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Abstract

Dual fluorescence is an anomalous photophysical phenomenon observed in very few
chromophores in which a two-color radiative process occurs that involves two distinct excited
electronic states. To date its observation has been linked either to electronic rearrangement of an
excited fluorophore leading to two conformers with distinct emissive properties, or to a
photochemical modification leading to different fluorescent species. In both cases, emission
originates from the lowest excited state of the resulting molecular configurations, in line with the
so-called Kasha’s rule. We report here a combined theoretical and spectroscopic study showing,
for the first time, an anti-Kasha dual-emission mechanism, in which simultaneous two-color
emission takes place from the first and second excited state of a coumarin derivative. We argue
that the observed environmental sensitivity of its peculiar optical response makes this compound

ideally suited for bio-sensing applications in living cells.
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INTRODUCTION

In the last decades, fluorescent chromophores drastically increased our capacity to monitor
biological systems at the cellular and subcellular level. This prompted an intense effort towards
the synthesis of new and ever more effective fluorescent probes sensitive to biologically-relevant
parameters.' Ideal probes should combine good emission properties in the visible (i.e. high
quantum yield and long lifetime), high sensitivity towards specific cellular environments and low
(photo-)toxicity. Another demanding and often required feature is the capability to provide a
quantitative fluorescence signal irrespective of excitation-light intensity or probe concentration.
In this respect, one of the most appealing strategies involves the design of ‘“self-calibrating”
(ratiometric) fluorophores. These are probes that display a spectral modification upon interaction
with a given biological target thereby providing a concentration-independent measurement
through the ratio of fluorescence-intensity values measured at two selected wavelengths. *+ An
interesting, but often overlooked, photophysical phenomenon to be exploited in the design of
environmental-sensitive fluorophores is represented by dual fluorescence,i.e. an anomalous two-
color radiative emission process involving two distinct excited electronic states of a fluorescent
dye. Dual emission (DE) was originally reported in azulene derivatives at low temperature in
1974 Later, it was observed in other chemical systems, such as carotenoids, pyrylium salts,
naphthalimide* and anthracene’ derivatives, Zn-tetraphenylporphines,” and other fluorescent
dyes.” In a few studies, the origin of DE was analyzed and linked to different mechanisms
initiated by light. In some cases DE stems from a chemical modification of the dye leading to
two different fluorescent species,” but more frequently its origin was ascribed to the
rearrangement of the fluorophore excited state following excitation. This was shown to lead to

two distinct emissive conformations often associated with large electronic displacements.” In this



latter case, DE can occur either sequentially, i.e. before and after the conformational
rearrangement of the excited chromophore (as observed, for example, in 44,-
dimethylaminobenzonitrilex (DMABN)), or concomitantly from two structurally-different
excited-state configurations.” To the best of our knowledge, in all reported cases DE was
invariably attributed to the lowest excited state of the resulting molecular configurations
according to the so-called Kasha’s rule. This empirical rule is a milestone of spectroscopy which
predicts that emission must occur from the lowest excited state of a given multiplicity,
irrespective of the initial photoexcited state.*

Here, we present a combined theoretical and spectroscopic study that shows, for the first time, a
peculiar DE stemming from the simultaneous radiative decay from the first and second singlet
excited state of a coumarin derivative, in the following referred to as deC. In contrast to all
known dual emitters, the two excited states of deC are not formed or stabilized by any chemical
or distinguishable structural change, thus showing a singular Kasha’s rule breaking mechanism.
Besides, the simultaneous generation of emitting states avoids the low quantum yield usually
related to the first state of dual emitters characterized by a sequential excited-state
rearrangement, arguably the true obstacle to their effective application in imaging studies. In our
view, these photophysical features, along with a reported high sensitivity towards the
environment in terms of both polarity and water content, make this fluorescent compound a
promising tool for the implementation of new ratiometric indicators for functional cell imaging

and a valuable template for the design of new molecular probes.*



MATERIALS AND METHODS

Solvents. All solvents were spectroscopic grade and were purchased from Sigma-Aldrich (Milan,
Italy).
Chemical synthesis. 3-(benzo[d]thiazol-2-yl)-6,7-dimethoxy-2H-chromen-2-one-4-carbonitrile

(deC), and its parent analog 3-(benzo[d]thiazol-2-yl)-6,7-dimethoxy-2H-chromen-2-one (seC)
were synthesized and purified according to the procedure reported in ref..

