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ARTICLE INFO ABSTRACT

Keywords: In contrast to the well-studied absorption spectra of different protolytic forms of fluorescein, the complex
Fluorescein protolytic forms structure of the fluorescence spectra in a wide pH range is not completely understood because of the interplay
Absorption between emission and photoinduced proton transfer in the electronic excited states. We provide insight into this
;gng;feme interplay through a combined analysis of the experimental data, obtained by absorption and steady-state

fluorescence spectroscopy at pH 0.3-10.5, and the time-dependent density functional theory (TD-DFT). The TD-
DFT based computational model is validated on dianion and used to model the spectra of other protolytic forms.
The protolytic/tautomeric forms of fluorescein are classified according to the partial charges on the triple
chromophore ring, and electronic transitions are analyzed in terms of changes in molecular geometries and
orbitals. A linear regression analysis between the calculated and experimental results based on both absorption
and well-understood dianionic and cationic fluorescence peaks is used to assign the monoanionic (496 nm),
neutral quinoid (550 nm) and neutral zwitterionic (483 nm) fluorescence peaks, whose positions were not clear
prior to this work. The values of the excited-state dissociation microconstants pk; for different forms of fluor-
escein are calculated by means of the Forster cycle in conjunction with the spectroscopic measurements and
computational data.

Proton transfer
Excited-state dissociation constant

. K, =423
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Fluorescein and its derivatives are well-known fluorescent probes pKap = 6.32
HR™ «——— R?~ + H*t, 3)

[1-4]. Owing to their high absorptivity, quantum yield and photo-
stability, fluorescein-based dyes are used as fluorescent sensors for la-
beling and imaging of colorless systems (living cells [2-4], drug de-
livery systems [5], enzymes [6], proteins [7], micelles [8], carbon
nanotubes [9]), FRET-based sensors [10,11], as well as spectral tracers
for pH [2,4,6,9-13], viscosity [13] and pressure [14] changes in local
environment. Due to changes in the chromophore structure upon pro-
tonation (Fig. 1), fluorescein can be used to study ionic bonding in
proton donating biological macromolecules and polymers [15]. Except
for extremely acidic or alkaline media, fluorescein (R) dissociation in
aqueous solutions involves the following stages [16]:
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where K,1_z) is the ground-state dissociation constant for the reaction
H;R? & H;_;RZ"! + H*. Thus, fluorescein in the ground state may exists
as dianion (D), monoanionic species (carboxylate anion (MI) and phe-
nolate anion (MII)), neutral species (lactone (L), quinoid (Q), zwitterion
(Z)), and cation (C).

The absorption spectra of the protolytic forms of fluorescein in
water have been studied in details using experimental [12,16-20] and
theoretical [21-34] methods. These studies revealed the signatures of
different protolytic/tautomeric forms in the absorption spectra
[16,17,19]. Electronic structure calculations on fluorescein have been
performed using semiempirical methods [21,22,30,34] and density
functional theory (DFT) [21-29,31,32]. Different density functionals
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Fig. 1. Protolytic and tautomeric forms of fluorescein with the charges shown
in green. The protons responsible for changes from the quinoid to other forms
are highlighted by the circles. The carbon, oxygen and hydrogen atoms are
blue, red and grey, respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

(B3PW91 [32], BP86 [29], PBEO [24], CAM-B3LYP/RI-CC2 [25],
B3LYP [21-23,25-29]), basis sets (6-31G(p,d) [29], 6-311G(p,d) [32],
6-311+ +G(p,d) [21,22], LANI2DZ [27]), and both implicit (COSMO
[25] and PCM [22,25,27,29,31]) and explicit solvent [21,22 34]
models have been used. These studies have been mostly focused on the
dianionic form [21,22,24-27,29,30,32] and showed some deviations
from the experimental results: for example, the first absorption peak of
fluorescein dianion in water has been predicted to be at 412-485 nm,
whereas the experimental absorption maximum is at 490 nm.

