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Fluorescein (C.I. Solvent Yellow 94) contains three acid-base groups that lead to a protolytic equilibrium
involving four species namely, dianionic, monoanionic, neutral and cationic. Since these species display
superimposed bands in their electronic absorption spectra and close pKa values, the determination of
pKa using traditional methods is complex. By applying chemometric tools, principal component and Q
factor analysis followed by varimax and Imbrie oblique rotations, pKa values in water, pKa; = 2.5,

pKa, = 3.8 and pKas = 6.1, were obtained. Geometric parameters secured using Density Functional

Theory combined with a polarized continuum model that simulates the surrounding water molecules

Keywords: . . . .. . Lo
Fljlorescein showed that the predominant neutral fluorescein structure is quinoid, while the monoanion is carbox-
Xanthene ylic. Time-Dependent Density Functional Theory predicted the origin of electronic transitions of each
pKa species, which agreed with the spectra generated using chemometrics.
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1. Introduction

C.I Solvent Yellow 94 (Fluorescein; FSC) enjoys widespread use
in many areas of science, technology and medicine [1—4]; the dye
has been employed, for example, as a fluorescent probe in detecting
eye diseases [5—7]. The many applications of fluorescein are related
to its high absorption in the visible region, namely high fluorescence
emission, low toxicity and strong interaction with biomolecules [8].
In contrast, the dye is prone to photobleaching and has a complex
protonation equilibrium in the ground state. The number of acidic
groups in the dye suggests that pH plays an important role in its
behavior, including light absorption and emission properties, which
permits fluorescein to act as a probe for specific cell environments
and biological targets [9]. Fluorescein is a xanthene dye, with the
central carbon bonded to the position 2- of a benzoic acid (Fig. 1).

The commercial form of fluorescein is typically either the dia-
nion (sodium salt) or neutral form. Its protolytic equilibrium
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involves four species namely the dianion (F>~), the monoanion
(FH™), the neutral (FH;) form, and the cation (FH3), so that three
acid-base equilibria are expected. These pKa have been assigned
the approximate pH values of 2, 4, and 6 [10,11].

FH;r + H,O=FH; + H30Jr pKa,
FH, + H,O0=FH~ + H30" pKa,
FH™ + H,0=F?" + H30" pKas

FH3 and F?>~ are the prevalent forms at extreme pH, the first one
at low pH and the dianion at high or neutral pH (Fig. 1) [10,11]. The
dianion molar absorptivity in water at pH ~ 9 is high; at 490 nm, in
the present work the value of 88,000 L mol~! cm~! was used
[11—13], although a value of 76,900 L mol~! cm™! have been quoted
[10]. This species predominates in the range applicable to human
physiological media (pH ~ 7.3) [10,11]. As pH decreases, proton-
ation leads to the monoanion FH™ (pKas ~ 6), which exist as two
possible tautomers, the monoanionic carboxylate (MAC) and the
monoanionic phenolate (MAF) [10] (Fig. 1). Subsequent decrease in
pH produces the neutral form, FH;, that exhibits three possible
structures namly a lactone (NEL), a zwitterion (NEZ) and a quinoid
(NEQ). The proposition of the existence of various tautomers for
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Fig. 1. FSC protolytic forms.

FH, is based on solid state studies, which determined that these
structures show distinct diffraction patterns and IR spectra [14,15].
Additionally, the existence of the lactone (NEL) in DMSO is based on
the IR detection of C=0 stretching of lactones, ymax = 1755 cm™!
[16]. This structure was already isolated from frozen 1,4-dioxane
anhydrous solutions [14]. The zwitterionic structure (NEZ) was
proposed from solid Fluorescein (yellow) by IR data similarities
with pyrylium salts [14,15]. However, the predominance of each
tautomer in solution depends on the solvent effect.

As previously shown, the validity of pKa determination depends
on the analytical method employed, including the mathematical
treatment, and involves several experimental parameters, such as
solvent, concentration, ionic strength, and temperature [17]. The
analysis of the protolytic species of FSC by UV—Vis absorption
spectrophotometry is difficult due to extensive spectral band
overlapping and close pKa values. Classically, pKa estimations by
UV—Vis are based on application of the univariate method in which
absorption is monitored at one (or two) single wavelength(s) (the
analytical wavelength(s)). However this method is recommended
only in systems that presents low spectral superposition and pKa
differences higher than 3 pH units (ApKa > 3) [17]. Due to the
importance of reliable pKa values for FSC, the chemometric

approach could potentially be useful [10,18,19]. The chemometric
approach involves analysis of all wavelengths simultaneously (full
spectra), searching for the individual contributions of each species
at each pH, and using many data points instead of a single analytical
wavelength.

