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Excited-state intramolecular proton-transfer
reaction demonstrating anti-Kasha behaviory

Huan-Wei Tseng,? Jiun-Yi Shen,1® Ting-Yi Kuo,® Ting-Syun Tu,? Yi-An Chen,?
Alexander P. Demchenko*® and Pi-Tai Chou*?

We report unusual photophysical properties observed on two newly designed 3-hydroxychromone

derivatives exhibiting the excited-state intramolecular proton transfer (ESIPT) reaction. The efficiency of
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ESIPT reaction is greatly enhanced upon excitation with high energy quanta to S, (n > 1) levels in low-

polarity solvents. Based on detailed analyses of excitation and emission spectra as well as time-resolved
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Introduction

Kasha's rule is an ubiquitously accepted fundamental principle
in photophysics and photochemistry." Any validation and
demonstrations of its characteristic exceptions are important
tools in understanding the mechanisms of excited-state reac-
tions. This rule states that condensed-phase photoluminescence
(fluorescence or phosphorescence) occurs with appreciable yield
only from the lowest excited state of a given multiplicity (singlet
S; or triplet T;).> Depending on the energy of the photon absor-
bed, a molecule residing in its electronic ground singlet state (S,)
may be excited to any set of higher energy electronic states
(denoted S, where n > 1) and the corresponding photo-
luminescence should proceed only from the lowest lying excited
state (S;) of the vibrationally relaxed molecules. A similar result
should be observed for the triplet manifold (T,) when emitting
phosphorescence is from the T; state. Thus, in a steady-state
manner, any appreciable emission proceeds from the lowest
excited energy states, being independent of the excitation energy/
wavelength. The physical background behind this rule is the very
rapid internal conversion (IC) and environment (such as solvent)
coupled vibrational relaxation from the higher-energy states S,, or
T, to S; or Ty, which are much faster than the rates of radiative or
other, non-radiative depopulation of these states.

The validity of Kasha's rule has been proven in tens of
thousands of fluorescence spectroscopic experiments on
different fluorophore systems.>* Meantime, though obscure,
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emission kinetics we derive that conditions, in which this phenomenon contradicting Kasha's rule is
observed, are quite different from that for observation of anti-Kasha emission.

a few exceptions to Kasha's rule became known. They are mostly
referred to the observations on the appearance of characteristic
short-wavelength bands in fluorescence (or phosphorescence)
emission spectra at excitations to high-energy electronic
states.*® Note that we here mainly focus on the application of
Kasha's rule in the steady-state approach and eliminate the very
short lived S,, (n > 1) — S, emission occasionally reported in the
femto-picosecond time-resolved spectroscopy.”” The latter is
not resolvable in the steady-state approach mainly due to its
negligible emission yield. However, the rates of emission decays
are in some cases able to compete with internal conversion to
the S, state, among which prototypical examples are azulene®
and aromatic thioketones™ (see ref. 5 for a relevant review).

Importantly, Kasha's rule has been extended to a broader
range of excited-state events, such as in the field of photo-
chemical reactions. In general, since the relaxation processes
leading to the S; state population are much faster than the
photochemical transformations, the extended formulation of
this rule can be written as follows: “In condensed phase, poly-
atomic molecular entities react with appreciable yield only from
the lowest excited state of a given multiplicity”."> Meanwhile,
anti-Kasha effects were reported for several photochemical
reactions.”?* These observations are fragmentary, and the
regularities of the basic anti-Kasha phenomenon are still
neither well understood nor predictable.®

Recently, exploring Os(u) and Au(i) complexes,”* we
observed a new type of anti-Kasha behaviour. For these transi-
tion metal complexes the lowest lying singlet state is mainly in
the m-m* configuration such that the S; — T, (n = 1) inter-
system crossing (ISC) is slow and the ratio to T, population is
low. Conversely, the higher electronically excited state in singlet
manifold (S,, n > 1) contains substantial metal-to-ligand charge
transfer (MLCT) character, such that the rate of ISC is fast and is
able to compete with the rate of internal conversion and/or
vibrational relaxation. As a result, upon tuning the electronic
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excitation energy from the lowest to higher lying transitions,
the phosphorescence to fluorescence intensity ratio can be
dramatically increased. In other words, one could harvest more
phosphorescence upon higher-lying electronic excitation,
demonstrating a type of photophysical process violating Kasha
rule.

With this experience, we were mulling deeply about the
possibility of observing anti-Kasha phenomenon in other
fundamental reactions. It can be expected that an excess elec-
tronic and vibrational energy in the excited-state molecule
results not only in a local heating but can also be utilized
directly in photochemical reaction. Its rate may depend on the
interplay among vibrational relaxation, internal conversion and
radiative or nonradiative relaxation to the ground state. There-
fore, investigations by both steady-state and ultrafast time-
resolved spectroscopy become feasible only if both reactant and
product states are spectrally separated and highly emissive.

