PCS1: (a) To 1 equiv. of 2-aminoethanethiol (commercially known as
in 50 ml
carboxaldehyde was added with constant stirring under nitrogen
and then refluxed for 12 hrs. The reaction was monitored by TLC,
after completion, the reaction mixture was cooled and the solvent

cysteamine) of methanol, 1 equiv. of Pyrene-1-

was evaporated to give the crude product, which was recrystallized
from ethanol to afford pure compound as pale yellow solid.

(c) 250 mg of PCS2 was dissolved in 1 ml of DMSO, then diluted

with dichloromethane to 25 ml. To the above mixture, 2 ml of 1 M
HCl solution was added and vigorously stirred for 3 hours at 40°C.
Then cool to room temperature, poured in to water and extracted
with 50 ml CH,Cl,. The crude product PCS1 was obtained after
distillation of organic solvent, recrystallized from ethanol provide
the pure PCS1 with 72% yield. The formation of PCS1 from PCS2
was well confirmed by ESI (+Ve) mass spectrum in solution state
(PCS2 in 1M HCI).
2-((pyren-1-yImethylene)amino)ethanethiol (PCS1): pale yellow
solid; 88% / 72% yields; '"H NMR (300 MHz, CDCl3) &: 1.63 (s; 1H (-
SH)), 3.31 (t, J = 6.6 Hz, 2H (-CH,)), 4.18 (t; J = 6.6 Hz, 2H (-CH,)),
8.94 —8.15 (m, 7H), 8.44 (d, J = 7.8 Hz, 1H), 8.75 (d, J = 8.7 Hz, 1H),
9.26 (s, 1H (-CH=N)); *C NMR (75 MHz, CDCl5) &: 40.08, 61.11,
122.41, 124.47, 124.69, 124.82, 125.57, 125.78, 125.98, 126.24,
127.31, 128.23, 128.49, 128.61, 129.80, 130.44, 131.12, 132.84,
161.50; ESI (+Ve) mass: calculated: m/z = 289.3 (M*, 100%); Found:
(a) m/z = 289.3 [(M")100%]; (c) m/z = 288.2 [(M-1), 100%)].
PCS2: (b) To 1 equiv. of 2,2‘—disuIfanediyldiethanamine58
(commercially known as cystamine; obtained from cystamine
dihydrochloride) in 50 ml of methanol, 2 equivs., of Pyrene-1-
carboxaldehyde was added with constant stirring under nitrogen
and then refluxed for 18 hrs. The reaction was monitored by TLC,
after completion, the reaction mixture was cooled and the solvent
was evaporated to give the crude product, which was recrystallized
(three times) from ethanol to afford pure compound as light brown
solid.

(c) 250 mg of PCS1 was dissolved in 25 ml of dichloromethane.
To that mixture, 2 ml of 1 M NaOH solution was added and
vigorously stirred for 3 hours at 40°C. Then cool to room
temperature, poured in to water and extracted with 50 ml CH,Cl,.
The crude product PCS2 was obtained after distillation of organic
solvent, recrystallized (three times) from ethanol provide the pure

This journal is © The Royal Society of Chemistry 20xx

PCS1 with 82% vyield. The formation of PCS2 from PCS1 was well
established by ESI (+Ve) mass spectrum in solution state (PCS2 in
1M NaOH).
2,2'-disulfanediylbis(N-(pyren-1-ylmethylene)ethanamine) (PCS2):
Light brown solid; 76% / 82%; 'H NMR (300 MHz, dg-DMSO) &: 3.26
(t; J = 6.4 Hz, 4H (-CH,)), 4.13 (t; J = 6.4 Hz, 4H (-CH,)), 8.04 — 8.32
(m, 14H), 8.47 (d, J = 8.1 Hz, 2H), 9.01 (d, J = 9.6 Hz, 2H), 9.39 (s, 2H
(-CH=N)); *C NMR (75 MHz ds-DMSO) &: 31.15, 61.81, 123.02,
123.30, 123.90, 124.11, 124.39, 124.47, 125.12, 125.30, 125.51,
126.00, 126.10, 126.42, 126.58, 126.79, 126.84, 127.27, 127.64,
127.72, 127.90, 128.18, 128.65, 128.98, 129.66, 130.44, 130.81,
131.14, 131.27, 132.70, 136.47, 131.17, 161.84; ESI
calculated: m/z = 577.3 (M’, 100%); Found: (a) m/z =
[(M")100%]; (c) m/z = 577.3 [M", 100%)].

mass:
577.3

Procedure for fluorescence imaging
AIEE:

Raw264.7 cells were cultured in DMEM (Dulbecco’s Modified
Eagle’s Medium, high glucose) supplemented with 10% FBS at 37°C
and 5% CO,. Cells were plated on 14 mm glass coverslips and
allowed to adhere for 24 hours.

The cell image was performed in PBS with 10 uM PCS1 or PCS2
dissolved in DMSO. The cells cultured in DMEM were treated with
of 10 uM PCS1 or PCS2 dissolved in DMSO-sterilized PBS (pH7.4)
and incubate for 30 min and 12 hours at 37°C. The culture medium
was removed, and the treated cells were washed with PBS (2 ml)
before observation. Fluorescence imaging was performed with a
Multiphoton and Confocal Microscope System, Leica, Germany,
TCS-SP5-X AOBS. The cells were excited with a white light laser at
Aex = 355 nm at 6% output and collecting emission between 430 +
480 nm

PCS1---M*":

PCS1 was also applied to living cell imaging. For the detection of
M3 (M = Fe/ Cr/ Al) in living cells. The RAW264.7 cells The cells
cultured in DMEM were treated with of 20 uM M>* dissolved in
sterilized PBS (pH7.4) and incubate for 30 min at 37°C and then
wash the treated cells for three times with 2 ml PBS to remove the
remaining metal ions. Add 2 ml of culture media to the cell culture
and treat the cell culture with 20 uM of PCS1 dissolved in DMSO
followed by incubate (60 min at 37°C). The culture medium was
removed, and the treated cells were washed with PBS (2 ml) before
observation. Fluorescence imaging was performed through a
confocal microscope system mentioned previously. The cells were
excited with a white light laser at A., = 410 nm at 6% output and
collecting emission between 480 + 525 nm (PCSl---M3+).