Although quantum chemical studies on protolytic FSC structures
have been reported [20—27], these concern only a limited number
of tautomers of each protolytic species and detailed aspects of
structural parameters were unresolved. An important contribution
was that of Tamulis et al. [20] who used Time-Dependent Density
Functional Theory (TD-DFT) and suggested that the increased
fluorescence of F>~ was attributable to its extensive molecular
symmetry. Protonation decreases molecular symmetry and
increases the number of allowed electronic states for the mono-
anion (only MAC was considered), favoring the non-radiative
deactivation of the excited state.

In the present work, pKa values for fluorescein were estimated
using UV—Vis spectrophotometry and chemometric tools. The
predominant tautomer of each protolytic species in water and
vacuum were studied using several techniques based on Density
Functional Theory and their electronic transition properties were
characterised.
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2. Experimental methods
2.1. Materials and methods

UV—Vis spectra were obtained on a Varian model Cary-50
spectrophotometer. All experiments were performed at 303.15 K.
Sodium chloride 0.1 mol L~! was used to control the ionic strength.
The pH range investigated was between 0 and 13 using Mcllvaine or
boric acid or bicarbonate buffers (all 7.5 x 107> mol L™') or in
HCI/NaOH standardized solutions. For buffer solutions, the final pH
was measured using a Meterlab pHM 240 pH m.

The pKa were calculated considering the absorbance profile at
a single wavelength (analytical wavelength) as a function of pH and
the resulting data were analyzed by derivative methods (first and
second order mathematical analysis) — the classic treatment [28].
Additionally a more detailed data analysis based on the chemo-
metric approach over a full spectra (300—600 nm) was determined
by the use of software [29] developed by the Chemometry Labo-
ratory for Natural Sciences of the Universidade Estadual de Lon-
drina, Brazil. In these cases, pKa values were determined by two
equivalent methods, employing the relative protolytic concentra-
tions calculated by chemometry: (i) pKa values corresponding to
the pH where the relative concentrations of two protolytic species
are equal; (ii) pKa determined by applying the relative concentra-
tions of these two species in the Henderson—Hasselbalch equation.
These two methodologies result in very similar pKa values.
However, the second method was applied to obtain more accurate
pKa values especially in cases in which the relative concentration
curves show some experimental data dispersions.

2.2. Quantum chemical calculations

The FSC protolytic structures used in the theoretical calculation
were based on the work of Sjoback et al. [10]. The structures were
pre-optimized at the Hartree-Fock level, using STO-3G as the
atomic basis set. Subsequently, the structures were refined by using
the B3LYP hybrid functional and the 3—21+G* atomic basis set, in
a vacuum and also simulating hydration by the use of the SCRF
(Self—Consistent Reaction Field) Onsager Model [30]. The absence
of complex vibrational frequencies confirms that these refined
structures are at energy minimums. All calculations were per-
formed on Gaussian 03 W software package [31].

Thermodynamic parameters for the isolated and solvated
structures were estimated using thermochemical data furnished
after calculating frequencies, based on a procedure recommended
by Ochterski [32]. The excitation spectrum of each tautomer was
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calculated by TD-DFT [33,34] for the isolated and solvated (Onsager
model) species, using the same hybrid function and the 3—21+G*
atomic basis set, by calculating the first 20 singlet—singlet elec-
tronic transitions. Additionally, these structures were optimized by
DFT calculations based on the B3LYP hybrid function using different
atomic basis sets, and each species studied was immersed in
the dielectric continuum generated by the Integral-Equation-
Formalism Polarizable Continuum Method (IEFPCM) model [35,36].
After that, excitation energies were calculated using TD-DFT, the
B3LYP hybrid function in combination with the IEFPCM model, and
different atomic basis sets. The results were compared with those
previously obtained using the Onsager model and the data esti-
mated by chemometric analysis. The Natural Bond Orbitals (NBO)
were calculated from the structures optimized in water, using the
same DFT hybrid function and the 6-311G atomic basis set. The
Molecular Electrostatic Potential (MEP) was generated by the
software Molekel 4.3 [37,38].