To fit the above criteria it is conceivable that the system
exhibiting excited-state intramolecular proton transfer (ESIPT)
may provide a case in point. ESIPT molecules possess an
intramolecular hydrogen bond (H-bond) between the proton
donor and proton acceptor, from which the proton transfer
takes place upon photoexcitation, resulting in an isomer dub-
bed as a proton-transfer tautomer (see Fig. 1).>* This funda-
mental reaction has received enormous attention during the
past half century and was revitalized recently due to its potential
applications in optoelectronics,* bio-imaging and sensing.>**

The testing of anti-Kasha behaviour in the ESIPT reaction
can be based on the reaction scheme depicted in Fig. 1. When
the molecule in its normal (N) form is photo-excited with a high
energy photon, the higher electronic excited state (Sh) is
populated. The molecule may either (1) relax through internal

N—
Sh % K'or
kictkvr

—
ST I —— Kpt .
K'ictk'vr
PN | sl
lhvhv'
ke'$ knr KT $kT
r

So

S Y Tautomer
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Fig. 1 A schematic representation of the energy levels describing the
formation of the tautomer (T) in the S{ excited state caused by exci-
tations into the SY and SN states of the normal (N) form.2* k, and K,
radiative and nonradiative (proton-transfer rate excluded) decay rates,
respectively. kic: the internal conversion rate, kyg: vibrational relaxation
rate (solvent relaxation implicitly included in this scheme), kpr and K'pr:
forward proton transfer rate, k_pt: reverse proton transfer rate. Note
that for the cases of 3-HTCA and 3-HTC-DIiCN k_pt is virtually zero.
Please see text for detailed explanations.
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conversion (IC) and vibrational relaxation (VR) with a rate
constant k¢ and kyr and then undergo proton transfer (kpy) to
give the tautomer (T) form (normal pathway) or (2) undergo
proton transfer directly with a rate constant of k'py (anti-Kasha
pathway). The two pathways, Sy — S} — S and S) — S}, —
ST (note that n and m are not necessarily the same number) may
compete and the interplay of kinetic factors should control the
outcome of the photochemical process.

Our long-standing investigation and experiences in ESIPT
lead us to propose that the derivatives of 3-hydroxychromone (3-
HC, Chart 1) might satisfy the requirements for systems to be
studied. During the past two decades, extensive substituent
modulation has been carried out for 3-HCs to probe ESIPT
coupled charge-transfer reaction. The intrinsic ESIPT event
for 3-HC proceeds with ultrafast (<150 fs) dynamics that is
coherent with low frequency vibrational motion along the
pathway of ESIPT reaction.”®*® The overall ESIPT rate, however,
can be retarded due to formation of reaction barriers that can be
both intramolecular and intermolecular, involving solvation
dynamics and formation of excited-state intramolecular charge
transfer (ESICT) states.>”** These results, in combination with
the support from ab initio calculations,® demonstrate the
importance of the relationship between the dipolar vectors of
various states and the involvement of solvation energetics that
can modulate the overall ESIPT reaction by forming solvent-
induced barriers. Also, via the variations in 3-HC heterocyclic
structure and the addition of electron-donor and electron-
acceptor substitutions in the fluorophore, the switching
between irreversible and reversible kinetic regimes can be
achieved.>**** The net results of the substituent modification
is thus to fine-tune the associated kinetics and thermodynamics
of the reaction, allowing the two well separated fluorescence
emission bands from the reactant normal (N*) and product
tautomer (T¥) states to be observed. They demonstrate colour-
changing properties depending on the nature and location of
substituent.

In this regard, the possibility of ESIPT from S, states in 3-HC
analogue 3-hydroxyflavone (3-HF, see Chart 1) has been the

subject of active discussion.>**** However, for different
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3-hydroxy-2-(thiophen-
2-yl)chromen-4-one
3-HTC

3-hydroxyflavone
3-HF

3-hydroxychromone
3-HC

5-(3-hydroxy-4-oxo-4H-chromen-
2-yl)thiophene-2-carbaldehyde
3-HTCA

2-((5-(3-hydroxy-4-oxo-4H-chromen-2-
ylthiophen-2-yl)methylene)malononitrile
3-HTC-DIiCN

Chart1l The chemical structures of 3-HC, 3-HF, 3-HTC, 3-HTCA and
3-HTC-DIiCN.

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5sc01945a

Open Access Article. Published on 12 October 2015. Downloaded on 12/4/2025 12:41:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

reasons, 3-HF is not a suitable molecule to demonstrate such
anti-Kasha effect. It exhibits strong intermolecular hydrogen
bond perturbation effects in polar media and ultrafast ESIPT
rate in low polar environments that does not allow observing of
emission from the reactant state. Possessing the means to
modulate the proton-donating and proton-accepting power of
the reactive groups****° and the distribution of electron density
within the molecule® by targeted manipulation of substituents
in the 3-HC core, we should benefit from this possibility.

In this report, we strategically design a system exhibiting
ESIPT that is completely different from numerous 3-HC dyes
synthesized previously. Instead of anchoring an electron
donating group to increase the proton accepting power of the
hydrogen bonding base site (the carbonyl group), we tailor the
electron-withdrawing substituent in such a way that the proton
donating site decreases its electron density and increases its
proton-donating ability. With this modification, one would
perceive three new characteristics: (1) the charge-transfer (CT)
character in the normal form is partially reduced, which should
make the ESIPT reaction highly exergonic, and (2) the electron-
withdrawing action increases the acidity of hydroxyl group,
which must facilitate ESIPT and is expected to be a preferential
relaxation route in the higher-energy excited states (vide infra).
(3) still, the weak charge transfer should couple with proton
transfer. This may lead to the solvent polarization/reorganiza-
tion induced barrier along the reaction,* so that ESIPT kinetics
may be slow enough to observe both normal N* and tautomer
T* bands in steady-state and kinetic experiments. Note that the
criterion (1) is the necessary condition for probing the anti-
Kasha's effects. In other words, k.pr is virtually zero in Fig. 1 so
that ESIPT is an irreversible process. Otherwise, due to the fast
kpr/kpr equilibrium, the ratiometric N* versus T* emission is
always excitation wavelength independent.

On the above basis, we designed the 3-HC derivatives 5-(3-
hydroxy-4-oxo-4H-chromen-2-yl)thiophene-2-carbaldehyde  (3-
HTCA) and 2-((5-(3-hydroxy-4-oxo-4H-chromen-2-yl)thiophen-2-
yl)methylene)malononitrile (3-HTC-DiCN) (Chart 1), studied
ESIPT in the higher-energy excited states, and report herein
their unusual anti-Kasha photophysical behaviour.