In contrast to the absorption spectra, computational studies of the
fluorescein emission spectra are much scarcer. Most of the computa-
tional results were obtained for the dianionic form [25,26,29]. More-
over, in the previous experimental studies [12,16-18,35-38], there is
no in-depth analysis of fluorescence peaks of protolytic/tautomeric
forms, except for those that exist in a pure form (dianion, cation).
Additionally, the experimental reports are often contradictory re-
garding the number of the fluorescent species. In some cases [17,39],
only three fluorescent forms have been accounted for (dianion, mono-
anion and cation), whereas in others [16,18] the neutral form has also
been considered. The interpretation of the experimental data is com-
plicated by a possible proton transfer in the excited states (i.e., ab-
sorption and fluorescence can occur in different protolytic forms)
[16-18,35,38,40]. This leads to large differences in the reported
fluorescence quantum yields for the individual protolytic/tautomeric
forms: 0; 0.39, 0.9-1 for cation, 0-0.3 for neutral species, and
0.26-0.37 for anion [16-18,35,36,38,39]. The photoinduced proton
transfer has been observed in other pH-sensitive organic fluorophores,
including coelenteramide and coelenteramide-containing photoproteins
[41], as well as 1-hydroxypyrene-3,6,8-trisulfonate [42]. An additional
difficulty in assigning spectral peaks arises from a wide overlap of vi-
bronic fluorescence bands of the different protolytic and tautomeric
forms coexisting in solution [16-19].

To the best of our knowledge, a comprehensive study of fluorescence
spectra for all protolytic forms of fluorescein that coexist at different pH has
not been reported before. The aim of this study is to clearly identify the
fluorescein species (dianion, monoanion, neutral quinoid, neutral zwitterion
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and cation) in the fluorescence spectra in a wide pH range using combi-
nation of experimental and theoretical techniques.

2. Experimental and theoretical methods
2.1. Sample preparation and spectroscopic measurements

In this work, the sodium salt of fluorescein (C.I. 45350) was ob-
tained from Fluka and used without additional purification. To prepare
unbuffered aqueous solutions of fluorescein in the pH range of
0.3-10.5, distilled water, aqueous solutions of KOH, and hydrochloric
acid were used. The dye concentration in solutions was 7 pM.
Measurements were performed 30-40 min after preparation of solu-
tions. The pH value of solutions was controlled with SevenCompact
S$220 pH/Ion meter (Mettler Toledo). The absorption spectra were re-
corded with a Lambda 35 spectrophotometer (PerkinElmer). The
fluorescence spectra were measured on a Fluorolog 3-22 spectro-
fluorometer (Horiba Jobin Yvon). Fluorescein was excited at the wa-
velength of 420 nm. The obtained fluorescence spectra were corrected
for the reabsorption, if necessary, and for sensitivity of the recording
system. Standard quartz cells with cross sections of 10 X 10 mm were
used to investigate solutions for L-geometry of excitation. All mea-
surements were performed at room temperature.

2.2. Computational details

Two types of the time-dependent density functional theory with
polarization continuum model (TD-DFT/PCM) calculations were car-
ried out using the GAMESS suite of programs [43]. In the first type,
denoted as PCM [44,45], electronic excitation energies and oscillator
strengths were computed assuming solvent relaxation in the excited
states (the same dielectric constant ¢ = 78.39 was used for the ground
and excited states, NONEQ = .F. in GAMESS). In the second type [45],
denoted as PCM*, non-equilibrium vertical excitation energies and os-
cillator strengths were calculated using the dielectric constant
€. = 1.776 in TD-DFT by setting NONEQ = .T. in GAMESS. The
geometry of the fluorescein dianion was fully optimized for the ground
state with no symmetry constraints, separately in the gas phase and in
solution. Then, the vertical excitation energies for absorption spectra
were calculated as differences between the energies of the excited and
ground states, both computed at the ground state geometries. The
fluorescence energies were obtained as the vertical de-excitation en-
ergies corresponding to transitions between the excited and ground
states, at the geometries of the excited states. To select an accurate level
of theory for describing the absorption and fluorescence spectra the
DFT calculations were carried out with the B3LYP, LC-BOP, and CAM-
B3LYP functionals. The following basis sets were used: 6-31G(p,d),
6-311G(p,d) and 6-311+ + G(p,d) (Pople family); cc-pVDZ, and aug-
cc-pVDZ (Dunning family). The results obtained using different solvent
models and electronic structure levels of theory are reported in Tables
S1-S2 in Supplementary materials.