3. Results and discussion
3.1. pKa determination of FSC in water

From the Fluorescein UV—Vis absorption spectra presented in
Fig. 2A, it was possible to follow the protolytic processes in the pH
range between 0 and 13.

The cationic species (FH3) of FSC predominates in acidic water,
which is evidenced by a band centered at 437 nm. In alkaline
conditions (pH > 8), FSC is present as dianionic species (F>7),
exhibiting a band with maximum absorption at 490 nm. As shown
in Fig. 2A, it is impossible to determine the spectra of the inter-
mediate species (neutral FH, and monoanionic FH™) due to
extensive band superimposition. Additionally, isosbestic points are
not observed in Fig. 2A, which indicates the existence of a complex
protolytic equilibrium [39].

Fig. 2B exhibits the dependence between absorbance and pH
monitored at some single wavelengths: 437, 452, 474, and 490 nm,
these specific wavelengths are related to the regions where the
cationic, neutral, monoanionic and dianionic forms of FSC absorb,
respectively, as reported by Sjoback et al. [10].

The highest variation in absorbance (AAbs) is observed at
490 nm. Using this specific wavelength for the analysis, it was quite
difficult to notice three distinct protolytic equilibria. Through the
methods of first and second derivatives for the classic “S-shaped”
curve, only one pKa around 6.3 was ascertained, whose value is
attributed to pKas. At 474 nm, two pKa values were observed:
pKaz ~ 4.3 and pKaz ~ 6.3. Following the absorbance at 437 and
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Fig. 2. A) Spectra of FSC (7.76 x 10~ mol L™") in aqueous solutions at various pH values: (a) 0.31, (b) 3.36, (c) 5.39, (d) 7.25, and (e) 13.04. [NaCl] = 0.1 mol L~ and 303.15 K B)

Absorbance profile as a function of pH at specific wavelengths.
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452 nm, three inflection points were found: (i) pKa; ~ 1.9, (ii)
pKay ~ 4.4 and (iii) pKasz ~ 6.3. All these values are in agreement
with one another. However, this traditional pKa calculation, which
considers only a few wavelengths, is not reliable for FSC due to the
following reasons: (i) usually, the chosen wavelength is the one
with the highest verifiable AAbs, in this case 490 nm, which
unfortunately wrongly indicates only one acid-base equilibrium,
(ii) extensive superimposition among the absorption bands, which
affects the absorbance values of each protolytic species, (iii) the pKa
difference (ApKa) is small, and (iv) isosbestic points could not be
detected. These considerations show that the estimating pKa for
the FSC protolytic system is not an easy task.

For FSC, applying the Principal Component Analysis method-
ology (PCA), the presence of four species explains 99.996% of the
variance contained in the data, as reported in Table 1. This result
suggests that the spectral set contains information on the four
expected protolytic species.

By applying Q Factor analysis followed by Varimax and Imbrie
Oblique Rotations [40—43], the curves of relative concentrations
of the four protolytic compounds of FSC as a function of pH were
determined (illustrated in Fig. 3A). The obtained values from this
diagram are pKa; = 2.5, pKa; = 3.8, and pKas = 6.1, differing from
those we previously calculated using the traditional derivative
method at individual wavelengths (around 1.9, 4.4 and 6.3). These
methods disagree particularly for pKa; and pKay. The chemo-
metric calculations resulted in ApKa_1) = 1.3 units; this close
proximity of pKa; and pKay values results in errors with the
usual methodologies that are probably associated to band
superimposition.

Chemometric methods based on PCA for FSC pKa determination
had already been used [10,19,44,45] to obtain the curves of relative
concentrations, which resulted in pKa; = 2.1, pKa; = 4.3 and
pKas = 6.4 [10,19]. These values agree somewhat with our calcu-
lations using the traditional derivative method, but differ from
those determined by applying the Imbrie Q method (pKa; = 2.5,
pKa, = 3.8 and pKaz = 6.1). Some of the advantages of our
experimental design are the large number of samples analyzed and
the low FSC concentrations employed (high concentration can
induce self-aggregation in water, as occurred in porphyrin dyes
[46—48]).