Experimental section

Detailed synthesis and characterizations of studied compounds
3-HTCA and 3-HTC-DiCN are elaborated in the ESL
Steady-state absorption and emission measurements in
solution were recorded with a Hitachi (U-3310) spectropho-
tometer and an Edinburgh (FS920) fluorometer, respectively.
Both wavelength-dependent excitation and emission responses
of the fluorometer were calibrated. To determine the photo-
luminescence quantum yield in solution, 4-(dicyanomethylene)-
2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) or
coumarin 480 in methanol, with a quantum yield of 0.44 and
0.87, respectively, served as the standards. Nanosecond lifetime
studies were performed with an Edinburgh FL 900 time-corre-
lated single photon counting system using a hydrogen-filled
lamp as the excitation source. The emission kinetic traces were
fitted by the sum of exponential functions with a temporal

This journal is © The Royal Society of Chemistry 2016
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resolution of ~300 ps via the deconvolution of instrument
response function.

Ultrafast spectroscopic studies were performed by a femto-
second fluorescence up-conversion system (FOG100, CDP)
pumped by a femtosecond oscillator (Tsunami, Spectra-
Physics). Following the excitation by the SHG of a femtosecond
pulse, fluorescence from a rotating sample cell, was collected,
focused, and frequency summed in a BBO crystal, along with an
interrogation gate pulse at designated delay time with respect to
the pump pulse. A /2 waveplate was used to set the polarization
between the pump and gate pulses at the magic angle (54.7°) to
prevent fluorescence anisotropy contributed by solute re-
orientation. The instrument response function was determined
by measuring the Raman scattering signal.

Results and discussion
Synthesis

The synthetic routes for 3-HTC, 3-HTCA and 3-HTC-DiCN are
shown in Scheme 1. The intermediate 3-HTC can be prepared
following literature procedures (Scheme 1A).>** We attempted to
synthesize 3-HTCA from 3-HTC via the Vilsmeier-Haack reac-
tion, but only obtained a trace amount of 3-HTCA. We then
modified the synthetic route for 3-HTCA by using 5-(1,3-dioxo-
lan-2-yl)thiophene-2-carbaldehyde.*” This molecule with
a mono-protected aldehyde group can be synthesized from 2-
thiophenecarbaldehyde and ethylene glycol under TsOH catal-
ysis, followed by treating with n-BuLi and then DMF (Scheme
1B). The mono-protected aldehyde precursor (5-(1,3-dioxolan-2-
yDthiophene-2-carbaldehyde) then reacted with 2’-hydrox-
yacetophenone to give 3-HTCA in the aldehyde form after the
deprotection of acetal. Finally, 3-HTC-DiCN was synthesized
from 3-HTCA via a condensation reaction with malononitrile
catalysed by piperidine. The orange-red crystals of 3-HTC-DiCN
were grown in a THF solution. The single-crystal structure
(Fig. 2 and S1%) and crystallographic data (bond lengths and
angles, Tables S1 and S2f) show the formation of doubly
hydrogen-bonded dimers in the crystalline state. Differently, in
the low polarity solution environment, the "H NMR spectrum of
3-HTC-DiCN revealed a significantly down-field shifted signal at
10.2 ppm for the hydroxyl proton (in THF-dg, see Fig. S27).
Because 3-HTC-DiCN showed no concentration dependent "H
NMR peaks, the result supports the intramolecular H-bond
formation in solution.

Steady-state absorption, emission and excitation spectra

The absorption, emission and excitation spectra for 3-HTCA
and 3-HTC-DiCN were studied in acetonitrile and in relatively
low polar solvents CH,Cl, and benzene, in order to decrease any
possible dielectric stabilization of N* state and to avoid the
existence of a possible anionic form of the molecule that can
appear in highly polar media.*® The two compounds show
almost identical features in benzene, CH,Cl, and acetonitrile
(Fig. S3 and S4t). Instead of benzene and acetonitrile, CH,Cl,
was chosen as the solvent for the spectroscopy measurements

Chem. Sci,, 2016, 7, 655-665 | 657
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Scheme 1 Synthetic routes for the compounds in this study.
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Fig. 2 The X-ray crystal structure of 3-HTC-DIiCN; thermal ellipsoids
drawn at the 50% probability level.

because of its larger transparent window down to 250 nm,
suitable to probe higher energy excitation.

The spectra obtained at room temperature are shown in
Fig. 3 and 4 and pertinent data are listed in Table 1. The S; 7w-7*
absorption band is observed in the near-UV-blue region and is
presented by two peaks at 375 and 396 nm for 3-HTCA and at
421 and 448 nm for 3-HTC-DiCN. Their assignments are in line
with published data and their red-shifted position is in line with
the results on other 3-HC derivatives (e.g. 3-HF**?*°). The
observed red shift is typical for chromophores extended and
substituted at site 2 (see Chart 1).>”*° According to the band
assignment presented in ref. 39, the S; and S, bands in 3-HF are
separated by 3300 cm™'. Such ~30 nm shifted S, absorption
band from S; absorption origin is not resolved in studied
compounds and is probably presented as a shoulder. The bands
at 275 nm for 3-HTCA and 290 nm for 3-HTC-DiCN probably
belong to S; and even higher transitions. Since resolution
between these bands is not ideal and the origins of higher

658 | Chem. Sci., 2016, 7, 655-665

chromen-2-yl)thiophen-2-
yl)methylene)malononitrile

3-HTC-DIiCN

electronic transitions may overlap with vibrational contribu-
tions to the transitions lower in energy, in our further discus-
sion we will refer to S, bands, meaning that n > 1.