The TD-DFT calculations of excitation energies were performed for
the fluorescein forms with charges —2 (D form), —1 (MI, MII forms), 0
(L, Q, Z forms), and +1 (C form). The atomic coordinates for all forms
are provided in Supplementary material. Two conformations corre-
sponding to the different positions of hydrogen in the carboxyl group of
MII, Q and C forms were investigated. The difference between the en-
ergies of two conformers of these protolytic/tautomeric forms was
found to be about 1-7 kJ/mol. Fig. 1 shows the minimum energy
structures of MIL, Q, and C forms in which hydrogen of the carboxyl
group is the furthest from the triple ring. To analyze the charge dis-
tribution in the different forms of fluorescein, the total charges on four
rings (rings 1, 2, 3, and 4 in Fig. 1) were calculated (see Table S3 in
Supplementary materials). The total ring charges were obtained by a
summation of the Lowdin atomic charges on the carbon and oxygen
atoms of the rings.
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3. Results and discussion
3.1. Absorption and fluorescence spectra

Depending on pH, fluorescein in the ground state in aqueous solu-
tion can exist in four protolytic forms: dianion at 14 > pH > 4.0-4.5,
monoanion at 8.5-9.0 > pH > 2.0-2.5, neutral species at
6.0-6.5 > pH > 0-0.5 and cation at 4.0-4.5 > pH > 0 (see Egs.
(1)-(3)) [16,17]. Only for two forms of fluorescein (dianion and cation)
it is possible to detect the absorption spectrum of the individual form:
under very alkaline and very acidic conditions. For the monoanionic
and neutral species, one could choose the pH at which a desired form
would prevail.

Based on the foregoing, we selected pH 10.5, 5.0, 3.0, 0.3, at which
four protolytic forms of fluorescein in the ground state are dominant in
aqueous solution [16-18]. At pH 10.5, fluorescein exists as the dia-
nionic form. At pH 0.3, the fraction of the cationic form prevails
(> 98-99%). At pH 5.0, fluorescein mainly exists in the monoanionic
form (81-83%), and the rest fractions of the neutral (13-14%) and
dianionic (3%) species are rather low. Finally at pH 3.0, the neutral
form represents the major fraction (82-85%), while the monoanionic
and cationic forms contribute 3-4%, and 11-14%, respectively.

The absorption spectra measured at the selected pH values are
shown in Fig. 2. The presence of several maxima and shoulders in these
spectra can be an evidence of (i) influence of vibrations, (ii) coexistence
of several tautomeric forms with different characteristic maxima, and
(iii) combination of transitions to higher electronic states. The fol-
lowing analysis is focused on the S, — S; transition above 350 nm,
where for the majority of ionic forms there is no contribution of the
higher excited states transitions.

At pH 10.5 (Fig. 2a), fluorescein is in the dianionic D form with the
absorption maximum at 490 nm. The short-wavelength shoulder near
465 nm has a vibrational nature. At pH 5.0 (Fig. 2b), the fluorescein
spectrum has two prominent peaks (at 453 and 474nm) and two
shoulders (near 426 and 385nm). Subtracting the small fractions of
dianionic and neutral species, the spectrum of the individual mono-
anionic form is resolved with the main peak at 473 nm. The short-wa-
velength peak at 453 nm and the small shoulder near 426 nm are within
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several hundred wavenumbers of the main peak and attributed to the
vibrational structure associated with the bonds stretching in the triple
xanthene ring [46]. The shoulder near 385 nm lies significantly further
from the main monoanion peak and could be due to transitions to a
higher electronic state. At pH 3.0 (Fig. 2¢), fluorescein characterized by
the short-wavelength peak at 436 and the long-wavelength shoulder
near 475 nm. It should be noted that although at pH 3.0 the fluorescein
is predominantly in the neutral form, 70% of it belongs to the lactone
colorless species [16], therefore the contribution of the cationic form to
the absorption spectrum is more significant than it seemed initially. The
decomposition of complex spectrum of fluorescein at pH 3.0 was per-
formed (Fig. 2c) to obtain the spectrum of the individual tautomer and
to associate the peak at 433 nm with the zwitterionic Z form and peak at
473 nm with the quinoid Q form. The spectrum of Q form is assumed to
be identical to monoanionic MI form, while the spectrum of Z form is
similar to the cationic one, but shifted to the blue region by 3nm [16]
or 4nm in our study. The cationic form at pH 0.3 has the absorption
maximum at 437 nm (Fig. 2d).

