J Fluoresc
DOI 10.1007/s10895-009-0536-1

ORIGINAL PAPER

Characterization of Coupled Ground State and Excited State
Equilibria by Fluorescence Spectral Deconvolution
Wouter Caarls & M. Soledad Celej &
Alexander P. Demchenko & Thomas M. Jovin

Received: 14 May 2009 / Accepted: 25 August 2009
# The Author(s) 2009. This article is published with open access at Springerlink.com

Abstract Fluorescence probes with multiparametric response based on the relative variation in the intensities of
several emission bands are of great general utility. An accurate
interpretation of the system requires the determination of the
number, positions and intensities of the spectral components.
We have developed a new algorithm for spectral deconvolution that is applicable to fluorescence probes exhibiting a twostate ground-state equilibrium and a two-state excited-state
reaction. Three distinct fluorescence emission bands are
resolved, with a distribution of intensities that is excitationwavelength-dependent. The deconvolution of the spectrum
into individual components is based on their representation as
asymmetric Siano-Metzler log-normal functions. The application of the algorithm to the solvation response of a
3-hydroxychromone (3HC) derivative that exhibits an
H-bonding-dependent excited-state intramolecular proton
transfer (ESIPT) reaction allowed the separation of the
spectral signatures characteristic of polarity and hydrogen
bonding. This example demonstrates the ability of the method
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Introduction
Ground-state and excited-state interactions and transformations can generate multiple bands in the absorption and
fluorescence spectra of organic fluorophores. These effects
depend on the properties of the surrounding medium and
may be used as extremely sensitive means for characterizing these properties in the systematic application of
fluorescence sensors and probes [1]. One can detect and
characterize numerous molecular events based on probe
sorption-desorption to surfaces, inclusion into micelles and
biomembranes, and attachment to proteins exhibiting
conformational changes, self-assembly or aggregation.
Increasing the number of spectrally resolved components
and tailoring their sensitivity to different types of interactions dramatically increases the information content of
fluorescence responses. However, such a multiparametric
probing of intermolecular interactions [2] requires deconvolution of complex fluorescence responses into individual
components and proper analysis of systematic changes of
these components.
Of particular interest in this respect are the classes of
organic dyes displaying two emissive ground-state forms,
one of which can undergo an excited-state transformation
with the generation of an additional fluorescence band,
leading to three emission bands (Fig. 1). Generation of
the response signal can be obtained in several ways: from
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the shift in ground-state equilibrium between reactive and
nonreactive forms, from the shift in equilibrium between
reactants and products in the excited-state reaction, and
from the positions (also, polarizations and lifetimes) of all
three fluorescence bands. Due to their differential sensitivities to different types of intermolecular interactions,
these spectroscopic changes provide multiparametric information. In such probes the ground-state forms can be of
different origin. They can be two conformers, or two
species existing in protic equilibrium or directly or
indirectly engaged in specific interactions involving
charge-transfer complexes and H-bonds. The excitedstate transformations generating emissive species can be
intramolecular and intermolecular proton transfer, and the
transfer of electronic charge.
The differences in the positions of the corresponding
fluorescence bands relative to their bandwidths are often
rather small, resulting in substantial overlap and thereby
creating difficulties in the estimation of peak positions and
intensities. For a detailed characterization of spectral
changes, deconvolution of complex spectra into individual
components is required. However, such a transformation of
a complex signal into individual components involves a
certain degree of ambiguity because the result is unstable
against slight and inevitable variations in the input data
(systematic and/or random error). Thus, the solution of such
so-called “reverse problems of spectroscopy” is mathematically ill-defined. No general methods exist, such that a
reduction of ambiguity in the results requires additional
constrains, i.e. ‘regularizations’ (functions, algorithms, or
logical premises) [3].
Of central importance for appropriate deconvolution is
the choice of the function describing the shape(s) of
individual bands. The fluorescence spectra of organic
dyes are usually broad and asymmetric [4]. The origin of
this asymmetry is the involvement of electronic as well as
electronic-vibrational (vibronic) transitions. The asymmetry in absorption spectra arises from the interplay of
Franck-Condon factors: usually the 0–0 band or closely
located vibronic band is the most intensive, and the series
of less intensive vibronic bands extend to higher energies.
Due to inhomogeneous broadening [5], this vibronic
structure is often hidden and one observes only a single
asymmetric band with a steep red (long-wavelength) slope
and a gentle short-wavelength slope. Ideally, the fluorescence spectra should be, and often are, mirror images of
the absorption spectra, with sharp blue and gradual red
slopes. In addition, they can be distorted by different
relaxation processes in the excited state giving rise to
Stokes shifts and additional spectral broadening. However,
in the absence of fundamental physical laws requiring
absorption or fluorescence bands to be symmetric, their
approximation by symmetric Gaussian functions (as it is