The studied compounds demonstrate the expected behav-
iour with respect to the presence of emissions from both N* and
T* bands. The major emission band located in the yellow—
orange region (550-650 nm) with a strong Stokes shift is
attributed to the T* band, and the weak emission band in the
blue region (450-500 nm) is the N* band. The m-conjugation of
thiophenyl instead of phenyl group (as in 3-HF) induces a red-
shifting of both emission bands, which has been observed in
previous studies.*
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Fig. 3 Absorption, emission (excited at 350 nm) and excitation spectra
(monitored at indicated emission wavelengths) for 3-HTCA in CH,Cl,.
Inset: the enlargement of normal emission for clarity.
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Fig.4 Absorption, emission (excited at 440 nm) and excitation spectra
(monitored at indicated emission wavelengths) for 3-HTC-DIiCN in
CH.Cly.

Table 1 Steady-state absorption and emission data recorded in
CH,Cl, at room temperature

Compound Aabs/M Aem/NM Aex/NM Do
3-HTC 357 539 (T*) 350 0.33
3-HTCA 375, 396 435 (N*¥) 300 0.0032
350 0.0064
375 0.0076
571 (T*) 300 0.32
350 0.31
375 0.30
3-HTC-DiCN 421, 448 490 (N*] 300 0.005
350 0.006
420 0.007
636 (T*) 300 0.060
350 0.030
420 0.010

Commonly, the excitation spectra correspond to absorp-
tion spectra and they are independent of whether the emis-
sion is collected at the N* or T* band. This is just the
indication that the ground-state origin of both emissions is
the same. However, the behaviour shown in the excitation
spectra of 3-HTCA (Fig. 3) and 3-HTC-DiCN (Fig. 4) is anom-
alous. These spectra roughly match their absorption spectra
only on the longer-wavelength side. In the short wavelength
region, when monitoring the N* emission band the lower
intensity is unambiguously seen. This indicates that when
exciting the molecules with higher energy of photons (i.e.
populating the S} state as in Fig. 1), there may exist an extra
deactivation pathway, likely the proton-transfer process
from S} to Sk, which competes with the S — S} internal
conversion process and consequently lowers the N* emission
intensity.

This journal is © The Royal Society of Chemistry 2016
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If such explanation is valid, then monitoring the T* emission
band we should observe an opposite picture — a significantly
increased intensity in the shorter wavelength excitation range.
Indeed, as shown in Fig. 3 and 4, such an increase is obviously
detected for 3-HTCA at A < 350 nm, and becomes dramatic for 3-
HTC-DiCN at A < 400 nm. Such distribution of intensities
demonstrates the increased ESIPT efficiency with the excitation
of higher energy quanta. Accordingly, when we measure emis-
sion spectra as a function of excitation wavelength, we observe
re-distribution of intensities, i.e. the ratiometric emission
changes for N* versus T* emission bands (Fig. 5 and S51).

Researchers have to be extremely careful in reporting such
facts. Usually, a difference between the excitation and the
absorption spectrum indicates the presence of more than one
coexisting ground-state species, so the presence of such species
as impurities may result in their contribution to emission. In
our case the observed phenomenon cannot originate from
any impurity due to several reasons: (1) all characterization
methods (NMR, MS) indicate the purity of our samples. Also, we
have purified the compounds several times and obtained the
same results. (2) It is almost impossible to achieve a so dramatic
Stokes shift, with UV-blue absorption and emission in orange-
red range, unless it is a tautomer emission. (3) The difference in
excitation spectra from absorption spectra is most clearly
observed for 3-HTC-DiCN at short wavelengths (~290-325 nm)
when the emission is recorded at 625 nm (<300 nm difference).
This renders a strong indication of involvement of high-energy
excited states. (4) A controlled experiment is done using 3-HTC-
DiCN-OMe in which the proton is replaced by a methyl group
and proton transfer is prohibited. The emission and excitation
spectra of 3-HTC-DiCN-OMe all look normal and are nearly
identical to the absorption spectrum (Fig. S67). (5) Occasionally,
one might observe the spectral profile of the excitation spec-
trum being different from that of the absorption, particularly in
the higher lying excited states. When no other photochemistry
involved, this discrepancy can be due to the fast nonradiative
decay process to the ground state, which competes with its

1.0 3-HTC-DIiCN
Excitation Wavelength
300 nm

—— 350 nm

420 nm

0.8+

0.640.04

300 nm 420 nm

0.4
0.02 Excitation

0.0200

0.0 ===
450

0.24

500 550

Relative Emission Intensity

700

600 650
Wavelength (nm)

500 550 750 800

Fig. 5 Relative emission spectra for 3-HTC-DIiCN in CH,Cl, with
different excitation wavelengths. The emission intensities of the
spectra are set to be the same at the peak of the normal form emission.
Insets: photos of emission hue with a shorter- or a longer-wavelength
excitation. Also shown in the inset is the enlargement of the emission
in the range of 450-575 nm.
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relaxation to the emitting S, state. The net result should be the
decrease of the short wavelength intensity (contribution) to the
emission. In sharp contrast, 3-HTCA and 3-HTC-DiCN show
exactly opposite effect, with increased intensities at the short
wavelength region. Lastly, similar to the 2-phenyl ring in 3-
hydroxyflavone and its derivatives (see Chart 1), the rotation of
two single bonds around the 2-thiophene ring for 3-HTCA and
3-HTC-DICN is possible, forming different rotamers with small
energy differences (populated under thermal energy). However,
such rotations do not change the geometry of the rigid 3-
hydroxychromone site that has been well established to be the
core chromophore responsible for ESIPT. This, together with
the precursor and successor types of kinetic relationship
between normal and tautomer emissions (vide infra), rules out
the origin of the excitation energy dependent ratiometric
emission from the rotamers.