Samples for spectroscopy. For steady-state and time-resolved fluorescence experiments,
solutions of deC or seC in the selected solvents were placed in quartz cuvettes with 1 cm
absorption/excitation optical path (Hellma, Milan, Italy); concentration of the fluorophore was
adjusted to obtain 0.08-0.1 optical density and provide linearity between fluorescence emission
and absorbance. For transient absorption experiments, solutions of deC in dichloromethane
(DCM) were placed in quartz cuvettes with 0.1 cm absorption optical path; concentration of deC
was adjusted to obtain 0.4-0.5 optical density, in order to provide optimal signal-to-noise ratio in
the experiments.

Steady-state optical measurements. Absorption spectra were recorded at 25 °C by a JASCO
V550 spectrophotometer (JASCO Europe, Italy) using 1 nm band-pass and 0.25 s integration
time. Fluorescence intensity spectra were recorded at 25 °C by either a Cary Eclipse (Varian,
Palo Alto, CA) or a Fluoromax-4 fluorometer (Jobin-Yvon, Milan, Italy) with 1-2 nm
excitation/emission bandpass and 0.2-0.5 s integration time. Quantum yield and corrected
fluorescence spectra were determined according to standard procedures.” For deconvolution,
absorption or corrected emission spectra were fitted to a sum of Gaussian bands by IgorPro 6.2

(Wavemetrics, Lake Oswego, OR).



Time-resolved fluorescence emission. Time-resolved fluorescence emission measurements were
performed at 25°C in a 90° geometrical excitation-emission configuration® by the time-correlated
single-photon counting (TCSPC) approach, using a IBH 5000 (Jobin-Yvon) lifetime system
equipped with a flash lamp (40 kHz at 50 kPa H.). S, transition was selectively targeted by
exciting at 480 nm and collecting at 550 nm. S, transition was selectively targeted by exciting at
360 nm and collecting at 430 nm. In all cases emission was collected with 54.7° polarization
(magic angle) with respect to excitation polarization. Data were collected into 1024 channels at a
digital resolution of 0.103 ns per channel. Lifetime values were determined by fitting the
emission decays with a multiexponential function convoluted with the experimental Instrument
Response Function (IRF) obtained by collecting the time-resolved scattering emission from a
blank solution for each tested solvent. Decay curves collected at multiple emission wavelengths
were analyzed simultaneously and used to resolve the decay-associated spectra (DAS).»
Dynamic anisotropy. Following the same scheme as for time-resolved fluorescence, decays were
collected in the parallel (I..) and perpendicular (I.) directions with respect to vertical excitation
polarization by a Fluoromax-4 fluorometer (Jobin-Yvon) equipped with a FluoroHub-B TCSPC
system and a NanoLed source (390 or 455 nm, 1 MHz). To retrieve time-resolved anisotropy, I..
and I.. were concomitantly analyzed by multiexponential functions convoluted with system IRF
(fitting software: Fluofit, Picoquant, Berlin) after determination of G factor by standard means.*
Transient absorption. Experiments were carried out using a home-made ultrafast pump-probe
set-up” based on an amplified Ti:Sapphire system (Quantronix model Integra-C) delivering
fundamental pulses at 1-kHz repetition rate, 800-nm central wavelength and 100-fs duration.

Pump pulses at 400-nm were generated by frequency doubling the fundamental wavelength in a

B-barium borate crystal. Probe pulses spanning the 330-750-nm wavelength range were obtained



by single-filament supercontinuum generation in a CaF, plate with 3-mm thickness, which was
continuously translated in the plane perpendicular to the laser beam to avoid damage and color-
center formation. Probe pulses were delayed with respect to the pump pulses using a computer-
controlled linear translation stage (Physik Instrumente model M-521.2S, with 200-nm position
repeatability, corresponding to ~1.3-fs delay accuracy). Pump pulses were modulated using a
mechanical chopper at 500-Hz frequency, synchronized with the laser repetition rate. Detection
of each probe spectrum at the full 1-kHz rate was performed using a high-speed camera
(Entwicklungsbuero Stresing) based on a 1024-pixel CCD sensor from Hamamatsu (model
S7030-1006, with full vertical binning) mounted on a 30-cm focal-length imaging spectrometer
(Princeton Instruments, Acton series).

Cell cultures. U20S cells were grown in Dulbecco’s modified Eagle medium: F-12 nutrient mix
(D-MEM/F-12) purchased from Invitrogen (Carlsbad,CA) supplemented with 10% fetal bovine
serum and 100 U/ml penicillin, and 100 mg/ml streptomycin (Invitrogen). Cells were maintained
at 37 °C in a humidified 5% CO, atmosphere. Cells were incubated for 24 hours before imaging.
For live imaging, cells were plated onto 35-mm glass bottom dish (WillCo-dish GWSt-3522) 24
hours prior to experiments at 60-80% confluence. For the experiments the cells were loaded for
15-30 minutes with compounds 1 or 3 (0.5-1 uM). The fluorescent probe, solubilized in DMSO
(1 mM), was dissolved directly in cell medium.