Additionally, these concentration curves (Fig. 3A) are relative
(0—1) because they are normalized by the length unit of the most
divergent spectral vectors and do not correspond to the real
fractions of the species (the molar fraction of each species). To
find out these molar fractions, the calculated pKa values were
applied to the classical equations of mass balance for protolytic
systems [49],

L Kes[HT Kaskay[HY]
1="poL" "%~ " pOL ' ° " POL
__ KayKa;Kas
- POL
and
Table 1

Principal component analysis for FSC spectral data.

Variables Explained Variance (%) Accumulated Variance (%)
1 72.3623 72.3623
2 25.3325 97.6947
3 22741 99.9688
4 0.0269 99.9958
5 0.0018 99.9975

POL = [H*]’+[H") Kas + [H*]KasKay + KazKayKa

which are the values in the diagram illustrated in Fig. 3B.

Fig. 3B shows that the cationic FH3 prevails at pH < 2.5. The
neutral species, FH,, predominates in a narrow pH range (between
2.5 and 3.7) due to the proximity to pKa; and pKa,. Between pH 3.8
and 6, the monoanionic FH™ prevails, while above pH 6 the dia-
nionic F>~ is the main form. To illustrate the complexity of the
system, the solution at pH 3 was taken as example: at this pH, FH; is
the predominant protolytic form, however, FH and FH™ are also
present.

Applying the K-matrix method and using data from Fig. 3B, the
spectra of each pure protolytic species of FSC were simulated
(Fig. 4). The simulated spectra of the cationic (FH¥) and dianionic
(F>7) forms are easily compared to those experimentally
determined.

As shown in Fig. 4, the FH, and FH™ spectra are completely
superimposed by the spectra of the cation and dianion forms,
similarly to the spectra reported [19]. At 490 nm (absorption
maximum of F>~), the FH™, FH,, and FH3 species have low molar
absorptivity, which explain the observation of only pKas by using
the experimental data at this wavelength. The FSC molar absorp-
tivities (¢) at the wavelengths corresponding to the maximum
absorption (Amax) are shown in Table 2.

To ensure the validity of the calculated pKa values, the curve of
absorbance intensity versus pH at 490 and 437 nm was constructed
using the calculated molar fractions (Fig. 3B) and their molar
absorption coefficients (Table 2). Theses curves were compared
with the experimental data in Fig. 5.

At 490 nm, the curves show excellent agreement with experi-
mental variation (Fig. 5). Although at 437 nm a weak correlation
was obtained for the intensity, all three pKa points showed up at
the same pH values. These results confirm the reliability of the
chemometric methodology for pKa estimation in complex systems.
Two of the most important aspects of this mathematical strategy
are: (i) a calibration set (standard solutions) is unnecessary and (ii)
chemical separation stages are not necessary, which decreases both
experimental time and error.

3.2. Protolytic structures estimated using
quantum mechanical calculation

Although FSC is a well-known compound, few studies have been
devoted to basic aspects, such as the characterization of the most
stable structures of each protolytic species, as already illustrated in
Fig. 1. Therefore, in this work, each FSC protolytic tautomeric
structure was evaluated using a method from DFT.

The Gibbs free energy of formation (AGg) and other thermody-
namic parameters, calculated for each optimized structure [32] in
water using the Onsager model are presented in Table 3.

3.2.1. Analysis of neutral NEZ and NEL structures (FH)

During structure optimization either in a vacuum or in water,
the NEZ structure (zwitterionic) converged to NEL (lactone), sug-
gesting that the AGg difference between both species is insignifi-
cant, though NEL is the most stable due to its electroneutrality. The
relatively small difference between the charges in the zwitterionic
form (NEZ) leads to formation of a cyclic structure (structures in
Fig. 1), which tends to favor the stability of NEL conformation.