successfully done in IR and Raman spectroscopy) is not
justified. Such procedures do not yield good fits to
experimental bands [6], and moreover, may even lead to
false additional bands on gradual slopes [7]. Therefore, in
addition to three common parameters describing each
spectral band (position and intensity of the maximum,
width), one needs to account for variable band asymmetry.
In these cases the Siano-Metzler log-normal distribution
function [8] is generally used [9–12].
The present paper addresses the problem of deconvolution of spectra in which a two-state equilibrium in the
ground state is coupled to an excited-state reaction
producing two species with distinctive emission bands.
The developed algorithm is based on the 2D analysis of the
excitation-emission manifold. It uses as an input fluorescence spectra obtained by wavelength-selective excitation
and an approximation of individual bands by log-normal
functions. We show that curve-fitting based on deconvolution into log-normal components provides a reliable
physical modeling of the probe response to intermolecular
interactions. Two channels of information are derived,
based on the independent detection of ground-state and
excited-state equilibria. In the case of a dye exhibiting a
reversible excited-state intramolecular proton transfer
(ESIPT) reaction, the procedure allows the estimation of
the effects of polarity and hydrogen bonding based on the
fluorescence response.

Deconvolution algorithm
Approximation of spectra with log-normal distributions
The Siano-Metzler asymmetric log-normal function (alogn)
is given by Eq. 1 and illustrated in Fig. 2. It has four
parameters: the peak position in wavenumber ν0, full width
at half maximum H, asymmetry ρ, and height I0.
  
2
2
nn
 ln 22
ln ð H 0 Þ r r1 þ1
ln r
alognðn 0 ; H; r; I0 ; n Þ ¼ I0 e
ð1Þ
Each spectral band is approximated by one such
function, and the total fluorescence spectrum is given by
the sum of individual functions. To simplify the interpretation of the parameters, our plots and tables report band
positions in wavelength instead of wavenumber, with 10
(nm) = 107/ν0 (cm−1).
Introduction of constraints
In order to reduce ambiguity and thus permit the accurate
determination of the position, height, and width for each
band contributing to the multi-component fluorescence
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spectrum, we apply a series of constraints to the data and
the deconvolution procedure:
1. The component bands in excitation as well as in
emission should conform to Siano-Metzler asymmetric
log-normal functions.
2. The component positions and shapes in the excitation
spectra should not depend on emission wavelength, and
the component positions and shapes in emission spectra
should not depend on excitation wavelength. (Deviations
from this rule known as the red-edge effects [13] will not
be considered here.)
3. The experimental excitation and emission spectra
should be linear combinations of the overlapping band
shapes of the components.
4. The number of components should be limited to two in
the excitation and three in the fluorescence emission
spectra. This condition derives from the known
mechanisms of the class of ground-state and excitedstate reactions under consideration.
5. The ratio of the peak emission intensities of components 1 and 2 that derive from a single ground-state
species (see Fig. 1) should not depend on the excitation
wavelength.
6. The asymmetry, FWHM, and position of the three bands
should be constrained to a physically plausible range.