PCS1 and PCS2 at pH = 3:

The cell image was performed in pH = 3 buffer with 10 uM PCS1 or
PCS2 dissolved in DMSO. RAW264.7 cells cultured in DMEM were

J. Name., 2013, 00, 1-3 | 3
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treated with of 10 uM PCS1 or PCS2 dissolved in DMSO-sterilized
pH = 3.0 buffer and incubate for 50 min., at 37°C [Note: Initially,
MTT assay (not shown) were performed at pH = 3.0 buffer and
found that up to 50 min., the cell viabilities were not affected for
both compounds. Hence, fixed the cell imaging time as 50 min., at
pH = 3.0]. The culture medium was removed, and the treated cells
were washed with PBS (2 ml) before observation. Fluorescence
imaging was done by a confocal microscope system mentioned
earlier. The cells were excited with a white light laser at A, = 410
nm at 6% output and collecting emission between 480 + 525 nm.

TEM and DLS studies

For TEM analysis, the samples (100 times diluted) were drop-casted
on copper grid then allowed to vacuum dry for overnight and the
TEM studies of AIEE were done with JEOL-JEM-2100 instrumental
set up. Corresponding TEM samples were subjected to DLS analysis
with BECKMAN COULTER Delsa ™ Nano C particle analyser.

Results and discussion

Synthesis and AIEE properties of PCS1 and PCS2

As shown in Schemes 1a and b, PCS1 (monomer) and PCS2 (dimer)
were synthesized via one pot condensation of pyrene-1-
carboxaldehyde and cysteamine (or) cystamine (CS1 / CS2) in
methanol with 88% / 76% vyields. Both compounds were
characterized by 1H, 13C NMR and Mass [ESI (+Ve)] analysis (Figs. S1-
S6, ESI). Similar to Schemes 1a and b, both PCS1 and PCS2 were also
synthesized via Scheme 1c. In which, both of them are act as
reactants in presence of 1M NaOH / HCl solution, to provide PCS2 /
PCS1 with 72% /82% vyields, correspondingly. Formation of both
compounds from their respective monomer / dimer
demonstrated from similar 1H, 3¢ NMR spectra (not shown) along
with their ESI (+Ve) mass in NaOH / HCl solutions (Figs. S7 and S8,
ESI).

N N O
oo €St N2 PCSI
HS (a) 1

were

HCI||NaOH (¢)
H,N s-§
HS-S . \N

Scheme 1. Synthesis of PCS1 and PCS2 (a) MeOH, reflux, 12 hrs,
88%; (b) MeOH, reflux, 18 hrs, 76%; (c) 1M HCl /1M NaOH, CH,Cl,,
24 hrs, 72%/82% (PCS1/PCS2).

4| J. Name., 2012, 00, 1-3

The TRPL spectra of PCS2 (in DMSO) in presence of 1M HCl solution
reveals that, the highly acidic condition will rapidly affects its decay
life time from 1.345 ns to 0.72 ns as shown in Table 1 and Figure S9
(ESI). The faster and longer decay components (A; and A,) were also
affected along with ultra-fast and longer decay constants (t; and t,)
for PCS2 + HCI (1M) as summarized in Tables S1. The green emission
may arose from the —S-S bond cleavage at high acidic condition to
form PCS1, which further leads to self-aggregation with excimer
formation. Thus, the acidic pH sensing abilities of both monomer
and dimer compounds were further examined latter.

The higher electronegative nature of sulphur atom plays the
prime role in the formation of PCS1 and PCS2 from each other. To
prove this hypothetical concept, optimized electro static potentials
(Gaussian 09) of PCS1 and PCS2 were taken into account. As noticed
in Figs. 1a and b, the electro-static potential of both monomer
(PCS1) and dimer (PCS2) are majorly located on sulphur atoms.
Hence, upon maintaining the solvent pH from highly acidic or basic
condition, the S-S bond cleavage or bond formation might be highly
favourable to provide monomer / dimeric compounds. Further,
electro-static potential (ESP) of them also reveals the possibility of
enhanced crystallinity during dimeric PCS2 formation. Henceforth,
the powder XRD patterns were examined to confirm the improved
rigid-crystalline nature of PCS2. Figs. 1c and d, revealed the XRD
pattern of PCS1 and PCS2 as described follows. Contrast to PCS2,
the PCS1 demonstrated more number of XRD peaks due to its low
crystallinity. Similar XRD patterns were reported by Qu et. al. for
pyrene monomer. >’ But, during the oligomerization, those pattern
were affected with improved crystallinity. For PCS1, the major XRD
peaks were observed at (2Theta): 11.39, 14.97, 17.01, 18.54, 22.28,
24.77, 28.82, 32.25, 35.52, 38.94, 42.37, 46.10, 49.69, 53.58, and
57.39 along with some various minor peaks. This might be
attributed to its lower crystalline property, driven from the
unrestricted possible rotation (or) bending of free thiol unit with
attached schiff base moiety. On the other hand, PCS2 notifies only
fewer XRD patterns at (2Theta): 11.38, 15.25, 18.51, 26.69, 35.77,
45.40, 55.03, 65.39, and 76.28. Thus, it is well established that, the
formation of disulphide (-S-S-) bond in the dimer will improve the
rigidity by restriction of free rotation with attached schiff base. As
stated earlier, the electronic clouds in ESP (Figure 1b) are located
on =S-S bond might improve the crystallinity / rigidity of PCS2 via
inhibited intramolecular rotation. Which also hints that PCS2 may
aggregate faster than that of PCS1, as explained next.