A mirror-like symmetry in the normalized [47] absorption and
fluorescence spectra is found only at pH 10.5 (Fig. 2a, Fig. S1 in Sup-
plementary material). At such high pH, fluorescein is in its dianionic
form in both the ground and excited states, and having the mirror-
symmetry suggests that the vibrational structures of electronic excited
and ground states are similar. At pH 5.0, 3.0, and 0.3 there is no mirror
symmetry between the absorption and fluorescence spectra (Fig. 2b—d,
see Fig. S1 for other pH). This could be explained by the following
factors: a) contributions to emission from several different forms (these
contributions are determined not only by the concentrations but also by
the molar extinction coefficients at the excitation wavelength and the
quantum yield of each form), b) significant structural changes in the
excited state and solvent reorganization, c) proton transfer in the ex-
cited states leading to the absorption and emission from different forms.

There is no consensus in the literature on the number of fluorescent
forms of fluorescein. Sjoback et al. [17] and Leonhardt et al. [39] re-
ported that only the cationic, monoanionic, and dianionic forms emit
(the neutral form in the excited state undergoes a transformation to the
monoanionic form). However, Klonis et al. [16] and Martin et al. [18]
reported that the quinoid form is also fluorescent. As can be seen in

Fig. 2. Experimental absorption (violet) and fluor-
escence (red) spectra of fluorescein at (a) pH 10.5,
(b) pH 5.0, (c) pH 3.0, and (d) pH 0.3. The decom-
position of complex spectrum at pH 5.0, 3.0 and 0.3
into the individual protolytic/tautomeric forms is
shown as dotted lines. The resolved spectrum of ca-
tion fluorescence was taken from Ref. 17, 18. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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Fig. 3. S, —» S; (a) and S; - S, (b) transition wavelengths of the fluorescein
dianion calculated using the B3LYP functional, and different basis sets and
solvation models. The experimental values corresponding to the maxima in
absorption and fluorescence spectra (dashed lines) and 0-0 transition (dotted
line) are shown.

Fig. 2a, the dianionic D* form, which dominates at pH 10.5, emits at
513 nm (symbol “*” next to the form label indicates an excited state). At
pH 0.3, the evident shoulder near 470-480 nm belongs to C* form
(Fig. 2d) [16-18,37,48]. At very acidic conditions (5-10 M H,SO4 or
HCI), this shoulder becomes a dominant peak at 475 nm (see dotted line
in Fig. 2d). The fluorescence maxima in the range of 0.3 < pH < 5.0
lie around 514-517 nm (Fig. 2b-d); and the spectra are significantly
broadened relative to the dianion spectrum. For instance, at pH 5.0, the
broadening near 480-500 nm and the shoulder near 550 nm, which
gradually vanishes as pH decreases, are observed. These observations
indicate that at the intermediate pH the fluorescence spectrum contains
the contributions from several protolytic forms.

3.2. Method validation for modeling the spectra

In general, theoretical 0-0 transition wavelengths should be com-
pared with the crossing points between absorption and fluorescence
spectra. However, since the experimental wavelengths of the 0-0 tran-
sitions and the peak maxima differ by only about 10 nm (Fig. 3), we
compare theoretical vertical transitions with the peak maxima. As the
quality of the basis set within the Pople and Dunning families is im-
proved, the predicted wavelength of the S, — S; transition increases
and approaches the experimental maxima, for both the gas phase (va-
cuum) and especially the solvent (PCM and PCM*) calculations (Fig. 3).
These results also show the importance of including diffuse functions to
accurately describe the anionic forms. For fluorescein dianion,
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changing the basis set from 6-311G(p,d) to 6-311+ + G(p,d) and from
cc-pVDZ to aug-cc-pVDZ results in 6-10 nm and 7-13 nm wavelength
shifts, respectively (Fig. 3a). In contrast, increasing the size of the basis
set from double- to triple-zeta has small effect on the transition wave-
lengths, as seen from comparing the 6-31G(p,d) and 6-311G(p,d) re-
sults. To test the basis set convergence, the TD-DFT energy calculations
were performed at the B3LYP/PCM*/aug-cc-pVTZ level of theory using
the B3LYP/PCM*/aug-cc-pVDZ optimized geometry. This increase in
basis set resulted in a less than 2nm change in the transition wave-
length. The fluorescence wavelengths are also accurately reproduced
with aug-cc-pVDZ basis set (Fig. 3b).