I ðlex ; lem Þ ¼

These ranges can be derived from single-band fits to the
spectrum of the dye in solvents in which it exhibits only
single-band fluorescence. Since this is difficult to achieve
with the present class of compounds, two bands with
reasonably good separation can also be used.
Global 2D deconvolution algorithm
As we are modeling both the excitation spectra I(1ex) and
emission spectra I(1em), we incorporate them into a twodimensional manifold I(1ex,1em) describing the excitationwavelength dependence of the emission spectra due to
multi-band excitation. A set of fluorescence spectra is taken
at different excitation wavelengths and a two-dimensional
fitting procedure across all these excitation wavelengths
allows the proper deconvolution of the data. Constraints are
applied, in particular the independence on λex of the
intensity ratio of components 1 and 2 of the fluorescence
spectra.
The model function is given in Eq. 2. Each band b is
modeled with seven parameters: three
 for the shape of its
b
emission spectrum n b0;em ; Hem
; rbem and
 four for the shape

b
; rbex ; I0b .
and height of its excitation spectrum n b0;ex ; Hex
I(1ex,1em) is a linear combination of these bands, fitted in
the wavenumber domain.





107 107
b
b
alogn nb0;em ; Hem
; rbem ; alogn n b0;ex ; Hex
; rbex ; I0b ;
;
lex lem
b2bands
X

For three bands, this results in 21 parameters. However,
due to the constraints given in the previous section, the
shape of the excitation spectrum for the 1st and 2nd
components is identical, with only I0b being different. The
final number of parameters is thus 18. If the band with the
shifted excitation spectrum is absent (characterized by a
fitted shift of less than 2 nm), we perform a 2-band fit
instead, with 11 parameters. This avoids nonphysical results
due to fitting a model with more parameters than is actually
Fig. 1 General scheme of
ground-state and excited-state
transformations and emissions
in the case of a reversible
excited-state reaction and two
ground state species

ð2Þ

supported by the data. Figure 3 illustrates the twodimensional model function for three bands. The predominant (green squares) band excitation spectrum (projected
on the right plane) is red-shifted with respect to the others,
while its emission spectrum (projected on the back plane) is
in between. The function is defined for any combination of
λex and λem.
The parameters were initialized randomly in a suitable
range, and were allowed to vary according to the following
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Experimental
Fluorescence probe

Fig. 2 Parameters of the log-normal function: peak position ν0, full
width at half maximum H, asymmetry ρ and height I0

constraints: 0.5≤ρem ≤1, 1≤ρex ≤1.5, and 500≤H≤5,500.
The fitting was performed using the iterative non-linear
least squares Levenberg-Marquardt technique provided by
the MATLAB programming language.
Comparison of areas under spectral components
From the deconvolved spectra we can characterize the
ground state and excited state equilibria. The ratio of the
areas under the bands participating in the excited-state
equilibrium is a direct measure of the solvent parameter
affecting the given reaction. The situation for the groundstate equilibrium is somewhat more complicated, because
one of the states produces two emission bands that need to
be merged. Simple addition of the areas is only possible if
their quantum yields are equal. If that is the case, or if the
relative quantum yields are known, the solvent parameter
characterizing the ground-state equilibrium can be measured as the ratio between the area under the nonreactive
excited state band and the weighted sum of the areas under
the two reactive excited-state bands.
Since the individual components in the spectra are of
different widths, the areas under the resolved component
spectra are considered to provide better estimates of the
number of quanta emitted from the corresponding states
than the intensities at single wavelengths, which were used
previously [2, 14]. In addition, area calculations compensate for correlated errors in the dual parametric intensitywidth estimations and are thus more resilient to fitting
errors than peak intensities. That is, we consider the area
under the individual emission bands to be a more robust
estimator of the quantity of a particular spectral form than
its deconvolved intensity.

The fluorescence probe used for our experiments was the
FE dye [14], a 3HC derivative 4′-diethylanino-3-hydroxyflavone. The class of 3HC derivatives was selected due to
(1) the dramatic wavelength-ratiometric response of their
fluorescence spectra to both polarity and H-bonding [15] of
the microenvironment; (2) their increasingly popular application as fluorescence sensors and probes; and (3) the fact
that they conform ideally to the model of the ground-state
and excited-state behavior under consideration. In the
presence of H-bond proton donors (e.g. hydroxyl groups)
such probes exhibit two ground state forms, N (normal) and
H–N, in which the 4-carbonyl serving as acceptor is
H-bonded to the proton donor [16]. Upon selective
excitation of the N form to the state N*, a picosecondrange Excited State Intramolecular Proton Transfer (ESIPT)
reaction generates the tautomeric T* form with a strongly
red-shifted fluorescence band. The T* band is predominantly observed in low-polar media whereas the N* band
dominates in media of high polarity, so that the N*/T*
intensity ratio (IN*/IT*) taken at the band maxima is a strong
indicator of polarity [14]. In contrast, the H–N* form does
not exhibit rapid tautomerization on the timescale of
emission, and its presence in emission characterizes the
H-bonding proton-donor ability of the environment, particularly hydration in biological systems (Fig. 4).
The intensity ratio IN*/IT* is known to correlate strongly
with the polarity of the medium [17]. Indeed, there exists a