Initial evaluation of monomer emission revealed that, the
presence of polar protic solvents such as ethanol and water were
evidenced the peaks between 365 — 400 nm, in which maxima
appeared at 385 and 421 nm for PCS1 as well as at 387 and 425 nm
for PCS2. However, the maxima peaks between 365 — 400 nm were
disappeared in polar aprotic solvents like CH;CN and DMSO, this
might due to the solvent effect. Since, our compounds were
showed the greater solubility in polar aprotic solvents, we have
dissolved PCS1 and PCS2 in CH3;CN and DMSO, respectively.
Whereas, polar protic solvents solidified rapidly during dissolution.
During the incremental addition of H,0 into PCS1 (10 uM; in CH;CN)
and PCS2 (10 uM; in DMSO), the aggregation induced-

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Optimized electrostatic potential of (a) PCS1 and (b) PCS2; XRD pattern of (c) PCS1 and (d) PCS2.

emission enhancement (AIEE) characteristic of those probes were
observed. As revealed by Figs. 2a and ¢, upon addition of H,0
fraction (f,,) from 0% to 90%, the UV-Vis peaks at 356 / 352 nm
(PCS1 /PCS2) were quenched and red shifted to 364 / 357 nm (at
80% / 60% of f,,), with the appearance of newer peaks at 393 and
396 nm, respectively. Correspondingly, the PL peaks at 421 / 425
nm (PCS1 /PCS2 at 0% f,,) were also red shifted to 465 / 469 nm (at
80% / 60% of f,; Aex = 355 nm), respectively, as shown in Figs. 2b
and d. Further, the fluorescent quantum yield (®;) of PCS1 / PCS2
were increased rapidly during their AIEE characteristics with f,, (0-
90%). As exposed in Fig. 2e and Table 1, the maximum quantum
yield values of PCS1 / PCS2 (®;= 0.011 / 0.0152, at 0% of f,,) were
increased (@ = 0.5526 / 0.854, at 80% / 60% of fw, correspondingly)
to 50 / 56 folds. The photograph envisioned in Fig. 2f, illustrate the
aggregation induced emission of PCS1 and PCS2 in H,0 (0-90%) by
visualizing the strong blue emission under UV-irradiation at 365 nm.
In AIEE process, the m-mt stacking of pyrene units were influenced by
amplified addition of water fraction from 0-90%, which can be
witnessed via red shifted UV/PL peaks for both monomeric and
dimeric compounds (Figs. 2a-d). At 0%, both PCS1 and PCS2 were
not have any excimer emission. However, upon incremental
addition of water, the improved excimer emission were observed
with red shifted peaks. The maximum excimer emissions were
established at 60 and 80% of water fractions for PCS1 and PCS2,
respectively. Due to the presence of monomers along with
excimers, until attained the maximum excimer emissions, their
peaks are the combination of both species. Thereafter, as shown in

This journal is © The Royal Society of Chemistry 20xx

Figs. 2b and d, the peaks were quenched at 90% (PCS1) and 70 —
90% (PCS2), because of the solvent effect. In which, those
concentrations may have only excimer emissions. Furthermore, the
higher crystallinity of PCS2 also support its faster AIEE at 60% of
water fraction. However, all the above observations were
established merely after 12 hours. Therefore, we analysed the
quantum yield (@) changes with respect to time (0-12 hours, with
an equal span of 2 hours) as exposed in Fig. S10 (ESI). From 0-80% /
0-60% (PCS1 / PCS2) of water fractions, the improved AIEEs were
witnessed along with increased @; values up to 12 hours.
Afterwards, we have not found any more increase in their @
values, hence the time effects were not taken into account further.
The red shifted UV-Vis/PL peaks for AIEE properties of PCS1 / PCS2
with fw (0-90%), illustrated the J- type aggregation as reported by
Wurthner et. al.* During AIEEs, the former UV-Vis peaks of PCS1 /
PCS2 were observed at 356 / 352 nm and red shifted to 364 / 357
nm (8 / 5 nm shifts) for 80% / 60% of f,,, respectively. Similarly, the
initial PL peaks of both were existed at 421 / 425 nm and red shifted
to 465 / 469 nm (44 nm shifts) for 80% / 60% of f,, respectively.
Hence, possible J-type aggregation was proposed for AIEEs of PCS1
/ PCS2 as shown in Fig. 3.

The AIEEs of monomer / dimer compounds, were explained
hypothetically as follows. Initially, both PCS1 / PCS2 (in CH;CN /
DMSO) have PET via lone pair of electron transfers from schiff base
nitrogen (-CH=N) to pyrene units or may possess the twisted
intramolecular charge transfer (TICT) at 0% of f,, to show their non-

emissive property. However, during the incremental addition of

J. Name., 2013, 00, 1-3 | 5
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Fig. 2 (a, c) UV-Vis and (b, d) PL spectra of PCS1 (10 uM in CH3CN) and PCS2 (10 uM in DMSO) as a function of increasing water fraction (0-
90%; Ae = 355nm for PCS1 / PCS2); (e) Quantum yield (®y) changes of PCS1 and PCS2 with respect to water fraction (f, in %); (f)
Photograph of aggregation induced emission of PCS1 and PCS2 visualized under UV-irradiation (A = 365 nm) (Note: All the above data for
AIEE were taken after 12 hours).
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Fig. 3 Schematic illustration of J-aggregation of AIEE active PCS1 and
PCS2.