A detailed investigation into the optimized NEL structure shows
that the distance between the oxygen and carbon (responsible for
the lactone bond) is 1.55 A, about 20% greater than the length of the
C—0 bond in simple lactones [50]. However, this distance agrees
with the value found experimentally in solid Fluorescein [51], in
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Fig. 3. Concentration curves for each FSC protolytic species versus pH: A) Relative concentrations (0—1) and B) Actual molar fraction.

some fluorescein derivatives [52], and in Rhodamines [53]. The
analysis of the theoretical data suggests that the presence of the
aromatic ring as a substituent increases the bond length of lactone
due to steric factors.

The NBO analysis confirms the stability of the lactone bond,
showing the existence of the following interactions between
molecular orbitals, stabilizing the lactone bond with about
156.35 k] mol~': 6¢13-c14 — 6*co—0, Oc11-c12— 0*co-0, O c13-c14—
6% co—0, 0" c11—c12— G°co—o (all on the pyran ring). The used carbon
identification can be seen on NEL representation in Fig. 1. These
results and the fact that A(AGF) ~ 0.00 k] mol~, suggest that NEL
and NEZ should be in equilibrium or, in our proposition, that they
represent the same structure.

3.2.2. Analysis of neutral NEL and NEQ structures (FH>)

As the AGp data suggests (Table 3), NEZ = NEL is the most stable
structure for neutral FSC in water. The existence of NEL and NEQ in
solution has a similar probability, since the A(AGg) between these
species is very low, about 4 kcal mol~, slightly favoring NEL. The
entropic parameter for both species in water has almost the same
contribution. Considering that the conversion from NEL to NEQ
occurs by rearrangement, the calculated Gibbs Free Energy of
Reaction (AGg = —2.97 kJ mol~!) suggests that this transformation
is thermodynamically favorable. Additionally, the calculated dipole
moment for both species highly favors NEQ in water (see Table 4).

¢/ 10*L mol” cm

350 400 450 500 550
wavelength/ nm

Fig. 4. Proposed spectra for the FSC protolytic species generated by the K-matrix
method.

Invoking Le Chatelier's principle, NEQ is more stable in water than
NEL due to the higher dipole moment of NEQ. This has a positive
effect on the conversion of NEL to NEQ in water, leading to more
NEQ presence in the mixture.

This seems to be a very controversial subject. Based on
mathematical adjustments of electronic absorption spectra in the
visible region, Klonis and Sawyer [11] reported that neutral
Fluorescein in water exists as 70% lactone (NEL), 15% zwitterion
(NEZ), and only 15% in the quinoid form (NEQ). Mchedlov-Pet-
rosyan and co-workers [15,54] showed that NEL exists in DMSO
and prevails in ethanol and ethanol-water mixtures. One of the
first studies based on the application of quantum mechanics (DFT,
based on the B3LYP hybrid functional) of FSC by Jang et al. [22]
was performed in vacuum, DMSO and water. The data collected
were consistent with those reported [54]. However, our NMR ('H,
13¢, DEPT and HMQC) data for FSC suggest that NEQ is the favored
structure in methanol (spectra published as Supplementary
material).

3.2.3. Analysis of the monoanionic MAC and MAF structures (FH™)

We determined that the more stable monoanion in aqueous
solution is the carboxylate (MAC) from the calculated Gibbs Free
Energy of Formation (see Table 3). This form is slightly more stable
(0.7%) than MAF. In absolute values, A(AG) = —18.17 k] mol~"! for
MAC (Table 3). These species exhibit similar dipole moments in
isolated calculations (Table 4), but MAC is slightly favored in water
because its dipole moment is slightly higher. The estimated
AGr = —21.31 k] mol~! considering unimolecular rearrangement
from MAF to MAC also favors MAC, as similarly proposed in the
literature [15,55]. Studies in water have shown that MAF would
represent around 0.1% of the total FH™ [11]. Theoretical investiga-
tions using the B3LYP hybrid function [56] also suggest that MAC is
the predominant species.

Table 2
Molar absorptivity of FSC protolytic structures at wavelengths corresponding to the
Amax estimated by chemometry.

Species Amax (nm) g(Lmol~' cm™)
Cationic, FH3 437 50,400

Neutral, FH, 434; 488 15,100; 3900
Monoanionic, FH™ 448; 470 28,600; 26,400
Dianionic, F>~ 490 88,0007

2 value for F>~ was taken as reference [11—13].
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Fig. 5. Profile of the absorbance intensity versus pH for FSC: experimental and calculated values using the molar fraction and molar absorption coefficient obtained by the K-matrix

method at 490 and 437 nm.