Confocal imaging of cells. Fluorescence imaging was done using a Leica TCS SP5 SMD
confocal microscope (Leica Microsystems, Mannheim, Germany) interfaced with two diode
lasers (Picoquant) for excitation at 403 and 470 nm. U20S cells in glass bottom Petri dishes
were exposed to 1 uM deC in cell medium (DMEM) at 37°C and viewed with a 40 x 1.25 NA

water immersion objective (Leica Microsystems, Berlin, Germany). The images were collected



using low excitation power at the sample (10-20uW) and monitoring the emission by means of
an Acousto Optical Beam Splitter (AOBS)-based built-in detectors of the confocal microscope.
Data were analyzed by ImageJ software (National Institutes of Health, Bethesda, MD).

Computational details. Quantum mechanical (QM) calculations of the structure and optical
properties were carried out by methods rooted into density functional theory (DFT) and its time-
dependent extension (TD-DFT).» As shown in previous studies, hybrid functionals (here PBEO>
and B3LYP~) and their long-range corrected extensions (here CAM-B3LYP)* are appropriate for
describing optical properties of molecular systems, even with an extended electronic
delocalization. The 6-31+G(2d,p) basis set was used in all calculations. Solvent effects were
included implicitly by the conductor version of the Polarizable Continuum Model (C-PCM).>
Vertical transition energies were computed within the usual linear-response approximation for
the case of optical absorption, whereas state-specific PCM calculations were performed for
optical-emission calculations using fully relaxed excited-state geometries and the proper non-
equilibrium regime.» Vibronic effects were accounted for by an effective time-independent
approach, including Franck-Condon, Herzberg-Teller and Duschinsky effects.” The stick spectra
were first generated and then convoluted using Gaussian distribution functions with half-widths
at half-maximum of 550 cm'. Since the complete adiabatic hessian (AH) and the simplified
vertical gradient (VG) approaches provide comparable results, interpretations were based on the
simpler VG method.» All quantum mechanical calculations were carried out with the Gaussian09

software package.”



RESULTS AND DISCUSSION

Structural properties. The fluorescent deC coumarin is characterized by a push-pull
hyperconjugated molecular system (Scheme 1). Two methoxy groups in position 6 and 7 of the
coumarin core work as “electron-donating” (push) units, whereas the benzothiazenyl and cyano
groups, respectively in position 3 and 4, play the electron-withdrawing (pull) function. Quantum-
mechanical calculations showed that the optimized ground-state structure of deC corresponds to
a planar conformation with the methoxy groups coplanar with the coumarin core, whereas other
low-energy minima displayed the methoxy groups arranged in different orientations (see Figure
S1). At room temperature, the bulky benzothiazene group is considered stable in a coplanar
configuration with the rest of the molecule, owing to a stabilization energy of about 4 kcal/mol.
Moreover, in the first two excited states the rotational barrier of the benzothiazene group is
increased as a result of the electronic density shift towards the C-C bond linking such a group to
the coumarin scaffold (see discussion below).

Steady-state optical properties. The steady-state optical properties of deC were investigated in
different solvents to test the effect of different environments. On account of the strong specific
effect of solvent H-bonding on deC emission, we purposely selected mild H-bonding or aprotic
solvents, namely: ethyl acetate (EA), dichloromethane (DCM), polyethylene glycol 400
(PEG400), 2-propanol (IP), and acetonitrile (ACN). Note that PEG400 is characterized by a

dielectric constant &=17.3,* similar to IP (&=18.3), although its viscosity is about 46 fold higher
(PEG400: 7=94 4 cP, IP: n=2.04 cP, 298 K).

In the visible range, deC displayed an intense and structured absorption band peaked near 460
nm, hereafter denoted by S., together with a significant shoulder at A < 410 nm, hereafter

denoted by S.., (Figure 1a). Spectral deconvolution afforded the two S, and S,, bands (Figure 1a,



dotted lines), whose molar absorption coefficients (&+, €.) and peak wavelengths (A, Ao) are
reported in Table 1. Note that although solvent polarity and H-bonding decreased somewhat &,
and €., A and A.evidenced instead only little dependence on solvent polarity.

Fluorescence spectra displayed a peculiar emission pattern depending on the excitation
wavelength. Selective excitation of S,, (A.> 480 nm) led to single fluorescence emission (SE)
peaking at 560-580 nm (Figure 1b); the associated broad band will be hereafter denoted as S..
Conversely, selective excitation of S,, (A.=300-380 nm) yielded anomalous dual-emission (DE)
spectra: in addition to the previously observed S,, a second weaker band appeared between 450
and 500 nm, hereafter denoted as S, (Figure 1c). Deconvolution analysis of the fluorescence
spectra provided further insight on the photophysical behavior of deC. S, was resolved into four
sub-bands, whose maxima (A, Aw, and As) were found to red-shift by =10-40 nm upon
increasing solvent polarity (Table 2). Conversely, S. was resolved into two sub-bands notably
insensitive to solvent polarity. The DE regime was fully quenched in water on account of
specific solute-solvent hydrogen-bonding interactions:* only S, remained active, albeit with very
dim fluorescence (see Figure S2).

