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A pyridyl functionalised tetraphenylethylene (Py-TFE) for to use pyridyl functionalised dyes as a pH sensowaell as study

ratiometric fluorescent detection of intracellular pH values has
been reported. The Py-TPE fluorescent probe can hesed for H*
sensing in organic solvents (CHG|] DMF and MeOH) and the
change in optical density through absorption, emissn and
naked eye detection was modulated. On addition of HA, an
aggregation-induced enhancement of emission with érease in
quantum yield of 0.11 to 0.63, due to intramoleculacharge
transfer (ICT) process. This process is reversed bgddition of
TEA resulting in a cycle that can be repeated sevaltimes.

Recent years, the development of mechanochromimésvent
materials has gained much attention due to theiterpial

their acid induced assembi{/In this work, we report the pyridyl
appended TPE motif (Figure 1) and its dual applications: firstly its
use as a reversible probe for acid/base sensisglition and live
cells, and secondly, the pH- and solvent-dependssémbly. The
protonation/deprotonation can be detected by naled as color of
the solution changed from light yellow to dark grék., = 365 nm)
in acidic condition by addition of trifluoroacetiacid (TFA) and
reversed to light yellow upon addition of triethylme (TEA) in
various solvents such as chloroform (CHCI N,N’-
Dimethylformamide (DMF) and methanol (MeOH) as showm
Figure 1b. The fluorescence intensity is enhancerkrafficiently in
chloroform in comparison to DMF and MeOH. This echuse ionic

applicability in the various fields such as mechaeasors, security species can aggregate to a higher extent in a atbaolvent such
papers, and optoelectronic deviceShe key requirement for as CHC}, while DMF and MeOH are able to solvate protona®gel
mechanochromic luminescent materials are the stéite emission TPE ionic species resulting in less aggregation thedefore less
and high contrast.On the other hand, the conventional fluorescepiE. Furthermore, spectroscopic and scanning elactnicroscopic
aromatic molecules suffer from aggregation causeenching (SEM) techniques were employed to demonstrate thmwth
(ACQ) in solid state emissiohTo overcome ACQ issues, earliefmechanism.

Tang group, introduced a novel concept, which Iedaggregation
induced emission (AIE). Later Park and co-workers introduced
aggregation-induced enhanced emission (AIEERIE and AIEE
molecules shown to be highly fluorescent in thédsstate, which is

an essential requirement for mechanochromism. Elftere
tetrapheneylethene (TPE) molecule were introduceldsaown very
interesting properties, as they are non-emissithéndissolved state
but enhanced emission could be seen in both theegagd form
and the solid statTaking advantage of this phenomenon, a number
of groups have functionalised TPE for various aggtions such as
chemosensors, bio-probes, and solid-state emittecsyeal-time cell
apoptosis imaging® Interestingly, it has also been used for
fluorescence “turn on” chemosensors for selectietection of Ag

and Hg" ions®

MeOH DMF

MeOH

CHCl, DMF
In earlier work, tetrapyridyl-substituted tetrapkiethylenes have Fig. 1 (a) lllustration of protonation/deprotonation of-PPE molecules 1
been reported for various application such as soplecular and2) and (b) Shows florescent images, taken underight \ex = 365 nm)
building blocks!® TPE-based organic and metal—organic netwbrksfor the solution containing Py-TPEor 2 (0.5 M) with and without TFA (2

mercury sensing and halogen bonded netwbtkWe are interested pM) in respective solvents under illumination at 208
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Pyridyl substituted TPHE (Py-TPE1) was preparedia Suzuki fluorescence enhancement was observed only in CHBIF and
coupling reaction of tetrabromo TPE with 4-pyridin@ronic acid in MeOH (See Supporting Information Fig. SZyhis process is
the presence of Pd(PPhas reported in literatur@Py-TPE1 bears reversible upon addition of triethylamine (TEA)ttee solution ofl
two important features, allowing molecules to ss§emble into a in DMF, restoring fluorescence to its original stgfFig. 3a). In
variety of supramolecular nanostructures with pHtod, the first is acidic condition, emission intensity increased hvabout 86 nm red
the pyridyl moiety for protonation, which may tunéhe shift of the emission to 534 nm with an isosbegtimt at 472 nm. In
intermolecular interaction by charge pairing, ahd second is the DMF, acidification caused the intensity of the flascence to
planar aromatic core of TPE for packing the stmegwia =T increase @ = ~0.73) and after the addition of TEA, the orain
interactions and Van der Walls forces. fluorescence® = 0.18) spectrum of was obtained; this cycle is

reversed several times without any loss of emisgiensity (Fig.