Fig. 4 (a, b) TEM images of PCS1 in CH3CN with 0% and 80% of water
fraction; (c, d) PCS2 in DMSO with 0% and 60% of water fraction
(Note: TEM images were taken after 100 times dilution).

H,0 to PCS1 / PCS2 (in CH;CN / DMSO), the inhibition of PET / TICT
may happened to stimulate their AIEE properties. In contrast to
PCS1, the crystallinity and bulkiness of PCS2 leads to faster
suppression of PET / TICT and hence shows maximum aggregation
at 60% of f,, The PET mechanisms of PCS1 / PCS2 probes were also
well demonstrated by Figs. S24, S30-31, and S38 (ESI).

To establish the nano level aggregations of PCS1 / PCS2 during
their AIEEs studies, TEM and DLS studies were supplemented. The
scattered nano-crystals of both monomeric / dimeric schiff bases (in
CH5CN / DMSO) at 0% f, were visualized in TEM images (Figs. 4a
and c) at 50 nm scale bar. On the other hand, the aggregation of
both PCS1 / PCS2 (in CH;CN / DMSO) at 80% / 60% of f, were
demonstrated by their TEM images (Figs. 4b and d) at 50 and 100
nm scale bars, respectively. Surprisingly, the DLS studies of PCS1 /
PCS2 (in CH3;CN / DMSO) at 0% f,, revealed that, the nano-crystalline
sizes of them as 11.4 + 1.2 nm and 24.2 + 4.2 nm, correspondingly

This journal is © The Royal Society of Chemistry 20xx
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(Figs. S11a and S12a). Previously, Wang. et. al. reported the pyrene
dimeric units at the range of 2-6 nm.% Hence, confirmed that the
nano-crystalline sizes are within the acceptable range. Conversely,
for PCS1 / PCS2 (in CH3CN / DMSO; at 80% / 60% of f,), the
crystalline sizes were observed at 151.7 £ 19.1 nm and 252.9 + 63.6
nm, respectively (Figs. S11b and S12b). Notably, the nano-
aggregated crystalline sizes of both monomeric / dimeric schiff
bases were also proved that, PCS2 can aggregates rapidly (10 times)
at 60% of f,, than PCS1 (13 times) at 80% of f,,. Therefore, based on
TEM and DLS analysis both PCS1 / PCS2 and their AIEEs were
adjudged as nano-probes and nano-aggregation.

Recently, many AIEE probes were applied in many intracellular
applications along with various analytes detection. Henceforth, we
protracted our vision towards in-vitro cellular applications.sz’ 5 As
exposed in Fig. 5, When Raw264.7 cells were incubated with PCS1 /
PCS2 (10 puM in DMSO), no fluorescence was observed at 30
minutes. But, due to the intracellular H,0 induced aggregation, a
bright / dismal blue fluorescent images were observed in the
Raw264.7 cells after 12 hours. An overlay of fluorescence and
bright-field images shows that the fluorescence signals are localized
in the intracellular area, indicating a subcellular distribution and
good cell-membrane permeability of PCS1 / PCS2. The bright cell
image of PCS1 at 12 hours also verified the greater intracellular
penetration of free thiol unit rather than disulphide containing
PCS2. Moreover, to confirm the bio-compatibility of PCS1 / PCS2,
cytotoxicity studies were under taken and both evidenced the 75%
cell viability at 20 pM concentration as exposed in Figs. 6a and b.

Brightfield  Fluorescence

Overlay

0.5

12h

Fig. 5 Fluorescence images of Raw264.7 cells treated with (a) PCS1
and (b) PCS2 at 0.5 and 12 hours, respectively. Bright Field image
(Left); Fluorescence image (middle); Merged image (right). The scale
bar is 50 uM.
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Fig. 6 Cell viability of (a) PCS1 and (b) PCS2; TRPL spectra of (c) PCS1 in CH3CN (at 0% and 80% of water fraction; A., = 355 nm) and (d) PCS2

in DMSO (at 0% and 60% of water fraction; A, = 355 nm).

Next, TRPL studies were accounted for the AIEEs of PCS1 / PCS2 to
establish their fluorescent life times. As shown in Figs. 6¢ and d, the
TRPL spectrum of PCS1 / PCS2 (in CH;CN / DMSO; at 0% of f,,) were
affected incredibly for PCS1 / PCS2 (in CH3;CN / DMSO; at 80% / 60%
of f,,). Tables 1 and S1, summarized the respective comparable TRPL
changes. Initially, the average TRPL decay constant (t) values of
PCS1 / PCS2 (in CH;CN / DMSO; at 0% of f,,) were found as 3.105
and 1.345 ns, respectively. However, during the AIEE process the
decay constant increased to 4.813 and 1.856 ns, for PCS1 / PCS2 (in
CH3;CN / DMSOQ) at 80% / 60% of f,,, respectively. Equally, the faster
and longer decay components (A; and A,) were also affected along
with ultra-fast and longer decay constants (t; and t,) for PCS1 /
PCS2 (in CH3;CN / DMSO) at 80% / 60% of f,,) as summarized in Table
S1.