Spectroscopic calculations. QM calculations of excitation energies showed that at most three
electronic transitions from the ground state fall into the optical absorption range considered in
the steady-state experiments (A. = 350 nm). Each of these transitions is described to a good
approximation by a one-electron excitation from the HOMO, HOMO" or HOMO- orbitals to the
LUMO orbital (a relative weight of the main excitation of about 0.70 was obtained in each case),
as depicted in Figure 2a. Note that the LUMO is characterized by a partial electronic localization
onto the cyano moiety in contrast with the other frontier orbitals. In particular, the HOMO and

HOMO:- are essentially delocalized onto the coumarin aromatic scaffold while the HOMO- is
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mostly localized onto the benzothiazene group (Figure 2a). As a result, depending on the relative
orientation of the methoxy groups, the absorption energies in ACN corresponding to S,, and S,.
were estimated to lie in the range A. = 440-500 nm and A. = 380-415 nm, respectively, in
excellent agreement with experiments (Table 1). In terms of electronic rearrangement, we
observed a relative shift of the electron density from either the coumarin aromatic rings (S.,) or
the benzothiazene group (S.) towards the cyano functional group (see Figure S3). In the first
excited states, the CN bond undergoes an elongation by about 0.01 A, while the neighbouring
CC bond is shortened by about 0.03 A. A similar decrease of about 0.03 A also affects the CC
bond connecting the benzothiazene group to the rest of the molecule (from about 1.46 A in the
ground state to 1.42-1.43 A in the excited states), as if it acquires a partial double-bond character
that, in turn, makes stiffer the torsional potential energy of such a substituent group. Overall, the
excited-state geometries showed strong similarities with the ground-state geometry. In addition,
the deC dipole moment has slightly changed in going from the ground state to the excited states
(s = 6.1 D; i, = 8.2 D; i, = 5.0 D), considering relaxed geometries upon excitation. It is worth
noting that such small electronic and structural rearrangements are consistent with the observed
asymmetric band shapes in both optical absorption and emission spectra, as due to the Franck-
Condon progression.

Our QM investigation showed that the peculiar dual-fluorescence response is not due to vibronic
effects modulating a single emissive process, but rather to two distinct and simultaneous de-
excitation processes, as issuing from S, and S, states. Solvent effects, as well as Franck-Condon
factors, do affect each electronic transition and modulate the corresponding band shape but do

not account for the observed DE. Figure 1d reports an example of vibronic fluorescence spectra
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calculated within the vertical gradient approximation and displays a good agreement with the
recorded spectra.

The prevalent localization of the LUMO onto the cyano group, as well as its role on both
excitations, motivated a further investigation on the role of this substituent. Interestingly, while
the spatial localization of the HOMO and HOMO" molecular orbitals was found to be very
similar in a deC analog lacking the cyano group (seC), the LUMO was observed to strongly
differ from the parent compound (Figure 2b). The steady-state optical spectra of seC display two
absorption bands, similarly to deC, but no DE feature in emission (both spectra are blue-shifted
by 70-100 nm as compared to deC, Figure 3). These findings support the pivotal role played by
the cyano moiety in triggering the observed DE.

Time-resolved DE properties: the ns timescale. The >200 ps lifetime of deC was measured by
pulse fluorometry* at variable excitation and emission wavelengths (resolution: 140 ps).
Excitation at 480 nm and collection at 550 nm (Figure 4a) selectively afforded the decay pattern
of S, in the SE regime. S,, was associated with a monoexponential decay with lifetime t ranging
from 4.42 ns in PEG400 to 5.54 ns in EA (Table 2), in agreement with previously reported data.*
The DE regime was investigated by exciting at 360 nm and collecting from 430 to 580 nm in
order to obtain the Decay Associated Spectra® (DAS, Figure 4b). For DAS, the fluorescence
decays were fitted globally by assuming three distinguishable lifetime components whose one
represented by previously determined t,. Comparison with steady-state spectra indicated that
DAS components 1 and 2 correlate well with the steady-state S, and S,, emissions (Figure 4b).
The blue shift of S, in DAS as compared to the steady-state spectrum has an instrumental origin
(it can be attributed to the different detection efficiency at A>500 nm of the lifetime TCSPC

fluorometer with respect to the steady-state fluorometer). At wavelengths where only S, is
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emitting (>550 nm), the amplitude of the lifetime component relevant to S, emission was found
to be negligible compared to that of S,.. This means that S, and S, transitions are not related by a
precursor-successor relationship. Indeed, in such a case, one would expect similar amplitudes
with opposite sign when S, only is emitting, owing to the depopulation of S. in favor of S,.» The
third DAS component was associated with a very fast decay and a negligible intensity throughout
the wavelength range. This band was attributed to a minor drift of the instrument response
function during the experiments.