According to the above viewpoints 3-HTCA and 3-HTC-DiCN
clearly demonstrate the excitation wavelength dependence in
emission and the misbalance between the N* and T* species at
high energy excitation, which can be considered as strong
indications of anti-Kasha behaviour. It is also of note that the
modulation of fluorophore electronic structure is extremely
important for observing these effects. We found that prototype
compound 3-hydroxy-2-(thiophen-2-yl)chromen-4-one (3-HTC,
Chart 1), with the thiophene bridge but not the electron-with-
drawing group, showed virtually negligible deviation from
Kasha's rule (see Fig. S77).

Emission quantum yields

If the emission quantum yields exhibit variation as a function
of excitation wavelength, this could also indicate the anti-
Kasha behaviour. The commonly observed independence
(often stated as Kasha-Vavilov rule)'> should be observed only
when there is a rapid and efficient conversion from the
initially excited states to the lowest S; or T, state irrespective of
the excitation wavelength. The relative efficiencies of excita-
tion at different wavelengths should play no role as the
quantum yield measurements simply count photons emitted
as a function of photons absorbed. If the S, (n > 1) states can
emit detectable light in the steady-state measurement or
participate in photochemical transformations, they become
kinetically decoupled with the S; state and are essentially
ascribed to the anti-Kasha systems.” In our case, they may
display different probabilities of emission from N* and T*
states depending on the excitation energy.

The observed effects are illustrated in Table 1, Fig. 5 and S5.F
For 3-HTC-DiCN, the T* emission quantum yield rises (from
0.010 to 0.030 then to 0.060) with the increase of excitation
photon energy (decrease of wavelength from 420 to 350 then to
300 nm). At the same time, the N* emission quantum yield
descends from 0.007 to 0.006 then to 0.005. These results clearly
indicate that the ESIPT reaction proceeds partially from the
higher electronic excited states (with shorter excitation wave-
lengths), which consequently generates stronger T* emission
and weaker N* emission. The same trend is also observed in the
emissions of 3-HTCA.
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For illustrating the magnitude of these effects, we normal-
ized intensities at the N* band and observe dramatic changes in
T* band intensities, their increase with shorter wavelength
excitation (Fig. 5). This difference can be visualized even with
the naked eye. In the inset photo of Fig. 5 we can clearly see that
the red emission of 3-HTC-DiCN is dominant when the sample
is excited by higher energy photons (e.g. 300 nm), while it
switches to red-white colour upon 420 nm excitation, mani-
festing more contribution from the N* emission.

Time-resolved spectroscopy

As mentioned earlier, the necessary (but not sufficient) condi-
tion for the observation of anti-Kasha effect is the absence of
reversibility in ESIPT reaction.** The presence of reverse ESIPT
reaction (kpr in Fig. 1) with the rate faster than the emission
would re-populate S} state, masking the S — S, kinetics.
Reversible and irreversible excited-state reactions can be
distinguished based on analysis of their emission decay
kinetics: for irreversible reaction the long component of emis-
sion decay of its product should be much longer than the decay
from initially excited state N*, whereas the rate of ESIPT reac-
tion populating the T* state should be distinguished as a short
rising component of T* emission decay.*

The time-resolved emission kinetics of 3-HTCA and 3-
HTC-DIiCN in CH,Cl, obtained using the time-correlated
single photon counting technique, shown in Fig. 6 and S8,
conform to this behaviour. The population decay lifetimes
of 3-HTCA and 3-HTC-DiCN monitored at the T* band are
rather long, about 6.1 ns and 2.4 ns, correspondingly,
whereas the N* emission kinetic is too fast to be resolved in
our sub-nanosecond instrument conditions. This fact
demonstrates immediately that the equilibrium between the
normal and tautomer forms is not achieved on the time scale
of emission.

In order to resolve the early dynamics of the emission we
then applied the femtosecond fluorescence up-conversion
technique. For 3-HTCA, Fig. 7, S9 and S107 show the kinetics of
depopulating the N* state and of populating the T* state on

—_
1

- 3-HTCA
= —— 580 nm
15} — 460 nm
£ —IRF
B
N Q.14
[
£
S
z
0.01

10 15 20 25 30 35 40
Time (ns)

Fig. 6 Nanosecond time-resolved emission decays recorded for 3-
HTCA (excited at 400 nm) in CH,Cl,. The emission kinetic traces of the
N* form (blue) and the T* form (red) at indicated wavelengths. IRF
(black) is the instrument response function.
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early picosecond time scale. The results of deconvolution of
these data into individual components are presented in Table
S3.1 As shown in Fig. 7b, upon 350 nm excitation and moni-
toring at the normal emission at the shorter wavelength of 430
nm, the relaxation dynamics could be well fitted by double
exponential decay of 3.8 & 0.3 and 25.2 + 3.2 ps (an average of
four replicas). Increasing the monitoring wavelength from 430
to 460 nm the short decay component becomes slightly longer
(4.6 =+ 0.7 ps), while the long one within experimental error
remains virtually unchanged (25.8 £+ 3.9 ps, an average of five
replicas). It is also of note that the increase of lifetime of the
short decay component is also accompanied by a decrease of its
contribution in pre-exponential factor (see Fig. 7b and Table
S31). Upon monitoring at the very red edge of the normal
emission of ~490 nm, the short decay component seems dis-
appearing. Instead, a rise component looms, which is qualita-
tively fitted to be ~2.8 ps, followed by a long decay of (25.5 + 2.8
ps, an average of six replicas). Upon 400 nm excitation, similar
wavelength dependent kinetics of the normal emission (moni-
tored at 430, 460 and 490 nm) are observed (see Fig. S9at),
consisting of a short decay component, which decreases its pre-
exponential factor upon increasing the monitored wavelength,
and becomes semi-qualitatively a rise component at ~490 nm.
Moreover, independent of the monitored normal emission
wavelength, a long decay component of ~26 ps is always
resolved.