The long-range corrected (LC) functionals, such as LC-BOP [49] and
CAM-B3LYP [50], are often used for calculating the charge transfer
transitions. However, we found that these functionals overestimate the
transition wavelengths of fluorescein dianion compared to B3LYP (see
Fig. S2 in Supplementary material). A similar conclusion has been
reached by Zhou et al. [25], who used the CAM-B3LYP functional and
obtained a value of 439 nm (2.83 eV) for the Sy — S, transition, which
is 0.31 eV above the experimental value. For all electronic transitions
calculated in this work, the measures of the spatial overlap between the
occupied and virtual orbitals contributing to the electronic excitations,
known as A-values [51], lie within 0.45 < A< 0.89, which suggests the
lack of a Rydberg character and a considerable localization of excita-
tions within the chromophore. These findings are in agreement with
Zhang et al. [52], who experimentally demonstrated that the photo-
induced charge transfer in fluorescein is the least important among all
xanthene dyes.

The transition wavelengths obtained with the non-equilibrium sol-
vation model (PCM*) are in a better agreement with the experimental
values than the equilibrium PCM wavelengths suggesting what the
solvent relaxation time is shorter than the excited state lifetime [45].
Based on these preliminary calculations, the B3LYP/aug-cc-pVDZ/
PCM* level of theory was selected and used in all calculations described
below. For the dianionic form, this level of theory reproduces the ex-
perimental absorption and fluorescence wavelengths with a reasonable
accuracy of 7 and 4 nm, respectively.

3.3. Identification of the fluorescein forms in the spectra

The results of TD-DFT for different forms of fluorescein are listed in
Supplementary materials. Here, we focus on Sy, — S; and S; — S
transitions with the oscillator strength f > 0.05 and 0.45 < A< 0.89 (see
details in Table S4). In Table 1, the TD-DFT results are compared with
the maxima of the absorption and fluorescence spectra for the different
protolytic forms of fluorescein.

For the absorption spectra, the computational results are consistent
with experimental values. There are no experimental values for the
lactonic form, which absorbs in the UV range, and two sets of theore-
tical values for the MI and MII tautomers of monoanion. For the
fluorescence spectra, an unambiguous correspondence between the
experimental and theoretical results can be established only for the
dianionic and cationic forms.

All protolytic/tautomeric forms of fluorescein can be classified ac-
cording to the charge of the triple ring (rings 2, 3 and 4 in Fig. 1) in the
ground electronic state (Table 1 and Table S3). D and MII forms with
large negative charges on the triple ring (—1.16 and —1.07) are as-
signed to group 1, while MI and Q forms with smaller negative charges
(—0.21 and —0.11) are assigned to group 2. Group 3 includes Z and C
forms with large positive charges (0.61 and 0.89). The colorless lactonic
L form is characterized by a nearly zero charge and distinct from other
protolytic forms. The observed similarities in the absorption spectra of
MI and Q forms (group 2), as well as C and Z forms (group 3) correlate
with the similar charges on the triple ring (Table 1). Similar charges of
the triple ring in D and MII forms (group 1) correlate with the fact that
the calculated absorption wavelengths for these forms are close (483
and 495 nm). The absorption wavelengths of Z and C forms are also
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Table 1
Properties of protolytic and tautomeric forms of fluorescein in the ground and excited states.
Form Charge Group (charge)” Absorption Fluorescence
Theory” Exp.© Theory” Exp.©
Nabs, M Sabs Nabs max, M €max, 10* mol 17" em ™ Ag, nm fa MLmax, M
D -2 1(-1.16) 483 1.16 490 8.0 509 1.05 513
MI -1 2 (-0.21) 448 0.84 473 2.9 483 0.69 24
MII -1 1(-1.07) 495 1.11 473 2.9 626 0.35 -
L 0 4 (0.07) 277 0.09 - - 284 0.14 -
Z 0 3 (0.61) 412 0.18 433 1.3 467 0.06 24
Q 0 2(-0.11) 452 0.87 473 0.4 555 0.57 ?d
C +1 3(0.89) 412 0.91 437 5.3 453 0.14 475°