Time-resolved DE properties: the fs-ps timescale. The photophysical behavior of deC at >200
fs following photoexcitation was investigated by means of femtosecond transient absorption
measurements. The pump-probe system operated at the pump wavelength of 400 nm, thus
exciting mainly S.., while probing the 430-660 nm interval. DCM was selected as solvent on
account of the high solubility of deC in this medium; an optical density as high as 0.4-0.5 in the
I-mm optical path of our quartz cell was used. Figure 5a shows AA spectra from -600 to 1600 fs
delay. Two negative bands peaking at 470-475 (N,) and 560-570 nm (N,), and one positive band
peaking at 520-525 (P,) are clearly observable.

Comparison with steady-state absorption and emission spectra (Figure 5a-b, dashed lines)
indicates that N, can be assigned to the superposition of ground-state bleaching and stimulated S.,
emission. N, can instead be ascribed only to stimulated S, emission due to the lack of ground-
state absorption and of fluorescence from S, in this spectral range. Finally P, can be assigned to
photo-induced absorption from either S, or S, to a higher-lying excited state. Yet, the presence of
a stationary isosbestic point at 540 nm between P, and N, indicates a common origin, thus
suggesting that P, absorption takes place from S,. Conversely, the isosbestic point between N, and

P, blue-shifts from 507 to 480 nm within the first 800-1000 fs: given the constancy of the
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isosbestic point between P, and N,, we attribute this mainly to a blue-shift of N, in the same time
range.

The analysis of the time evolution of the transient absorption signals provides further
information on the dual-emission process, as it shows that S, and S, are populated simultaneously
or at least within the duration of the instrumental response function (IRF) of our system, which is
~200 fs FWHM. Kinetics at 472, 522, and 565 nm probe wavelength (i.e. at the peak of N.,, P,
and N, bands, respectively) are reported in Figure S4 together with a multi-exponential fit. We
employed a simple sequential three-state model consisting of: (i) a first Franck-Condon excited
state (“hot” S, and S, states), which decays with rate constant k, into (ii) a subsequent relaxed
form of S, and S., which in turn decays with rate constant k, back to (iii) the ground state. The
numerical solution of the rate equations was then convoluted with a Gaussian function with
FWHM duration equal to our IRF in order to take into account the finite temporal resolution of
the measurements. The results of this fitting procedure show that 85% of N,, 65.5% of P,, and
87.5% of N, are populated within the IRF and are to be considered “instantaneous” for our
measurements (see the yellow shaded area in Figure S4). Subsequently, signals rise at all probe
wavelengths on the picosecond time scale, as evident both from the spectra at various delays in
Figures 5 and the kinetic traces in Figure S4. The fits allow us to extract the time constants
t,=(k,)* associated with these formation processes: 4.38 ps (N.), 2.2 ps (P,), and 8.7 ps (N,). Decay
of these signals back to the ground state occur on the nanosecond timescale, as evident from the
plateau reached at 50-ps delay in Figure S4 (time constant t.=(k.)>>50 ps). Based on these
observations, we can conclude that S, and S, are concomitantly populated within the first hundred
femtoseconds upon excitation to the Franck-Condon state, and no later evolution of S, into S,

occurs. The slower processes (t1=2-8 ps) may be related to some minor structural rearrangement
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of the excited states. Solvent dipolar relaxation must be excluded, since the average dipolar
relaxation time of DCM around excited Coumarin 153 is about 560 fs.*

Time-resolved anisotropy measurements. The depolarization dynamics of deC was
investigated by pulse fluorometry* in order to determine the fundamental anisotropy 7, (i.., the
anisotropy index in absence of any rotational motion) attributable to S., and S,, upon excitation of
the S.. transition. Note that, with good approximation, assuming that other depolarization effects
are negligible, 7, is directly linked to the OOangle between excitation and emission transition

dipole moments through the formula:*

3cos’ a—1
2 (1)