1.0 (a) Y
2
5 0.8
c
]
£ 0.6 Exat350 nm
g © Emat460nm
N o Emat650nm
"—; 0.4+ Exat400 nm
E o Em at460nm
s U Em at 650nm
So.2
0.0 . T T
0 10 20 30 40 50
Time (ps)
1.0 (b) © mo-430 nm
430 fit
© mo-460 nm
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°
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5 0.4
E
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o.oM . : . . |
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Fig.7 Fluorescence up-conversion time-resolved kinetic traces for 3-
HTCA in CH,Cl,. (a) A comparison of the emission decays and rises at
indicated excitation and emission wavelengths. (b) Upon 350 nm
excitation, the dynamics of relaxation of the normal emission acquired
at several different wavelengths.
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As for the tautomer emission, upon 350 nm excitation
double-exponential rise kinetics are obvious, which are fitted to
be 6.4 £ 0.8 and 26.2 £+ 3.1 ps at the 650 nm T* emission, fol-
lowed by a very long population decay that essentially holds
constant at the time window of 50 ps (see Fig. 7a). The pop-
ulation decay is further measured to be 6.1 ns using time
correlated single photon counting technique. Differently, upon
400 nm excitation, as shown in Fig. 7a, the rise of the T* 650 nm
emission, could be well fitted by a single-exponential rise
component of 26.2 & 3.1 ps.

To correlate the above dynamics results with the steady-state
measurement, a proposed excited-state reaction/relaxation
mechanism is depicted in Fig. 8 (also see Fig. 1). The results
imply that normal emission of 3-HTCA possesses charge
transfer character in the excited state, such that solvent relax-
ation takes place. This emission solvatochromism is commonly
reflected by the contribution of a short decay component of
a few picoseconds due to the fast solvent reorientation at
shorter emission wavelength, becoming an obscure rise
component at longer emission wavelength due to its growing
population. The associated dynamics are believed to overlap
and overpower the dynamics of relaxation caused by the vibra-
tional cooling via high energy excitation. Upon reaching the
equilibrium polarization of the SY state, slow ESIPT takes place
with a time constant of ~26 ps, which is well correlated with the
long rise component (~26 ps) of the tautomer emission. The
slow ST — ST ESIPT is rationalized by the different equilibrium

N\ branching ratio
-

|

350 nm| internal coversion

Energy
A

ST

internal coversion

+
+ vibration relaxation (few ps)
vibration relaxation
(few ps)

Y

Fig. 8 The ESIPT of 3-HTCA in the S} and S} states. The 3D plot
contains the proton transfer coordinate and solvent polarization
coordinate. The latter is where the solvent induced barrier is intro-
duced during ESIPT in the lowest lying states. This is due to different
equilibrium polarization between S} and SI, which is presented by its
coupling with the solvent polarity induced barrier along the solvent
polarization coordinate.
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polarization between normal S and tautomer S] states. As
a result, the solvent reorganization should channel into the
SY — ST ESIPT reaction, inducing a significant barrier (see
Fig. 8 for an illustrative 3D plot). The mechanism of charge-
coupled proton transfer and the associated slow ESIPT
dynamics have been well documented in the recent review
articles.>”*°

Accordingly, upon 350 nm excitation the ~6.4 ps rise
component of the tautomer emission is attributed to the harvest
of the tautomer emission at higher excited states (Fig. S10 and
Table S3+t). For rationalization we propose a very fast ESIPT (<1
ps) in the S} state (i.e., Sy — Sp,), which is able to compete with
the Sy — SY internal conversion. This proposed mechanism is
reasonable once the dipole moment between S}, and ST states is
similar, and hence they possess similar equilibrium polariza-
tion, i.e. lack of solvent induced barrier. It is plausible that the
frontier orbitals of certain HOMO—j or LUMO+k (integer
number j and k& = 1) are mainly contributed by a m-delocaliza-
tion around the core chromophore 3-hydroxychromone. As
a result, the electron density distribution of certain higher lying
states is similar to that of 3-hydroxychromone (and 3-hydroxy-
flavone), for which ESIPT should be ultrafast (<1 ps)*” due to
its lack of solvent induced barrier.

The fast Sy — Sk ESIPT then competes with the fast SN —
S internal conversion, generating the tautomer in the highly
vibronic state, which is then followed by a fast S}, — ST internal
conversion associated with few picoseconds vibrational relaxation,
i.e., the vertical energy dissipation, to the tautomer lowest excited
state where the tautomer emission is monitored. This mechanism
well explains the observed 6.4 £+ 0.8 ps rise time of the tautomer
emission for 3-HTCA upon 350 nm excitation (Fig. S107), which is
essentially missing on the 400 nm excitation (Fig. S9b¥).

It may be accounted that excitation to different highly
excited states may give different branching ratio for the
SY versus S| population. This, together with slow S} — ST ESIPT,
i.e., another branching ratio for SY versus ST at the lowest lying
state, results in the observed excitation energy dependent ratio
for the normal versus tautomer emission intensity recorded in
the steady-state measurement for the studied compounds. In
a quantitative manner, this excitation energy dependent
branching ratio can be derived based on the steady-state
emission data, which will be elaborated in the next section.