Sensor titrations

Due to the AIEEs of PCS1 / PCS2 probes, we checked the possible
sensing ability of both in CH;CN / DMSO and to avoid the
controversy between AIEE and sensor selectivity all metal ions
concentrations were taken as 1 x 10° M as described next.
Furthermore, on the consideration of “state-of-the-art method”,
both PCS1 and PCS2 can be applied for device based sensory
detection of those identified ions in near future. In which, the

8| J. Name., 2012, 00, 1-3

requirements follows; (i) should contain the organic
semiconducting materials (either p- or n-type) (ii) should not be

dissolved in water (iii) should have high thermal stability and (iv)

as

should have selectivity to specific analyte in organic solvents.®
Since pyrene derivatives the p-type semiconducting
properties, the utilization of PCS1 and PCS2 for device based metal

have

ion sensors in organic solvents and their insolubilities in water was
considered as advantages. Therefore, while proceeding to sensor
titrations, both PCS1 / PCS2 (20 puM) in CH;CN / DMSO (pH 7.0)
were investigated towards 20 pM (1 equiv.) of metal ions (Sn2+, Na*,
Ni%*, Fe®*, co™, zn™*, cd®, Pb*, cr**, K¥, cu®*, Mn?*, Hg”", Fe** and
AP in H,0. Surprisingly, contrast to PCS2, PCS1 displayed the
selectivity towards Fe**, Cr** and AP* (M*") metal ions, upon
treating with 1 equiv. of metal ions and exhibited the UV-Vis and
“OFF-ON” emission peaks at 445 and 515 nm (Figs. 7a and b) ,
respectively, with red shifts from its origin (PCS1; A,,s=356 nm and
Aem=421 nm; @; = 0.011). To confirm the specific selectivity, we
have evaluated the sensory responses of PCS1 with many trivalent
cations such as Fe¥*, cr**, A, In*, Ga*', Ru*', Co®, Mn®" and Ni**.
However, we have evidenced selectivity of PCS1 to only Fe3+, crt
and A" ions. Hence, we further proceeded towards detailed
analysis of those trivalent sensory properties. The photograph of
PCS1 with different metal ions (envisioned under UV- light

irradiations at 365 nm) was well confirmed its selectivity towards

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 (a, b) PL and UV-Vis spectra for selectivity of PCS1 (20 uM in CH;CN) towards 20 uM (1 equiv.) of metal ions at A, = 410 nm; (c)
Photograph of sensor selectivity of PCS1 visualized under UV irradiation (365 nm); (d) PL (A.x = 410 nm ) and (e) UV-Vis sensor titrations of
PCS1 (20 uM in CH5;CN) with 0-20 uM of Fe* ions in H,0; PL Inset: Intensity changes as a function of Fe*" concentration.

M>" (M = Fe/ Cr/ Al) ions via strong green emission, as depicted in
Fig. 7c. As noted in Figs. 7d and e, by increasing the concentrations
of Fe*' [0-20 uM / 0-40 uM (PL / UV) with an equal span of 2 uM in
H,0] the sensitivity of PCS1 (20 uM in CH;CN; pH 7.0) towards Fe®
ions were clearly observed. The fluorescence spectrum (Fig. 7d) of
PCS1 (A.m = 421 nm) showed red shifted with turn-on responses
rapidly at 515 nm (A, = 410 nm) for PCS1---Fe** and the inset
illustrated the fluorescence intensity changes as a function of Fe®'
concentration. Astoundingly, the histograms (Fig. 8a) of PCSl—-—Fe3+,
PCS1---Cr** and PCS1---AI** were found to be 177, 175, and 58 folds,
respectively. Similarly, as noted in Table 1, the fluorescent quantum
yield (@) values of PCS1-—Fe*', PCS1-—Cr** and PCS1-—Al*" were
calculated as 0.601, 0.594 and 0.207 with 55, 54, and 19 folds of
enhancements, respectively.

In addition, the above selectivity was further confirmed by dual
metal studies as follows. In order to establish the specific selectivity
of PCS1 to M** ions, we performed the dual metal competitive

This journal is © The Royal Society of Chemistry 20xx

analysis as noticed in Fig. S13 (ESI). In single metal system (Fig. 8a),
all the metal (Sn**, Na*, Ni¥*, Fe**, Co™, zn*, cd®, Pb*, Cr™*, K,
cu®, Mn?, Hg”, Fe? and A**) ions concentrations were kept as 20
UM towards PCS1. However, for dual-metal (Fig. S13, ESI) studies,
two equal amounts of aqueous solutions of M (M =Fe/ Cr/ Al) ions
with other metal ions (20 uM + 20 uM) were combined and for [V
ions, 40 uM of M>" jons were considered for their effects. From
single metal analysis, it is well noted that PCS1 evidenced the better
selectivity to Fe*" and Cr®", contrary to AI** ions. Further, in dual
metal analysis, obtained results demonstrated the unambiguous
selectivity of PCS1 towards Fe*" and Cr** ions as noticed in Figs. S13
a-c (ESI). Due to the quenching effect of other metal ions, PCS1---
Fe*" and PCS1---Cr** sensor systems were found to be quenched
little during dual metal analysis. Figs. S13a and b (ESI), shows the
effect of other metal ions on PCS1---Fe>* and PCS1---Cr* sensors, in
which 100 to 150 folds of fluorescence enhancements were still

observed. On the other hand, for PCS1---AI** sensor system was

J. Name., 2013, 00, 1-3 | 9
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calculation of Fe**ions; (d) TRPL spectra of PCS1 and PCS1---Fe**