Py-TPE 1 can be dissolved easily in organic solvents such ak)!*® This phenomenon was observed in all the organicests
CHCIl;, DMF and MeOH, resulting in a stable, transpareghtli used in this study (see Supporting Information Bga-c). Thus, the
yellow solution. In CHGJ, 1 (1x10° M) showed two well-resolved fluorescence spectra showed clear bathochromic tsshifnd
absorption bands at 276 nm, and 310 nm, assigrie 18§—S,, and enhancement of emission in the case@ afver the non-protonated
the $—S; transitions respectively, and a shoulder at 339which speciesl can be attributed to an intramolecular chargestearn(ICT)
is typical of the TPE chromophore (Fig. 2a). Almatgntical UV- process andeTestacking of the aromatic cores in polar solvent.
vis absorption was observed in DMF and MeOH. Irgiingly, upon Similar phenomenon was reported in the case ofeByh6-(4-
addition of TFA in CHCJ a significant increase at 342 nm bandsinylpyridine)-9-ethyl- carbazole by Yu and co-werk!” *H-NMR
was observed along with decrease of both 276 nm3fd nm spectroscopy conforms the protonationlaksulting in a downfield
bands, in DMF and MeOH, the 342 nm band appeacaghited to shifts of the aromatic peaks of the pyridine meigiie. fromd = 7.5
351 nm. Figure 2b illustrates the typical absomptid 1 in CHCk to 7.63 ppm and from d = 8.62 to 8.69 ppm (See Suijngy
with the gradual addition of 0-10 equiv. TFA {1M), a slight red Information Fig. S5).
shift of the absorption maxima to 342 nm with graldacrease in its 2) 12000000 R
intensity is observed. These results clearly indi¢chat such a shift
in the absorption is due to protonation of pyridgreup along with
charge-pairing and hydrogen-bonding, in additiordijpole—dipole
interactions relative to the,SS, transition. Py-TPE-H(2) can be
deprotonated by the addition of a TEA to regenePatd PE1 and
this reverse cycle is seen in all the organic sglvesed in this study e : : : :

(see Supporting Information Fig. Sla-c). PSRN PO PO DO 0 5 10 15
No of Cycles

Wavelength [nm]

b)

8000000—

Intensity [a.u.]
Intensity [a.u.]

4000000

b)

Fig. 3 (a) Fluorescence emission spectraldflx10° M) in DMF solution
with alternating addition of TFA and TEA= 365 nm). (b) Fluorescence
intensity vs. number of additions of TFA and TEAS84 nm. It is important
to mention here that the absorption2ft 340 nm is approximately twice
higher than that of in DMF.

rhance
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M ™ W BN A Theoretical density functional theory (DFT) caldidas using
Fig. 2 UV-vis absorption spectral changes of Py-TPELx10° M): (a) with Gaussian 09 suite of prograthisnd B3LYP/6-31G level of theory
and without addition of TFA (I® M) in CHCkL, MeOH and DMF, Of the unprotonated Py-TP@) and quadrople protonated Py-TPE
respectively, and (b) upon gradual addition of T@A* M, 0-20 equiv.) in (2) molecules indicated that HOM@LUMO transition red shifts by
CHCl,. 67.265 nm when protonated, this is consistent #ighUV-Vis and
spectroscopy evidence in solution (See Supportifigrination Fig.
Furthermore, we study protonation/deprotonationlecyasing S6-S8 and Table S1). Calculation also show positiviarge
fluorescence microscopy. We found thay-FPE 1 is weakly distributed across the molecule through the congdjaromatic
florescent(Aem = ~480 NM,\, = 340 nn) in the organic solvents system in(2), this makeswTt - stacking of solubilisedl) in aqueous
such as CHG) DMF and MeOH, and even gradual addition of watdcidic media less likely and hence the disappearaf@dIE effect,
(up to 70%) in the later two solvents had venjditeffect on the ion paring is dominant interaction in organic soltge
fluorescence spectra @fwhich is markedly fluorescent in the solid Time-dependent density functional theory (TD-DFThda

state i.e. band appeared at 438 and 562 nm anateer at 425 and g3) vp/6.31G level of theory is applied to the etecic excited
550 nm, however upon protonation of Pt-TREemission bands

broaden with red shift to 440 and 540 ,nmespectively (see
supporting information Fig. S3 & S4)n CHCl; an emission
maximum at 440 nm was observed and in DMF and MeftbH,
band had a similar shape to that in CE®lt was red-shifted to 448
nm. Interestingly, upon addition of trifluoroacetic dc{TFA) the
emission was significantly enhanced and red shtfiee634 nm, this

states ofl and2. The calculation is performed for both singlet and
triplet of 4 excited states in gas phase. Py-PP&hows a redshift in
the obtained transition and also the fluorescereak pn the visible
region can be assigned to a tripfét transition with oscillator
strength f = 0 making the irradiative process ldssly. Thus, the
aggregation of the protonated or unprotonated specauses the
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rotation in the arms of the molecule which is fodaglay important (See Supporting Information Fig. S10A and S10B)jcivimay be
role in dissipating excited state energy to be éiad™® This makes due to a phase transition from monomer into aggesga the polar
the radiate decay to be enhanced at room temperaSimilar solvents.In contrast, compount, form large circles in CHGlafter
phenomenon was observed in solid state. evaporation on surface (Fig. S8C). In unprotondtadn soluble
species and the disappearance of AtEEhe Py-TPE was observed,