3-HTC-DiCN behaves similar to those discussed for 3-HTCA
above. Fig. S11at shows the N* emission wavelength dependent
kinetic traces in CH,Cl, with 425 nm (SY) and 350 nm
(Sy) excitations. Upon 350 nm excitation, the associated N*
normal emission dynamics had to be fitted by bi-exponential
decay components, giving a fast decay component of 1.3-1.8 ps,
depending on the monitored emission wavelength, and a slower
component of 5.8 & 0.6 ps that is independent of the emission
wavelength (Table S4, Fig. S11 and S121). Unfortunately, as for
the 350 nm excitation there seems to be a loss of correlation
between the relaxation dynamics of T* (650 nm, Fig. S11}) and
N*. This discrepancy is due to the current experimental limi-
tation, that is the non-negligible overlap between N* and T*
emission at 650 nm. Unfortunately, further up-conversion
signal acquired at >650 nm was not possible for the 350 nm
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excitation due to strong interference of 700 nm fundamental
pulses used for frequency summation. Nevertheless, upon 425
nm excitation, a rise component of ~6.0 ps (Table S4 and
Fig. S127) is resolved for the T* emission monitored at the red-
edge (e.g. 770 nm), consistent with the longer decay component
of the N* emission of 5.8 ps that is associated with the S} —
ST ESIPT.

Comparison of efficiencies of ESIPT from S, and S,, states

For consistent analysis of steady-state and time-resolved
experimental data, in addition to the above expression of reac-
tion rates, we re-organize the scheme in Fig. 1 by considering
the distributions of efficiencies of different excited-state
processes involved (Fig. 9).

Here « and g in Fig. 9 are the absorbance on transitions to S;
and S, states, x and y are efficiencies (in %) of ESIPT from these
states, r and w are the fluorescence quantum yields of normal
and tautomer forms respectively. We consider that in accor-
dance with Beer-Lambert law for the low absorbance values the
fluorescence intensity I is proportional to absorbance (4) and
intensity of incident light Iy: I oc IyA. Then upon excitation to the
S; state, the intensity for normal form emission Iy can be
expressed as:

IN(a) x 10&(1 — .X)V

Accordingly, upon excitation at the S, state, the intensity for
normal form emission Iy can be expressed as:

Inggy & 1oB(1 — y)(1 — x)r

The ratio of these two intensities is:

Ing _ Iya(1—x)r
Ing  LB(1=y)(1=x)r

Mo By
IN(a) 24

Syl —Y—

AZ

Normal

So™ Tautomer

Fig. 9 A scheme demonstrating the distribution of efficiencies of
studied excited-state processes.
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Similar equations can be derived for the tautomer emission
with the assumption that S — S} contributes to generation of
T* state species:

IT((x) S8 I()C(X(,L)

Ity o« IoByw + IB(1 — y)xw

The ratio of their emission intensities is:

I _ IoByw + IB(1— y)xw

It Tyaxw

L B (x+y—xy) @)
It « X

Iygy B ( y

b 81y )

IT(a) (0% 4 + X.

The ratios B/a and Iyg)/In( can thus be figured out from
absorption spectra and excitation spectra, respectively. Simi-
larly, Ivg)/It) can be solved from the excitation spectra.
Together with the known value of y, the x value can be solved.
Substituting eqn (1) into eqn (2) we obtain a simple relation:

Irg B (IN(;;)OI y)
2R . L2 ke
Ity o \InwB X

Iy _Ing By
IT(Q) IN(a) ax

(3)

Using this relation we are able to estimate the efficiencies of
ESIPT upon excitations to the SY and S} states. The spectro-
scopic data taken from the results of Fig. S5t for 3-HTCA at 300
and 350 nm (S};) and 400 nm (SY) and of Fig. 5 for 3-HTC-DiCN
at 300 and 350 nm (Sy) and 450 nm (SY) are used in these
calculations. Details of calculation are presented in the ESIT
and the results are summarized in Table 2. We can clearly see
that the ESIPT efficiency is higher when the molecule is excited
up to the higher energy excited states.

Criteria for observing the anti-Kasha effects in ESIPT

The reasons for deviations from Kasha's rule in solution-phase
photochemistry are often difficult to comprehend even in the

Table 2 The ESIPT efficiencies from the S) state (x) and from the
SN state (y) upon excitations with higher energy photons

ESIPT efficiency” (%)

Compound Excitation wavelength/nm x y

3-HTCA 300 55.1 61.1
350 36.6 78.3

3-HTC-DiCN 300 3.8 30.9
350 2.5 10.3

% x and y are the ESIPT efficiency (%) for S; and S, states, respectively
(see Fig. 9).
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cases when S, — S; internal conversion is involved only.>*
Photochemical reactions add a new level of complexity since
here the kinetics of forward and reverse reactions from multiple
states have to be considered. Based on theoretical consider-
ations,** several criteria for observation of these effects can be
formulated.

(1) The photochemical reaction should be under kinetic
control (kpy > kpr).? If, on the contrary, the excited-state
equilibrium between ESIPT reactant and product species is
established, resulting in dual emissions from such equilibrated
states, this would exclude any excitation energy dependent
selectivity (vide supra). In this regard, all the compounds
studied in this work conform to this criterion. In low polar
solvents they demonstrate highly exergonic character of ESIPT
reaction with appreciable activation barrier. Their T* form is
the major emitter showing dramatically longer fluorescence
decays compared to the low intensity and short decay of N*
form generating the reaction product.

(2) The rate constant of ESIPT reaction from S}, state should
be comparable to the rate of Sy — SY internal conversion (K'pp~
kic). This allows the two channels populating the ESIPT product
state, S — Sk, — S} and Sy — ST — ST, to compete and the
Sy, species generated from the S) state increase the T* state
population. The presence of this additional pathway should
result in excitation-wavelength-dependent redistribution of the
fluorescence intensity between two emission bands, decreasing
quantum yield of N* emission and increasing of T* emission.