completely affected (quenched) by the interference of other metal
ions as exposed in Fig. S13c (ESI). Hence, the better selective
sensing of PCS1 to Fe** and Cr’* ions were confirmed with
discrimination of AP* ions. The specific sensory selectivity of PCS1
towards M*' (M = Fe/ Cr/ Al) were due to the atom selective
coordination of —=SH and —CH=N. In which, they have showed the
higher affinity to Fe3+, cr’* and A**ions rather than other trivalent
cations. On the other hand, specific atomic adaptation may
happened during the excimer (PCS1-PCS1)* formation. In addition,
the ionic radii of those ions may also plays the vital role for sensor
selectivity. The above statement was well verified by dual metal
analysis, which discriminated the AP*ions in presence of other ions.
Hypothetically, the outer most vacant d-orbitals of Fe* and Cr’*
ions ([Ar] 4s° 3d® and [Ar] 4s° 3d5) may participated in their better
sensitivities than that of A" ions ([Ne] or 1s? 24 2p6). Further, to
find out the stoichiometry, detection limits (LODs) and association
constants (K,s) of PCS1---M** sensor complexes, individual titrations
of PCS1 with Fe*', cr**

In which, due to the strong fluorescent emission at 515 nm, the

and A" were performed.

I/lo and quantum vyield (@) values of PCS1--Fe*" sensor response
were increased to 177 and 55 folds, respectively (Fig. 7d).

10 | J. Name., 2012, 00, 1-3

Correspondingly, the former UV peak of PCS1 (A,ps = 356 nm) was
quenched and displayed a red shifted newer peak at 445 nm, while
titrating with Fe* (0-40 uM with an equal span of 2 uM in H,0) ions
as shown in Fig. 7e. Impressively, similar observations were
established during the titrations of PCS1 with Cr** and AI** ions as
exposed in Figs. S14 and S15 (ESI). Based on the above PL
observations, the stoichiometry of PCS1---M*>* (M= Fe/ Cr/ Al) were
calculated through job’s plots65 as noticed in Figs. 8b and S16 (ESI).
The stoichiometry of PCS1---M>" were established by plotting X vs
(I—IO)*X; where X is the mole fraction, | and |, are the fluorescent
intensities of PCS1 at 515 nm in presence and absence of respective
metal ions concentration. Upon the addition of 0-20 uM of M3
(with an equal span of 2 uM), the PL maxima of PCS1 was red
shifted and increased at 515 nm as noticed in Figs. 7d, S14b, and
S15b (ESI). But, after the addition of 0.5 equiv. (10 uM) of metal
ions, the peak at 515 nm observed a slight quenching. Hence, the
job’s plots were plotted between Xvs (I-IU)*X for PCSl---M3+, where
it go through a maximum at molar segments of ca. 0.656 (PCS1---
Fe®'), 0.621 (PCS1---Cr™") and 0.628 (PCS1---Al’"), respectively, as
in Figures 8b and S16 (ESI), representing the 2:1
stoichiometric complexes. In addition, the appearance of two
isosbestic points at 320 and 375 nm in UV-Vis titrations of PCS1---

Shown
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M3 [Figs. 7e, S14a and S15a (ESI)] also confirmed the definite
possibility of 2:1 stoichiometry. Furthermore, the FTIR peaks of
PCS1-—-M>" by fixing M** ions as 1 equiv. with different PCS1
variations (1 and 2 equiv.) also supported the 2:1 sensor complexes
and excimer formations as remarked in Figure S17 (ESI). In which,
the peak at 3387 cm™ was corresponds to free —SH groups and the
peak at 3240 cm™ was related to hydrogen bonded —SH groups.
The free —SH peak at 3387 em™ was disappeared at 1:1 complex of
PCS1---M>". On the other hand, the hydrogen bonded —SH groups at
3240 cm™ and the aliphatic —CH, stretching and vibrational peaks
from 2850 to 3050 cm™ were completely disappeared and
broadened at 2:1 complex of PCS1-—-M*", Therefore, the 2:1
stoichiometry of PCS1---M*" sensor complexes were well supported.
To verify the 2:1 stoichiometry of PCS1---M** sensor complexes,
ESI (+Ve) mass spectral analysis of FTIR samples were performed.
Delightfully, mass spectra of PCS1---M** complexes were confirmed
their 2:1 stoichiometry by their assigned peaks as demonstrated by
Figs. $18-520 (ESI). Aimed at PCS1---Fe*" and PCS1---Cr** complexes
the ESI(+Ve) peaks were obtained at m/z = 630.4 [(PCSI)Z——-Fe3+— 21"
and m/z = 629.4 [(PCS1),---Cr**+1]", respectively (Figures S18 and
$19). Similar to them, PCS1-—-Al* complex ESI (+Ve) mass peak was
found at m/z = 604.4 [(PCSl)z---AI3+ +1]" as exposed in Figure S20.
Henceforth, formation of 2:1 stoichiometric PCS1---M>" complexes
were well approved. Additionally, the PCS1---M** (M = Fe/ Cr/ Al)
sensor complexes were found to be reversible to their original
state, during the addition of 10 uM of pent methyl diethylene
diamine (PMDTA)SO’52 in CH3;CN and can be reusable up to 4 cycles
as demonstrated in Figs. S21-S23 (ESI). Therefore, the possible PET
based sensing mechanism based on the excimer formation was
proposed based on stoichiometry, FTIR and ESI (+Ve) mass studies
as noted in Figure S24. By assuming a 2:1 complex formation, the
association constants (K,) of PCS1---M>" were calculated on the
basis of the following equation (1).66
o?/(1-0) = 1/2K,Cp [M]--mmmrmmmemmmemmemes (1)
Where C; is the total concentration of probe PCS1 in the system
and a is defined as the ratio between the free probe PCS1 and the
total concentration of probe PCS1. The value “a” was obtained
using Eq. (2)
o = F-Fo/Fy-Fo (2)
F is the fluorescence intensity at 515 nm at any given M (M= Fe/