# Protolytic forms are grouped according to the triple ring Léwdin charge (see Table S3 in Supplementary material) in the ground electronic state.

b B3LYP/aug-cc-pVDZ/PCM*, A.ps and fap,s are the absorption (abs) wavelength and oscillator strength of Sy — S; transition, respectively; Ag and fy are the
fluorescence (fl) wavelength and oscillator strength of S; — S, transition, respectively.

¢ Measured in this work: Aabs max and A max are the maximum wavelengths in the absorption and fluorescence spectra, respectively; emay is the molar extinction

coefficient at Aabs max-

4 values of Afi_max for the monoanionic, quinoid, and zwitterionic forms labeled with “?” cannot be determined unambiguously.

¢ The average value of cation maximum is taken from Ref. [17, 18, 37, 47].

similar (412 and 412nm according to theory, 433 and 437 nm ac-
cording to experiment). The same is true for MI and Q forms with the
experimental absorption wavelengths of 473 and 473 nm, respectively,
and the theoretical values of 448 and 452 nm. An important aspect of
the grouping is that the triple ring chromophore has the same chemical
composition in each group, whereas between the groups, the chromo-
phore can differ by 1-3 protons.

Molecular orbitals involved in the S, — S, transitions are shown in
Fig. 4. D and MII forms (group 1) have similar occupied and virtual
orbitals localized on the triple chromophore ring. The same is true for
MI and Q forms (group 2), as well as for C form (group 3). The loca-
lization of the orbitals, involved in the excitation, on the chromophore
leads to large values of oscillator strength (from 0.84 to 1.16) for these
forms. In contrast, in Z form (group 3), only the virtual orbital is cen-
tered on the chromophore, while the occupied orbital is located mostly
on ring 1, producing the much smaller oscillator strength f,,s of 0.18.
Finally, the occupied and virtual orbitals of L form (group 4) are
completely localized on the chromophore and ring 1, respectively. Such
localization produces very small oscillator strength f,p,s of 0.09. There is
a correlation between the oscillator strengths and the experimental
extinction coefficients, except for the quinoid Q form (Table 1).

Electronic excitation leads to the distortion of the ground state
geometry mainly affecting several dihedral angles in all protolytic/
tautomeric forms (see details in Table S5). In the excited state, Q and
MII forms are the most distorted, which explains their larger Stokes
shifts (103 and 131 nm) compared to other forms (26-55 nm), as can be
seen from the calculated wavelengths in Table 1. A significant Stokes
shift in Q form agrees with the earlier predictions from the LR-PCM/TD-
B3LYP calculations (130 nm) [25]. Excited state molecular orbitals in-
volved in the S; — S, transition are shown in Fig. S3 in Supplementary
materials.

The linear regression plot in Fig. 5 shows that there is a strong
correlation with coefficient R = 0.987 between the previously assigned
experimental and calculated wavelengths for the absorption (D, MI, Q,
Z and C forms) as well as for fluorescence (D* and C* forms) transitions.
This dependence plotted in transition energies provides the same fitted
parameters with R = 0.988. The high correlation justifies the use of the
linear regression to identify the signatures of other protolytic forms in
the absorption and fluorescence spectra of fluorescein.

First, the linear regression can be used to clarify the assignment of
tautomeric forms in the experimental spectra. It was argued earlier
[16,19] that MI form with absorption at 473 nm, rather than MII form,
is dominant in solution at equilibrium according to Eq. (2). As can be
seen in Fig. 5, the MI point lies on the regression line — a strong

indication that MI form is present in solution, whereas the MII point
(empty violet circle) falls out from the regression. Second, the fluor-
escence wavelengths for the neutral quinoid Q*, monoanionic MI*, and
neutral zwitterionic Z* forms, denoted by “?” in Table 1, now can be
identified as 550, 496, and 483 nm, respectively. Indeed, the 550 and
496 nm bands can be seen as the shoulder and broadening of spectrum
near the main fluorescence peak (Fig. 6a). A possible weak fluorescence
of the zwitterion at 483 nm can be explained by the small value of the
predicted oscillator strength (fg = 0.06 in Table 1). Martin et al. [18]
and Klonis et al. [16] suggested that the zwitterion fluorescence cannot
be observed at all because in the excited state this form is quickly
transforms to the cationic and/or monoanionic forms.