Fig. 3 Three-band deconvolved 2D fluorescence spectrum in the case
of strong overlap between individual bands. The combined spectrum
is represented as a 2D surface and mesh, while the individual emission
and excitation bands (at their respective excitation and emission
maxima) are projected onto the sides. The data are for FE dye in
octanol, with N* (blue diamonds), H–N* (green squares) and T* (red
circles) bands
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Fig. 4 Ground-state and excited-state transformations of the FE dye

linear dependence of log10(IN*/IT*) on the solvent polarity
function f ð"Þ ¼ ð"  1Þ=ð2" þ 1Þ, where ε is the dielectric
constant. Such a dependence is in accordance with a
continuous model of dielectric relaxation that describes
the physical basis of polarity [18]. This ratiometric
fluorescence response has proven to be very useful for
estimating relative polarities and dielectric constants in lipid
vesicles [19, 20] and hydrophobic pockets in bovine serum
albumin [21].
Hydrogen bonding results in the appearance of an
additional ground-state H–N form that can be excited and
thus generates a third emitting species. Since this form exists
in dynamic equilibrium with the H-bond free form, its
presence is a good quantitative measure for the H-bonding
potential of the environment [16]. The establishment of the
N*↔T* equilibrium occurs rapidly on the time scale of
emission (tens of picoseconds) [16], whereas the distribution between H-bonded and H-bond free forms is retained
in the excited state, thereby determining the relative
intensities of the corresponding emission bands.
As a consequence of these coupled phenomena, we
observe two forms (N and H–N) in excitation and three
forms (N*, H–N* and T*) in the emission spectra. The
overlapping locations hinder their selective detection. The
H–N* excitation band exhibits only a small shift to longer
wavelengths relative to the N* band. Accordingly, its
fluorescence band is also shifted, occupying a position
between the N* and T* fluorescence bands. Our task is to
resolve by deconvolution the experimentally recorded
fluorescence spectra into the three underlying components.

Experiments in model solvents
The FE probe was kindly provided by Dr. AS Klymchenko
(Louis Pasteur University, Strasbourg, France). The dye
was synthesized, purified and characterized as indicated
previously [14]. The tabulated spectra from this publication
were subjected to analysis. In addition, focused experiments
were performed in several solvents and solvent mixtures.
The investigated solvents were dimethyl sulfoxide
(DMSO), acetone, octanol, and chloroform. Mixtures of
ethyl acetate (EtAc) and water at 0%, 1%, 2% and 3%
water additions were measured as well. Emission spectra
were acquired with a Cary Eclipse spectrofluorimeter
(Varian, Australia) equipped with a thermally controlled
cuvette holder. They were corrected for wavelengthdependent excitation intensity and detection efficiency.

Results and discussion
The deconvolution method was tested in the analysis of the
spectra of a 3-hydroxychromone (3HC) derivative in model
solvents and solvent mixtures. In the case of only one
ground-state form present in the system, the emission
spectrum, even if represented by two bands, should not
depend on the excitation wavelength. The validity of this
statement was confirmed in control experiments of FE dye
dissolved in neat ethyl acetate. As expected, when
deconvolved into two completely separate bands (14
parameters, R2 = 0.995), the shapes of the two fitted
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Table 1 Fitting parameters for the N* and T* excitation bands in neat ethyl acetate, showing only minimal deviation
Band

10,ex (nm)

Hex (cm−1)

ρex

I0

402
401
401

3,720±80
3,640±20
3,650±20

1.47±0.07
1.51±0.02
1.50±0.02

0.49±0.01
2.53±0.02
0.50±0.01
2.53±0.02

N*
T*
Combined N* and T*

Error margins are 95% confidence intervals of the fit. When not given, they are smaller than the implied precision

excitation bands deviated only minimally, as shown in
Table 1. As a comparison, the parameters for a fit with just
a single excitation band (11 parameters, R2 =0.995) is given
as well.

of the water concentration, whereas the N*/T* intensity
ratio remains relatively constant.