Cr/ Al) concentration, F; is the fluorescence intensity at 515 nm in
the absence of M*" ions, Fo is the maxima fluorescence intensity at
515 nm in the presence of M>*. The association constants K,s were
estimated graphically by plotting az/(l - a) against 1/[M3+]. The
plots az/(l - a) vs. 1/[M3+] are shown in Figs. S25 a-c (ESI). Data
were linearly fitted with respect to Eq. (1) and the K, values were
obtained from their slopes. The K, values of PCS1---M*" (M=Fe/ Cr/
Al) were estimated as 2.25 x 10°M?, 2.13 x 10°M? and 2.02 x 10°
M'Z, respectively. Further, to prove the selectivity of PCS1 towards
Vi ions, the detection limits (LODs)67 calculations were performed
by standard deviation and linear fittings [Figs. 8c and S26 (ESI)]. By
plotting the relative fluorescence intensity (l/l) changes as a
function of concentration of M** ions, the detection limits of PCS1--
-M* complexes were estimated as 9.834 x 107 m (PCSl—--Fe3+),

12 | J. Name., 2012, 00, 1-3

9.9231 x 107 M (PCS1---Cr**) and 2.434 x 10° M (PCS1-- AP,
correspondingly.

Next, the TEM images of PCS1---M*' (Figs. S27a-d) were
investigated to clarify their morphological changes. Contrast to non-
aggregated and aggregated (in AIEEs) PCS1, moderate aggregation
were visualized in PCS1---M*" sensor complexes (Note: The TEM
studies were performed after 100 times dilution of samples).
Hence, confirmed the nanocrystalline changes in excimer assisted
PCS1---M*" sensor complexes. Further, we performed pH titration
of PCS1 to investigate a suitable pH ranges for M*" ions detection.
Delightfully, during this analysis (pHs 1-14); the green “OFF-ON”
emission enhancement were observed between pHs 1-3. On the
other hand, higher pHs (11-14) are favorable for dimeric unit (PCS2)
formation as stated in synthesis part. Therefore, as shown in Fig.
S28 (ESI), the PCS1---M*" sensors selectivity were verified between
4-10 pHs, maintained by the respective buffers (100 uM). The
separate titrations of PCS1 between pHs 5-10, not showed any
fluorescence enhancement at 515 nm. Similarly, the PCS1---M>*"
sensor complexes were not affected at pHs 6 and 7. Therefore,
performing sensor in CH3;CN solvent medium by
maintaining the pH as 6 or 7 is highly appreciated.

Following, TRPL studies were taken

titrations

into consideration to
establish their PL life time (decay constant) changes during the
sensor complexes (PCSl--—M3+) formation. As shown in Figs. 8d and
S29 (ESI), the TRPL spectrum of PCS1 was affected extremely in
PCS1---M** complexes. Tables 1 and S1, summarized the respective
comparable TRPL changes. Initially, the average TRPL decay
constant (ta,g) of PCS1 (in CH3CN) was found as 3.105 ns. But,
during PCS1---M** complexes formation, the decay constant
increased to 5.94, 4.96, and 4.66 ns for PCS1---Fe**, PCS1---Cr**, and
PCSl——-AI3+, respectively. Likewise, the faster and longer decay
components (A; and A,) were also affected along with their ultra-
fast and longer decay constant (t; and T,) values as summarized in
Table S1.

To ensure the binding site and stoichiometry, the 'H NMR
titrations®® were done as presented in Figs. 9A-F. For better
understanding of peak shifts in the 'H NMR of PCS1, the peaks were
assigned as a-g and a, b’-g’ for free and complexed states,
correspondingly. Upon the addition of 0-0.5 equiv. of M** ions (with
an equal span of 0.1 equiv.) in D,0O to PCS1 in dg-DMSO, the —SH (a)
peak at 3.353 ppm (mixed with solvent peak) was initially upfield
shifted to 3.251 up to 0.3 equiv., then completely disappeared at
0.4 equiv. of metal ions. Hence, confirmed the involvement of free
—SH group in the complex formation. Similarly, the initial aliphatic
peaks (—CH,-CH,; b and c in PCS1) observed at 3.27 and 4.11 ppm
were slowly disappeared along with the upfield shifted newer peaks
(b’ and ¢’ in PCSl—--M3+) at 2.92 and 3.11 ppm, respectively, which
confirmed the possible binding of both hetero atoms (S and N) and
their chelation to form the excimer PCS1-PCS1* for the sensing
mechanism. The involvement of hetero atom (N) was well
demonstrated by the observed changes for peak —-CH=N (d in PCS1)
as noted below. During PCS1---M** complex formation, the —CH
peak of —CH=N was slowly vanished at 9.39 ppm and downfield
shifted to 10.74 ppm (d’). Therefore, it is well

This journal is © The Royal Society of Chemistry 20xx
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verified the involvement of both —SH and N atom (in —CH = N) for
the complex formation. Further, related results were obtained for
aromatic e-g peaks of PCS1 as described continuously. Due to the
formation of metal induced PCS1-PCS1* excimer formation, the
peak e (in PCS1) also slowly absent at 9.01 with downfield shifted
peak appearance at 9.38 ppm. On the other hand, the other
aromatic peaks f and g were also down field shifted (f and g’) up to
0.3 equiv., i.e: during the co-ordination of PCS1 to M** ions.
Thereafter, they are found to be restored to their original state with
broadened spectra from 0.4 - 0.5 equiv.
Supplementary, we also confirmed that the peak at 10.74 ppm is

of metal ions.
not the peak of pyrene-1l-carboxaldehyde. Henceforward, along
with the supports of FTIR and ESI (+Ve) mass, the 'H NMR titrations
well established the binding sites as well as the stoichiometry for
PCS1---M** sensors and proved the excimer formation as noted in
Fig. S24 (ESI).