r,=04-
Small dyes such as coumarines display rotational correlation time (0) in the 10-100 ps interval in
non-viscous organic solvents, and detection of emission depolarization requires high-temporal-
resolution spectroscopy.* To avoid this, time-resolved anisotropy was monitored in viscous
PEG400, thus slowing down the rotational times to the nanosecond range. We generated the dual
fluorescence by exciting the chromophore at 390 nm and collected the time-dependent emission
both at 460 nm (monitoring S.) and 560 (probing S.). Emission decays parallel and
perpendicular to the excitation were fitted by a single-rotor model assuming equal 0 for both
emission wavelengths. We found 0=6.1 ns, r,(S.,)=0.38+0.01, and r,S.)=0.290+0.005. From
these data we calculated 6=30.5 ps in DCM, in excellent agreement with the typical correlation
rotational times found for coumarine analogues.* By means of Eq. 1, the measured r, values were
converted into the o angles between excitation and emission transition dipole moments®

obtaining o(S.)=10.2° and «(S,)= 25.1°. Under the assumption of coplanar emission transition

moments, Aa = +14.9°. Remarkably, QM calculations of deC in ACN indicated the two
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emission transition moments be truly coplanar with Aa = 15°, as obtained by considering
different deC conformations. This agreement further substantiates the theoretical
characterization of excited states and the related DE properties.

Features of DE mechanism. All the presented experimental and theoretical findings converge to
show that an anomalous photophysical mechanism based on a Kasha’s rule violation is at the
basis of the observed DE response of deC. To summarize: a) two electronic transition bands are
clearly distinguishable in both absorption and emission spectra; b) excitation of the low-energy
absorption band (S.) leads to single emission, whereas excitation of the high-energy absorption
band (S..) leads to DE; c¢) the computed molecular dipole moment and geometry are only slightly
affected by solvent and electronic excitation; d) lifetimes and fundamental anisotropies of S,, and
S, are different; e) the Franck-Condon excited state evolves to S, and S,, within 200 fs after
excitation.

The present anti-Kasha DE mechanism is illustrated by a simple Jablonski diagram (Scheme 2).
First, excitation of S, leads to a non-relaxed Franck-Condon S, state (FC-S,). Next, FC-S,
undergoes internal conversion to S, in less than 200 fs with probability (quantum efficiency) 7: at
such an early time the initial excited-state population is split and decoupled along S, and S. ever
since. Therefrom, relaxation along the vibrational sublevels of S. and S, occurs in ps, and
eventually fluorescence emission occurs in ns.

The quantitative features of the FC-S,—S, internal conversion were investigated in EA, IP, and
ACN by evaluating both the emission intensity ratio between S, and S. (®./®..) and 7 for
00000000  from 300 nm up to 425 nm (see theoretical description in Appendix 1). In all

solvents, @,,/®,. and 7 showed excitation-wavelength dependence with a distinguishable local

maximum at A.=350 nm (Figure 6). In particular, 7 is significant (= 0.6) in the whole range of A..
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considered, with only a minor dependence on solvent polarity. Also, 77 decreases at longer
excitation wavelengths consistently with a process that takes place from an upper vibrational
level of S..

deC as novel dual ratiometric indicator of environmental polarity in living cells. We finally
show how the peculiar photophysics of deC makes it operate on a novel paradigm that can yield
ratiometric dual-probe functionality in living cells.

Solvatochromism of S,, emission is associated with a strong linear dependence of the Generalized
Polarization (GP) parameter* on the logarithm of the local dielectric constant &, similarly to

another recently reported probes,” according to the following expression:

F,, -G-F,
GP[AA, AL, | = H = A+B-In(e) )
am, TO Ly,

In Eq. 2, F,, and F,, are the fluorescence intensities collected at two distinct wavelength
ranges (AA, = 485-540 ,AA, = 545- 635, Figure 7a) and G is a parameter that casts the different
collection efficiency in the two intervals.* Notably, the linear GP vs. In(¢) relationship was found
to hold, with similar slope, for both direct (A >450 nm) and indirect (S,— S, conversion, A <410
nm) excitation to S,.

The stable efficiency of DE in various solvents (Figure 6) prompted us to analyze the
dependence of (®../D...) on polarity by recasting it in terms of GP (Figure 7b,c). Remarkably, we
found out that GP [(425-480),(485-635)] is little influenced by polarity in organic solvents;
conversely, it shows a non-linear monotonic dependence on the volume fraction of water (¢) in

water/organic solvent mixture that follows the relation:
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GP[(425-480),(485-635)] = C-exp(kp)+ D, 3)

where C, k, and D are empirical parameters. Note that, for ¢—1, GP [(425-480),(485-635)] is
close to zero (Figure 7c). Indeed, as already stated, at very high water content the DE regime is
nearly abolished but about half of the S., fluorescence is still collected in the 485-635 range (see
Figure S2).