(3) The excited-state reaction from the S} state(s) should
proceed faster than that from the SY' state. (If such difference is
absent, the two pathways are indistinguishable and anti-Kasha
kinetics should not be observed.) In our experiments the
accelerated ESIPT rate on Sh excitation is demonstrated
convincingly.

(4) The S} — ST ESIPT rate should be comparable (i.e., in the
same magnitude) with the rates of emission and non-emissive
decay of excited reactant (kpy ~ N+ kﬁ,), see Fig. 1. Only in this
case we could establish a branching ratio for the N* versus T*
population upon S} — ST ESIPT. Such cases are rare, and
commonly for reactions in kinetic regime only T* emission is
detected.” In 3-HTCA and 3-HTC-DiCN the observation of such
rare cases can be realized by the fast non-ESIPT radiationless
decay rate induced by the more degree of rotational freedom on
the thiophene side chain. Support of this viewpoint is given by
methylation of 3-HTCA and 3-HTC-DiCN, forming 3-HTCA-OMe
and 3-HTC-DiCN-OMe (see Experimental details in ESIT) where
ESIPT is prohibited due to the lack of an O-H proton. Both 3-
HTCA-OMe and 3-HTC-DiCN-OMe revealed very short lifetimes
of 10-20 ps (see Fig. S6T for 3-HTC-DiCN-OMe) with small
quantum yield (<0.01).

The cases of excited-state transformations discussed here are
probably quite different from the conventional criteria for
observing the anti-Kasha effect, i.e., the appreciable steady-state
emission from highly excited states® (vide supra). The S, emis-
sion should be observed only when the non-emissive IC to S;
state is of comparable rate or even slower than the emissive and
non-emissive decays from S; to the ground state (ki <
o kﬁr) In contrast, the ESIPT reaction from the S} state
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competing with both emissive and non-emissive deactivation of
this state may not influence relative probabilities of these
pathways. In other words, anti-Kasha photochemistry can be
realized in the systems satisfying the above criteria, which are
not necessary to demonstrate the anti-Kasha emission, i.e. the
emission from the higher lying electronic state (S,, n > 1).

Conclusions

In this study, we strategically designed and synthesized a series of
new thiophenyl 3-hydroxychromone derivatives 3-HTCA and 3-
HTC-DiCN. They exhibit classical ESIPT reaction and allow
observing the switching between the two reactant and product
emissive forms of this reaction in a kinetically controlled regime.
For 3-HTCA and 3-HTC-DiCN, we describe unusual behaviour in
a display of ESIPT reaction on excitation at shorter wavelengths
than the S; band. The fluorescence intensity is re-distributed
from the band belonging to initially excited normal reactant (N*)
species to a reaction product phototautomer (T*) band demon-
strating an increased rate of ESIPT reaction. Accordingly, the
excitation spectra deviate from absorption spectra in a short-
wavelength region in opposite directions when recorded at N*
and T* emission bands. Moreover, a dramatic decrease of fluo-
rescence quantum yield of N* emission and correspondent rise
of T* emission quantum yield is observed.

These results are in apparent contradiction to Kasha's rule.
They deserve proper explanation and specifying the conditions
in which such phenomenon can be observed. The sub-nano-
second time-resolved experiments demonstrate that no equi-
librium between the normal form and the tautomer form is
achieved during fluorescence lifetime when 3-HTCA and 3-HTC-
DIiCN species are excited to the S; state. This indicates the
presence of a kinetic barrier in exergonic ESIPT reaction, and it
is this barrier that is probably removed or diminished on exci-
tation to higher energy states. Applying femtosecond fluores-
cence up-conversion technique we obtained direct proof that
the rate of overall ESIPT reaction, monitored by the normal and/
or tautomer emission, is excitation wavelength dependent. This
allows fast S) — S, ESIPT to compete successfully with Sy —
SY internal conversion. The origin of this acceleration may be
related to the vanishing of solvent-reorganization barrier for the
ESIPT reaction.”””*® In contrast to SY — S] charge transfer
coupled ESIPT that is subject to solvent induced barrier, the
Sy states of studied compounds must have different distribu-
tion of electronic density.*® This distribution may better fit
excited tautomer states such that both SN and S, possess
similar equilibrium polarization, minimizing this barrier.
Verification of this hypothesis needs very sophisticated
computation for the congested higher energy states. The rele-
vant theoretical approach is in progress. Evidently, the
uniqueness and difference of 3-HTCA and 3-HTC-DiCN from
previously reported ESICT/ESIPT coupled molecules®* lie in
that the efficiency of the lowest SY — ST ESIPT process is less
than unity and there is no reversibility between S} and S7. In
comparison, ESIPT pathways in the higher lying states have
higher efficiency than that of the S} — ST ESIPT process.
Accordingly, one can see the increase of the tautomer emission

664 | Chem. Sci., 2016, 7, 655-665

View Article Online

Edge Article

upon higher energy excitation in the steady-state manner,
a phenomenon of anti-Kasha's rule.

In summary, using the series of dyes 3-HTCA and 3-HTC-
DiCN with different electron acceptor substituents in the thio-
phenyl fragment we demonstrate that the switching between
Kasha and anti-Kasha behaviour can be modulated in a quite
delicate way by appropriate molecular design. The exploration
of anti-Kasha photochemistry opens an unexpectedly broad
range of possibilities of selective control on photoreactions by
changing the excitation energy not only in single-photon but
also in multiple-photon modes. It allows reducing the losses in
energy dissipating internal conversion processes that follow the
excitation by high energy quanta and presently look unavoid-
able in photonic devices. This can make more efficient the
utilization of photoexcitation energy, which is demanding in
many applications.
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