To gain further insight, we investigated ScanninfgcEon a similar effect has been observed in the case ahd H-type of
Microscopy (SEM).Self-assembled aggregation arrangement of thggregates of perylene diimid@.Upon protonation and the
protonated pyridyl functionalised tetraphenyletimgemolecules?2 formation of nano-aggregatesa self-assembly and enhance the
(10° M) forms needle shaped crystals in a fractal pat(€ig. 4) fluorescence emissidi. This highlights delicate balance of the
with various dimensions was determined by SEM. protonation to tune the ICT effect along with imeiecular
interactions (charge pairing and hydrogen bondiag) well as
dipole—dipole interactions, allowing nanostructutes form in a
controlled fashion.

The potential utility of Py-TPEL for the specific imaging of
acid-base sensing in living cells was evaluatedy.(B). For this
purpose 1 was solubilised in DMSO at a 0.5mg/mL stock
concentration that was further diluted in serumtaming media
without any precipitation. Human prostate cance€-@ cells, in
their log phase of growth, were cultured in 24 wedbue culture
plates for a period of 24 h.

) 7--
"’ 9--

Fig. 5 Fluorescence microscopic images of PC-3 cellsadeaith S5pg/ml of

1 for two hours at different pH conditions. At lowgH cells show

fluorescence in the green channel while at pH highe 7 cells show
fluorescence in blue channel. However no fluoreseamas observed in the
red channel. Control untreated cells did not shaw fluoresces. In the left
panel bright field phase contrast images are stfowthe same field of view.
The size bars in figure correspond to 50uM.

pH3

e,

Fig. 4 Scanning electron micrographsa(10° M) recrystallized from (A)
DMF, (B) MeOH and (C) CHGI

Typically, larger crystallites were observed tonfoDMF (A)

and smaller were formed by MeOH (B) and Chi(®) after solvent g cells were pre-treated with 5pg/mL bffor 2 hours and
evaporation. However, crystal formation seems téebe frequently \,4sheq extensively with ice cold PBS to remove age amount
from polar solvent such as DMF and MeOH. And, theltwof ¢ nreacted Py-TPEL This leads to significantly low ionic
crystals varies depending on solvent polarity sastin DMF it is transport through channel proteins and helps inntemance of
about 3.5um, in MeOH ~6um, and about 250 nm in CHCMany  cejyjar architecture. This is clearly reflectedrfr figure 5 where in
cross-linked nanostructures were also observed thase solvents, .q|s are able to maintain their shape and integneimbrane
but no precipitation or collapsed morphology wapapnt. These gyrcture. Fluorescence of the cells was observedlower

results suggesting that the formed crystalline eggtes are very temperature under acidic (pH 3), neutral (pH 7) afidline (pH 9)

stable. As expected the formed aggregates disamgemqn the environments. The lower temperature helps in maartee of cell
addition of TEA. Even increasing concentration2qfl0” M) in all  jntegrity under extreme pH conditions across cedhmorane as the
above solvents does not change any aggregationhmiogy, only  4ctivity of channel proteins, responsible for moeetnof ions across
extended aggregates was observed (See Supporgn§®)i. On the e memprane, is significantly hindered due to cedumetabolic

other hand, unprotonated form of Py-TREn MeOH and DMF ,qivities. Hence, the cells can withstand grealisparity in the
aggregates intanon-crystalline global supramolecular aggregates

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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ionic concentration across the membrane. Our fhomece
microscopy images as shown in figure 5 revealetidblis showed a
bright fluorescence in the blue channel between 4@ 490
nanometers with a centre wavelength of 470 nan@sett neutral
pH condition, and by increasing pH up to 9, theofescence
remained unaltered. However, when the cells wepesed to acidic
conditions a significant red shift in the overalbréscence was
observed in the green visible light region, in taege between 520 2
and 560 nanometers. The morphology of cells in @hamntrast
images on the left side panel of Figure 5 cleadggests that a
5ug/mL concentration of was nontoxic to cellfrom. The clean
background in the pictures suggests thatltiespecific to cells and
provided significant imaging contrast at the coriaions as low as
5ug/mL.
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Graphical Abstract

A pyridyl functionalised tetraphenylethylene (Py-TPE) for ratiometric fluorescent for
precise aggregation-induced emission enhancement via H' sensing and its use in
ratiometric detection of intracellular pH values is reported.