The relative change in the emission intensity at 475, 496 and
550 nm as a function of pH is shown in Fig. 6b. The intensities at these
wavelengths (associated with C*, MI* and Q* forms) behave differently,
indicating that the changes indeed come from different forms of
fluorescein. At the same time, there is no strong correlation of these
intensity ratios with the concentrations of the corresponding protolytic/
tautomeric species in the ground state (see bottom of Fig. 6b). This fact
may indicate a photoinduced proton transfer in the excited states of
different protolytic forms.

Summarizing, in the range of 0.3 < pH < 7.0, the complex shape
of the fluorescence spectra can be interpreted as a result of fluorescence
of different protolytic and tautomeric species of fluorescein. In parti-
cular, the broadening near 480-500 nm is attributed to the presence of
the monoanionic MI* form. The peak at 550 nm is attributed to the
quinoid Q* form, and the shoulder near 475 nm at low pH values
(pH < 0.3-1.0) corresponds to the cationic C* form. The predominant
fluorescent form in a wide pH range is the dianionic D* form with
fluorescence at 513 nm. To a great extent this form determines the
position of fluorescence maximum of the protolytic and tautomeric
forms mixture due to the dianionic form's highest quantum yield among
the fluorescein species [16] and possible multistep proton transfer.

3.4. Determination of the excited-state microconstants

In order to distinguish ionic equilibriums for various tautomeric
forms, we evaluate the dissociation microconstants, denoted as pk, for
the ground state and pk, for excited states. It is well-known that an
excitation and external proton concentration have a strong effect on the
dissociation constant and photoinduced proton transfer [42,53]. To the
best of our knowledge, the values of pk, for the whole set of fluorescein
protolytic/tautomeric forms have not been reported. The experimental
determination of these values is complicated by the fact that the
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Fig. 4. Pairs of the occupied and virtual molecular orbitals involved in S, — S, excitations at the ground state geometries. Excitation energies (E), corresponding

absorption wavelengths (A,ps), and oscillator strengths (f,p,s) are shown.
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Fig. 5. Correlation between the calculated and experimental wavelengths in the
absorption (filled violet circles) and fluorescence (filled red circles) spectra of
different protolytic and tautomeric forms of fluorescein. Empty red circles show
theoretical predictions for the cases where experimental values are not avail-
able (fluorescence of MI*, Q* and Z* forms). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of
this article.)

equilibrium could not be established during the short lifetime of the
excited state [54]. In the case of reaching the equilibrium a method for
estimating pk, based on the Forster cycle (Fig. 7a) could be used
[42,53]. This method requires only the values of the energy gaps be-
tween the corresponding ground and excited states of HR and R~ forms:

SHR _ =R
he V-0 ~ Yo—o

Apk, = pka — pk; =
P b P 2.3kT

’ @
where h is the Plank constant, c is the speed of light, k is the Boltzmann
constant, T is the temperature. The wavenumber 7,_, corresponding to
the 0-0 electronic transition can be estimated by averaging the positions
of the absorption (¥jps = 1/Aabs_max) and fluorescence (Vg = 1/A_ max)
maxima:
ﬁO 0= ﬁabs + iﬂ

N 2 (5)