Eq. 2 and 3 allow to determine simultaneously ¢ and ¢ from GP [(485-540),(545-635)] and GP
[(425-480),(485-635)], respectively, once a preliminary calibration of the empirical parameters is
provided. As a first application, we set out to measure both these properties in deC-loaded living
Human Osteosarcoma Cells (U20S) by confocal microscopy (Figure 8). We found out that deC
senses <¢> = 9.3+3.6 (#80 cells, Figure 8c), coherently with its predominant partition into the
membrane of lipophilic organelles such as the endoplasmic reticulum. A very similar <¢ > value
has been recently measured by another solvatochromic fluorophore sensitive to local dielectric
properties.” Besides, deC is partially entrapped in subcellular regions where >50% water in
volume is present (Figure 8d). The clear overlap between & and ¢ maps suggests that water-
enriched regions are concomitantly imaged with the lipophilic ones at spatial scales below the
resolution of the confocal microscope (200 nm on the image plane, 600 nm along the focal axis).
We should note, however, that the co-presence of deC in both hydrophilic and hydrophobic
locations mainly owes to its untargeted molecular form. The bioconjugation of deC to moieties
such as lipids or proteins may target the probe to specific hydrophilic or hydrophobic regions of

the cells where both dielectric constant and water content are consistent.
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CONCLUSIONS

In conclusion, we investigated the peculiar dual fluorescence optical response of the deC
coumarine. In contrast to all previously-reported dual emitters at room temperature, here DE
stems from a genuine Kasha’s rule breaking mechanism thereby showing high efficiency and
stability in different media. Such an anti-Kasha dual-fluorescence is, in our opinion, originated
by the peculiar coexistence of three major factors in deC: 1) negligible structural rearrangement
upon electronic excitation and subsequent relaxation, 2) optimal energy gaps of the two optical
bands S, and S,, 3) fast (200 fs) internal conversion (Franck Condon S.—S,) leading to a
decoupled relaxation and simultaneous radiative decay from both S, and S.. On account of its
unique photophysics, deC was applied to cell imaging to report both polarity and water content
of subcellular regions. This application may further benefit by the chemical functionalization of
deC by engineering its phenyl-bound electron-rich groups into active sites for bioconjugation to
moieties such as proteins. Notably, an effective functionalization synthetic approach has been
already reported for the non-cyan substituted seC analog.*

On overall, we believe that our understanding of this peculiar DE may serve the purpose of
developing a rational approach to the synthesis of a new generation of optical probes aiming at

cell imaging applications.
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Table 1. Optical absorption properties of deC

S. S..
A € . €0
Solvent | ¢
(nm) | (M'cm") (nm) Mcm)

EA 60 | 458 30,100 386 12,200
DCM 9.1 | 463 29,800 396 12,500
PEG400 | 17.3 | 467 21,500 390 7,100
IP 18.3 | 459 27,000 391 12,400
ACN 37.6 | 460 23,500 392 13,700

Table 2. Fluorescence emission and lifetime properties of deC

S20 Sio
A20a | A2ob Tl | Xoa | Atob | Atoe | Atod Tl
Solvent Ds, D

(nm) | (nm) (ns) | (nm) | (nm) | (nm) | (nm) (ns)
EA 446 | 471 | 0.18 | 2.93 | 518 | 545 | 578 | 626 | 0.96 | 5.54
DCM 450 | 474 | nd nd | 524 | 553 | 589 | 640 | 0.83 | 5.37
PEG400 | 455 | 480 | nd | 3.01 | 535 | 562 | 597 | 649 | 0.59 | 4.42
IP 449 | 475 | 0.19 | 2.75 | 531 | 556 | 589 | 640 | 0.77 | 4.74
ACN 449 | 474 | 0.36 | 3.27 | 526 | 553 | 591 | 670 | 0.76 | 5.28
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CAPTIONS TO SCHEMES AND FIGURES

Scheme 1. Chemical structure of dual-emitting benzothiazenyl coumarine deC

Scheme 2. Jablonski diagram describing the anti-Kasha DE of deC. Activation of the S.
transition leads to a Franck-Condon non-relaxed state (FC-S,) that, within a few tens of
femtoseconds, undergoes an internal conversion to S, with quantum efficiency 7. Then, thermal
relaxation along the vibrational sublevels of S, and S,, followed by emission from both states, do
occur in a fully decoupled way.

Figure 1 (a) Absorption spectra of deC in EA (dark green), ACN (blue), and IP (red): transitions
S, and S,, in ACN are displayed as blue dashed lines (b) Corrected emission spectra upon
excitation at 480 nm with same color code as in (a). (c) Corrected emission spectra upon
excitation at 360 nm with same color code as in (a); transitions S, and S,, in ACN are displayed
as blue dashed lines; (d) Emission spectrum of deC from QM calculations. Note that in Figure
Ib and 1c each emission spectrum is intensity-normalized as such as its area amounts to the
quantum yield of deC in the solvent where it is measured; thus, in these plots, the units of the y-

axis are absolute numbers.