H-bond proton donor sensitivity of dye response

We also deconvolved the fluorescence spectra of FE in four
neat solvents (DMSO, acetone, octanol, chloroform), in
order to relate our results to previous work with this
compound [14]. The dye in DMSO and acetone, being
aprotic solvents that do not possess hydrogen-bond donating groups, did not exhibit a red-shifted excitation band
(fitted shift less than 2 nm). As expected, the emission in
this case could be fitted with two bands. In contrast, the
excitation spectra in octanol and chloroform displayed a
two-band behavior and required three-band fitting in
emission. For these fits we applied additional constraints:
2,500≤Hem ≤3,500 (N* and H–N* bands) and the three
band positions constrained to within 50 nm of their
expected positions. Table 3 summarizes the results. The
fits were stable, except for some uncertainty in the N* band
for the three-band fits of octanol and chloroform, as it
appears only as a shoulder on the larger H–N* band.
In a previous publication [14], in which the fluorescence
spectra were analyzed with only two bands, the IN*/IT* ratio
for octanol and chloroform did not fit the same solvent
polarity function f ð"Þ ¼ ð"  1Þ=ð2" þ 1Þ constructed from
the data for other (neutral or hydrogen bond acceptor)
solvents. By deconvolving those spectra with three bands,
thereby separating the influence of the hydrogen bond
donor ability of the solvent, the data fall on the same line as

When deconvolving EtAc-water mixtures, we constrained
the shapes and positions of the bands to be the same across
all mixtures, with only the relative intensities changing
between the different experiments. We therefore fit 44
complete emission spectra with only 27 parameters (18+3
extra intensities per mixture), obtaining a robust result
without specifying any additional constraints (R2 =0.996).
Table 2 summarizes the results of this fit. Since the addition
of small quantities of water causes formation of H-bonds
without significant change of polarity, the persistence of the
IN*/IT* ratio should be a test of the goodness of the fit. This
expectation was fulfilled in that the IN*/IT* ratio showed
only small changes (0.207, 0.266, 0.227, 0.175 for the 0–
3% water concentrations), whereas the H–N* band intensity
changed dramatically (from 0 to 2.11).
The emission spectra and their deconvolution at 400 nm
excitation are given in Fig. 5 while Fig. 6 shows the virtual
excitation spectra of the resolved bands, constructed by
plotting the peak emission intensities of the three bands for
all excitation wavelengths. The red-shifted (by ∼5 nm) band
corresponding to excitation of the H–N form can be
distinguished clearly only by varying the emission wavelength. Its contribution increases dramatically as a function

Polarity probing in the presence of H-bond proton donors

Table 2 Parameters for the fitting of FE dye excitation and emission spectra in EtAc-water mixtures
Band

N*
T*
H–N*

10,em
(nm)

483±2
572
503

Hem (cm−1)

3,080±70
1,570
2,930±30

ρem

0.79±0.03
0.62
0.74

10,ex (nm)

402
“
407

Hex (cm−1)

3,650
“
3,610±20

ρex

1.49
“
1.47±0.02

I0
0%

1%

2%

3%

0.54±0.03
2.61±0.01
0.00±0.04

0.56±0.03
2.10±0.01
0.43±0.04

0.48±0.04
2.11±0.01
1.16±0.04

0.40±0.07
2.29±0.02
2.11±0.06

The parameters for the N* and T* excitation bands are the same. Error margins are the 95% confidence intervals of the fit. When not given, they
are smaller than the implied precision
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Fig. 5 EtAc-water mixtures: FE dye emission spectra and their
deconvolution at 400 nm excitation. The broken colored lines are the
deconvolved bands (blue dash-dot for N*, green dash for H–N*, and