The wavelengths from Table 1 and Fig. 5 were used in Eq. (5) to
estimate the 0-0 transitions of the fluorescein protolytic/tautomeric
forms listed in Fig. 7a. The excited-state pk, values (Fig. 7b, top
scheme) were calculated using the ground-state microconstants
(Fig. 7b, bottom scheme) [16]. The calculated pk, values differ sig-
nificantly from the corresponding ground-state values of pk,, which
implies the change in equilibrium of fluorescein species in the excited
state compared to the ground state. The difference between the ground-
state and excited-state microconstants is considerable and reaches 4.8
for cationic — quinoid equilibrium. For this case the pk; of —1.6 is
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Fig. 6. (a) Experimental fluorescence spectra of
(b) fluorescein at (1) pH 10.5, (2) pH 5.0, (3) pH 3.0,
and (4) pH 0.3. The peaks for MI*, Z*, and Q* forms
are assigned using the linear regression shown in
Fig. 5. (b) pH dependence of the intensity ratios at
wavelengths of 475-513nm (black squares),
496-513 nm (green triangles), and 550 to 513 nm
(brown cycles). The relative concentrations of ca-
tionic C, neutral quinoid Q and monoanionic MI

Normalized fluorescence intensity

forms in the ground state are shown at the bottom,

024 Relative the data are taken from ref. 16. (For interpretation of
’ —= concentration the references to color in this figure legend, the
: inground state  reader is referred to the Web version of this article.)
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Fig. 7. (a) Electronic energy levels of the acid (HR) and conjugated base (R™)
forms of fluorescein in the ground and excited states (Forster cycle), and
changes of the ground state (AH) and excited state (AH*) enthalpies. (b)
Transitions between various forms of fluorescein in the excited and ground
states. The values of the excited state microconstant pk, obtained from Eq. (4),
and the ground state microconstant pk, taken from ref. 16 are shown.

comparable with the excited-state dissociation constant for ca-
tionic — neutral equilibrium obtained by Forster cycle [37] for fluor-
escein (—1.3) and by time-resolved fluorescent spectroscopy [55] for
difluorofluorescein (—1.8). The microconstant for dianionic — mono-
anionic equilibrium in excited state (6.0-6.3) reported previously
[17,35] differs from the value obtained in the present study (4.8),
however it remains smaller than the ground state pk,.

We also calculated the pk; values using an alternative (theoretical)
method that relies on the Born-Haber thermodynamic cycle [56] to
obtain the ground state pk, and the TD-DFT excitation energies from
Table 1 and Fig. 5 to obtain 7,_o based on Eq. (5). This theoretical
method predicts the pk, values that are similar to ones obtained using
the experimental absorption and fluorescence energies (see Table S6 for
details).

The accuracy of the Forster cycle method is very sensitive to the 0-0
transition energy. In the case of Q* form, which has a considerable
Stokes shift, the wavelength of 0-0 transition is hard to determine ac-
curately, both from experimental spectra and electronic structure cal-
culations. A more accurate determination of the 0-0 transition energies
requires detailed information on the vibrational structure of the ab-
sorption and fluorescence spectra [53]. Nevertheless, the predicted pk;
values are consistent with the experimental data (Fig. 6) revealing a
significant contribution of the Q* form to the fluorescence spectra of
fluorescein at pH 0.3-5.0. The computational part of this work can be
extended to nonadiabatic molecular dynamics simulations [57,58] to
study the excited state proton transfer in detail. Such study is expected

has revealed the principal role of the partial charge on triple chromo-
phore ring in determining the absorption wavelengths. The electronic
transitions have been analyzed in terms of molecular geometry and
orbital changes in ground and excited states.

The signatures of the fluorescein monoanionic MI* (496 nm), neu-
tral quinoid Q* (550 nm), and possibly neutral zwitterionic Z* (483 nm)
forms in multicomponent fluorescence spectra have been identified
based on the linear regression between the calculated and experimen-
tally known wavelengths. The excited-state dissociation microconstants
pk; for the set of protolytic/tautomeric fluorescein forms have been
estimated by means of the Forster cycle method using the spectroscopic
measurements and computational data.

The obtained results will be useful for accurate measurements of
fluorescence quantum yield of protolytic forms, as well as for elucida-
tion of the excited states kinetics involving both fluorescence and
photoinduced proton transfer. The proposed approach, based on ex-
perimental and computational spectroscopic methods, can be applied to
other organic fluorescent labels (e.g., fluorescein derivatives and coe-
lenteramide-containing photoproteins), in which the direct identifica-
tion of protolytic/tautomeric forms in experimental fluorescence
spectra is hindered by the complex multistep proton transfer in the
excited states.
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