Figure 2. Graphical representations of the highest occupied (HOMOs) and lowest unoccupied
(LUMO) molecular orbitals of deC (A) and seC (B). Note that the first electronic transitions
from the ground state fairly correspond to one-electron excitations from the HOMO, HOMO-
and HOMO- orbitals, respectively, to the LUMO orbital (in each case, a relative weight of about
0.70 was obtained). At variance with deC, the LUMO of seC is mostly localized onto the

coumarin scaffold due to the lack of the cyano moiety. On the other hand, the spatial
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localizations of the HOMO and HOMO" molecular orbitals of seC resemble the ones observed in
deC.

Figure 3. The absence of CN group in seC as compared to the parent analog (deC) hampers the
dual fluorescence emission. The plot shows the absorption and emission spectra of seC and deC
in ACN, for comparison (the corresponding chemical structures are also reported). In both cases,
the absorption spectra show visible overlap of two bands. Yet, excitation at 300 nm (i.e. the high
energy band, see grey arrow) yields DE from deC, while seC shows a typical single fluorescence

band.

Figure 4. (a) Time-resolved emission decay of deC in ACN relevant to transitions S, (red trace)
and S,, (blue trace). S, decay was obtained by excitation at 480 nm and collection at 550 nm; S,
decay was obtained by excitation at 350 nm and emission at 460 nm. In both cases traces were
fitted to a monoexponential function to recover the lifetime; full lines represent fits and residuals
are shown in the upper part of the plot. (b) Left scale: DAS relevant to emission decays collected
from 430 to 580 nm upon excitation at 360 nm (S..): colors refer to the three lifetime components
of the global fitting: 7z; (red), z> (blue), 75 (green); right scale: the steady-state emission spectrum

at the same excitation wavelength is reported as dashed black curve for reference.

Figure S. Transient absorption spectra of deC upon excitation at 390 nm. The vertical axis
represents the differential absorbance (AA) of solution. Two windows of delay times between
pump and probe are reported: (a) -600 to 1600 fs, and (b) -600 fs to 40 ps. For comparison, in
both panels the steady-state absorbance and fluorescence (exc: 360 nm) of deC are reported as

dotted black lines.
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Figure 6. Dual emission steady state properties. @,/®,. (squares), dual emission quantum
efficiency 7 (circles), and S,, absorption (dotted line) vs. excitation wavelength. Data refer to EA

(panel a, black traces), ACN (panel a, blue traces), and IP (panel c, red traces).

Figure 7. Generalized Polarization (GP) of deC as function of environmental polarity. (a) The S,
emission band is split into two wavelength intervals, 485-540 and 545-635 nm, and the relevant
GP vs the logarithm of dielectric constant & (see eq. 2 in the text) is plotted for several solvents.
Cyan points refer to single emission regime, as S, is directly reached by excitation at 458 nm;
violet points refer to double emission regime, as S, is indirectly populated by excitation at 375
nm. In both cases, excellent linear trends of GP vs. In(¢) are obtained, as witnessed by the dotted
lines. Note the similar slopes of GP vs. In(¢) obtained in the two cases, which supports the notion
of same S, excited state responsible for the emission. (b,c) Under the dual emission regime
(A.=375 nm), the ®,,/D,. ratio is recast into GP and plotted vs. either In(¢) for a series of organic
solvents (b), or the water volume fraction j for an isopropanol/water mixture (c). Note that in
both graphics have the same y-axis range to allow for quick comparison of the GP trends. In
organic solvents, GP shows only a negligible dependence on polarity; conversely, minor amounts

of water lead to significant changes of GP, likely on account of a specific H-bonding effect.

Figure 8. Confocal microscopy images of deC in U20S cells. deC-loaded living U20S cells
were imaged by a confocal fluorescence microscope; fluorescence was collected in three
different wavelength intervals: 425-480 nm (reporting mostly S. emission), 485-540 nm (the
“hydrophobic” range of S,emission ), and 545-635 nm (the “hydrophilic” range of S, emission ).
Panels (a) and (b) show, respectively, the Normaski (transmission) and fluorescence intensity

image (A.= 470 nm, A.,= 485-540 nm) of one U20S cell. Scale bar: 10 mm. Panels (c) displays,
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by a thermal pseudocolor scale, the cellular map of water volume fraction (lower threshold 50%)
as obtained from GP[(425-480),(485-635)] by applying Eq. 3 in the text. Panel (d) shows, by a
4-color scale, the cellular map of dielectric constant as obtained from GP[(485-540),(545-635)]

by applying Eq. 2 in the text.
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