red dots for T*) and the upper solid black line is the sum of N*,
H-N*, and T*. The dotted black line represents the experimental data,
while the lower solid black line is the residual

the other solvents (Fig. 7). As discussed above, we consider
the band areas (AN* and AT*) to be more informative than
simple intensities. Thus, we recalculated the original plot
by reprocessing the original spectra, but using the obtained
areas, calibrated so as to achieve comparable fluorescence
intensities across the different experiments. An important
consequence follows from this analysis. When the contribution of the H–N* form is taken into account, the AN*/AT*
ratio constitutes a direct indicator of polarity in both aprotic
and H-bonding environments, whereas the relative fraction
of the H–N* form is an indicator of such H-bonding.

lecular proton transfer [22]. The following (a, b c) are
examples of such reactions.

On a broader-scale application of the algorithm

(a) Dyes existing as ground-state conformers, so that only one
of the conformers exhibits an excited-state reaction.
Commonly, only the conformer with a planar conformation of molecular segments undergoes excited-state
ESIPT, resulting in the observation of both initially excited
and tautomer emissions. A variety of such reactions exist
and a suitable tool for their analysis is needed. Whereas
the ESIPT equilibrium and isomerism are strongly
sensitive to polarity [23] and intermolecular H-bonding,
the ground-state conformation equilibrium can shift upon
adsorption to macromolecular structures or interfaces.

Organic dyes exhibiting both ground-state and excited-state
transformations are presently the most efficient probes for
extracting two or more uncoupled molecular parameters by
spectroscopy. The challenge is to devise “smart fluorophores” able to realize this concept based on different
mechanisms. In the ground state, not only H-bonding but
also isomerizations, tautomerizations, protonation/deprotonation and charge transfers can generate a two-state
response of fluorescence dyes. Corresponding excited state
reactions include intramolecular charge transfer (ICT),
photoisomerizations as well as intramolecular or intermo-

In dyes with conformational flexibility, only the conformer with an intact internal H-bond between donor and
acceptor groups can exhibit ESIPT. In protic media this
bond is often disrupted due to stabilization by H-bonding
with the solvent [24, 25]. Thus, the shifts in ground-state
equilibrium can report on H-bonding potential.

Fig. 6 EtAc-water mixtures: virtual excitation spectra of FE dye,
obtained by deconvolution. Note the red-shifted position of the H–N*
band (green squares), and the increasing H–N* band contribution

while the intensity ratio between emissions collected at N* (blue
diamonds) and T* (red circles) bands remains roughly equal

(b) Dyes exhibiting protic equilibrium in the ground state,
so that only one of the pH-dependent forms can
participate in the excited-state reaction. Examples of
such behavior is exhibited by 3HC derivatives with
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Table 3 Fitting parameters for FE dye in neat solvents. Error margins are the 95% confidence intervals of the fit. When not given, they are
smaller than the implied precision
Solvent

Band

10,em (nm)

Hem (cm−1)

ρem

10,ex (nm)

Hex (cm−1)

ρex

I0

DMSO

N*
T*
N*
T*
N*
T*
H–N*
N*
T*
H–N*

517
592
504
579
471±10
563
511±1
471±20
564
490±4

2,920±20
1,620±20
3,070±40
1,610
2,500±140
1,460±30
2,720±40
2,500±900
1,500±30
2,760±160

0.89
0.65
0.89±0.02
0.63±0.01
0.67±0.2
0.62±0.01
0.78±0.02
0.82±0.1
0.62±0.01
0.57±0.1

410
“
403
“
412
“
419
413
“
416±1

3,770
“
3,750±20
“
3,680±40
“
3,530±30
3,580±30
“
3,650±70

1.42±0.01
“
1.40
“
1.48
“
1.52
1.55±0.03
“
1.62±0.07

2.40±0.01
1.23±0.02
0.95±0.01
1.24±0.01
0.36±0.06
0.88±0.02
2.44±0.2
0.27±0.1
1.27±0.02
0.52±0.2

Acetone
Octanol

Chloroform

intense two-band emission in water [26]. As in the case
studied in the present report, the fluorescence band that
is strongly shifted to longer wavelengths originates
from an ESIPT reaction. An increase of pH from 7 to 9
leads to a new spectral form, which becomes dominant.
It exhibits an absorption and fluorescence spectrum
strongly shifted to the red and an emission intensity
decreased by >50%. The origin of this transformation is
the dissociation of a proton from the 3-OH group, such
that ESIPT is no longer possible in the excited state.
Whereas the ratio of intensities of the N* and T* forms
remains an indicator of polarity, the relative magnitude
of the new form can serve as a pH indicator.