DFT Studies

To further elucidate the experimental observation of PET based
mechanism of PCS1 and PCS1---M>" (M= Fe/ Cr/ Al) complexes the
quantum chemical calculations have been carried out based on
density functional theory (DFT) using a Gaussian 09 program.69 The
ground-state structures of PCS1 and PCS1---M* (M= Fe/ Cr/ Al)
complexes were optimized with the hybrid generalized gradient
approximation (HGGA) B3LYP”® method in the gas phase. The probe
PCS1 and sensor complexes PCSl---M3+, were optimized by using
the B3LYP method and its structures with electrostatic potential
surface (ESP) were depicted in Fig. la. Electrostatic potential of
PCS1 (see Figure 1a), has revealed the binding location of metal
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atoms which is shown in red colour. The schematic representation
of optimized structures of PCS1---M>" complexes and the distance
between metal and N, S are shown in Fig. S32 (ESI). As shown in Fig.
$32 (ESI), the distance between the M** (M = Fe/ Cr/ Al) and two S
atoms of PCS1 has been observed to be ~2.236 - 2.84295 A.
Similarly, the distance between M>" and two N atoms have fallen
between ~1.971 to 2.044 A. The HOMO, LUMO and HOMO-LUMO
gaps (HLGs) have been reported in Table 1. The frontier molecular
orbital diagrams of HOMO and LUMO have also been generated at
B3LYP/gen level and the respective electron localization structures
are shown in Figs. S30 and S33 — S35 (ESI). The band gap between
HOMO (-5.60 eV) and LUMO (-2.23 eV) of PCS1 was calculated as
3.37 eV. On the other hand, due to the formation of excimer (PCS1-
PCSl*) via PCS1---M*" coordination, the band gaps between the
HOMOs (-8.02 eV, -8.02 eV and 8.26 eV) and LUMOs (-5.55 eV, 5.46
eV and 5.39 eV) of PCS1-—-Fe*, PCS1---Cr* and PCS1---AP*
complexes have decreased to 2.47 eV, 2.56 eV and 2.87 eV,
respectively, as compared to PCS1. Further, the initial electron
transfer from HOMO to HOMO-1 may restrict the electron transfer
process from HOMO-1 to LUMO. So, the PET process in PCS1 has
supressed the emission property. However, upon chelation to m*>*
ions, the formation of excimer (PCS1-PCS1*) evidenced the electron
densities were located differently on PCS1---M** (M= Fe/ Cr/ Al)
complexes compared to PCS1 as shown in Figs. S30 and S33 — S35
(ESI). In PCs1---M>" sensor complexes, the HOMO-1 electron
densities were mainly located towards the metal ions. Whereas, the
electronic clouds of HOMOs and LUMOs were localized on the
different pyrene rings. Therefore, the electron transfer from
HOMO-1 to HOMO in PCS1--M* complexes were inhibited and
enhanced the electron transfer from HOMO to LUMO. During this
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process, the PET of PCS1 was supressed to provide the emission
intensity with M>" ions. The DFT based explanations have also been
confirmed the 2:1 ratio of excimer sensor complexes formations
and PET based fluorescent turn-on sensor responses of PCS1 for
M** ions detection. Fig. 10, illustrates the optimized structures of
PCS1, PCS2, and PCS1---M**
explanations

complexes. Based on the above
the proposed PET based general
representation for PCS1---M*" sensor complexes has been shown in
Fig. 11. As noticed in Figure S32, the PCS2 also evidenced the PET
mechanism in its original state. But, due to the intramolecular
distance induced by —S-S- bond and the absence of free thiol group,

mechanistic

PCS2 does not show any selectivity to M** ions via excimer

formation.
LUMO LUMO
M

M+

By

M = Fe/Cr/Al
"‘ HOMO

w

HOMO-1 ——
HOMO
HOMO-1
PCS1 PCS1-M*PCS1

Fig. 11 General representation of PET based mechanism for PCS1---
(Vi (M = Fe/ Cr/ Al) sensor system.

Living cell imaging

The potential of PCS1 for imaging of M3 (M = Fe/ Cr/ Al) in living
cells were obtained using a confocal fluorescence microscope.
When Raw264.7 cells were incubated with PCS1 (20 uM), no
fluorescence was observed (Fig. 12). After the treatment with M3+,
a bright green fluorescent images were observed in the Raw264.7
cells (Figure 12). An overlay of fluorescence and bright-field images
shows that the fluorescence signals are localized in the intracellular
area, indicating a subcellular distribution of M>*" ions and good cell-
membrane permeability of PCS1.

Highly acidic pH sensing71

As discovered in the effect of pH on PCS1---M*" sensor system, we
have observed the ‘OFF-ON” turn-on response of PCS1 for highly
acidic pHs (1-3). Hence, we tend to analysis in that direction with
great attention by using both monomer/ dimer (PCS1 and PCS2)
compounds. Upon the addition of 1 M buffers 1-14 (50 uL) to 950
uL of PCS1 / PCS2 (20 uM in CH3;CN / DMSO), both evidenced the
“OFF-ON” green fluorescent response at 505 nm (A, = 410 nm) for
highly acidic pHs 1-3 as shown Figs. S36a and S37a. In which, PCS1
sh