Fig. 7 Log10 of the ratio of the areas of N* and T* bands (AN*/AT*) as a
function of solvent polarity function f(ε), showing a linear relationship.
The solvents are (from left to right): hexane, toluene, carbon disulfide,
thiophene, d-n-butyl ether, anisole, chloroform, bromobenzene, ethyl
acetate, tetrahydrofuran, octanol, acetone, N,N-dimethylformamide,
acetonitrile, and dimethyl sulfoxide (data from [14] kindly provided by
Dr. AS Klymchenko). The values for octanol (OcOH) and chloroform
(CHCl3) are given for both the original 2-band and improved 3-band
deconvolution, the shift in results being indicated by arrows

The 3-OH dissociated (anionic) form of 3HC derivatives
can be observed not merely in water at alkaline pH. It is also
present at neutral pH upon binding of 3-hydroxyflavone to
serum albumin [27] and upon incorporation of a close analog
of FE, probe F, into phosphatidylglycerol vesicles in HEPES
buffer [28]. In these cases, the proton transfers not to the
solvent but to a closely located strong proton acceptor. Thus,
together with polarity, the fluorescence response can provide
information on the proton-acceptor ability of the binding sites.
(c) Dyes exhibiting different protic equilibria in the excited
and ground states. Many organic molecules that are able
to dissociate protons do so with greater ease in the excited
state due to a dramatic decrease of their pK values.
Within the range of pH values such ‘photoacids’ possess
two bands in their emission spectra corresponding to a
common excitation spectrum. Such an ability to dissociate can be modulated by ground-state interactions and
suppressed in media of low polarity [29]. Therefore, dyes
with significant ground-state charge transfer and photoacidic groups (e.g. aromatic hydroxyl groups) can serve
as both polarity and pH indicators.
Excited-state proton removal from a photoacidic group
can occur even in hydrophobic media if a strong proton
acceptor (e.g. primary amine) is present. Solutions of 3HC
dyes in toluene in the presence of an amine show three
emission bands corresponding to the N*, T* and anionic
forms [30]. The information content of such a response can
be increased by using dyes containing two ESIPT sites [31].
In summary, a combination of ground-state and excitedstate effects implemented into smart fluorescence probes can
provide rich, multiparametric information. Obtaining this
information requires global deconvolution involving both
the excitation and emission spectra. We have applied the
formalisms developed in this report to the analysis of
complexes of ESIPT dyes with the protein α-synuclein in
amyloid fibrils [32].
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Conclusions
In general, the deconvolution of a complex fluorescence
spectrum into discrete components is carried out in the
absence of an attempt (or formal instrument) for introducing
additional physically motivated restrictions to reduce ambiguity. Such an approach is successful only if the spectral
positions and shapes of the components are well known or do
not change with variation of the properties of the system. In
the absence of this information, the spectroscopic parameters
are often fixed to values obtained by physical intuition or
obtained under conditions different than those corresponding
to the analyzed spectrum. The data acquired in simplified
systems, such as neat solvents and their mixtures, are often
used in studies of micro-heterogeneous and biological
systems. A different approach is demonstrated in this work.
In order to avoid arbitrary and uncertain fixing of input
parameters and to obtain more stable and reliable results we
implemented a 2D excitation-emission global deconvolution
analysis and applied constraints based on the photophysical
mechanism of the excited-state process. Appropriate deconvolution of the fluorescence spectrum into three individual
components served to resolve the spectral location and
contribution of the emission bands of a 3-hydroxychromone
probe, which could be interpreted in terms of polarity and
H-bonding potential of the environment. In this manner, the
population distribution between its different molecular states
and locations in heterogeneous systems was assessed.
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