3.3. Theoretical data and pKa analysis

The quantum mechanical data for FSC tautomers have been
useful in the analysis of pKa experimentally estimated in water
using chemometric methods (Fig. 1). The value of 6.1 for pKas
corresponds to the equilibrium between MAC and F?~, indicating
that this protolysis is related to the phenyl group. This value is
much lower than that reported for the non-substituted phenol
derivatives [56] — around 10; the increased acidity of MAC is
a consequence of the presence of electron-withdrawing moieties
near the phenol ring (part of the xanthene ring). Electron density
maps for all stable protolytic forms of FSC in water are illustrated in
Fig. 6. The high electron-density portions are represented by dark
red, the neutral regions by green, and electron deficient regions by
dark blue. The structure of F>~ contains negative charges dispersed
across the two oxygen atoms in the carboxylate group (Fig. 6). The
pKas is related to protonation that leads to the MAC form (pheno-
late—phenol) that causes an irregular negative density decrease
over the oxygen atoms in carboxylate — asymmetric distribution
over these two oxygens of the MAC form (Fig. 6). Therefore, the
electron cloud on the xanthene ring affects the electron density of
the carboxylate group, interfering with its protonation. This
explains the lower pKa; of the carboxylic group for FSC (3.8) when
compared to benzoic acid (around 4.2) [56]. Furthermore the
xanthene ring is more electron-withdrawing than the hydrogen
(benzoic acid comparison), which is responsible for the observed
increment in the carboxylic acidity.

The geometric parameters of the protolytic species of FSC
calculated by DFT tend to furnish a comprehensive picture of the

Table 3
Thermodynamic parameters calculated using DFT (B3LYP/3-21 + G*) for each FSC
protolytic form in water® at 298.15 K. The hydration was simulated using the Onsager
model.

FSC protolytic ~ AH® (kJ mol™')  ASg (k] mol™' K1) AGp° (k] mol~1)
form
FH3 CT —3225.32 —4.86 —1871.81
FH, NEL —3862.25 —4.77 —2439.81
NEQ —3840.15 —4.77 —2422.19
NEZP NEZ — NEL NEZ — NEL NEZ — NEL
FH™ MAF —4065.15 —4.65 —2679.79
MAC —4087.96 —4.65 —2697.96
F? DA —4000.69 —4.52 —2646.56

2 The data include the solvation energy.
> NEZ converges to NEL during the structure optimization.

experimental behavior [13,14,20,51,57]. Table 5 shows the values of
two important dihedral angles: all stable protolytic structures have
a dihedral angle between the benzene and the xanthene rings, ¢1,
of approximately 90°, indicating that these two rings are orthog-
onal. These results are in agreement with those previously
mentioned in literature [58], showing that the 90° angle restricts
conjugation in the xanthene so that the excited electron is confined
in the xanthene with low energy dissipation, which is responsible
to the high fluorescence yield [59,60]. The highest deviation from
orthogonality is observed for the MAC structure, probably a conse-
quence of the interaction between the C9 (See Fig. 1, NEL structure
for atom identification) and one of the oxygen from carboxylate
(Fig. 6). The ¢1 angle deviates form orthogonality in 18.5° (Table 5),
which result agrees with Tamulis and co-workers [20]. This weak
interaction tends to lead to a cyclic structure — a lactone bond, as
observed in the NEL conformation. Additionally, the angle between
the benzene ring and both oxygen atoms of the carboxylate, rep-
resented as ¢2, is near zero, indicating that this last group is lined
up along the benzene ring, except in the case of the MAC form
(4.33°), which agrees with the weak interaction previously
mentioned.

3.4. Simulation of the UV—Vis absorption spectra

It is expected that the combination of an adequate atomic basis
set and elaborate solvation models may accurately predict the
UV—Vis absorption spectrum of a given compound using TD-DFT
[33,34]. However, in the calculation of the transition energies for
the dianion of FSC, employing TD-DFT, Table 6, using different
atomic basis sets and two solvent models (Onsager and IEFPCM),
the results show that the introduction of IEFPCM to simulate the
solute hydration, in this case, did not lead to the expected
improvement in the values of excitation energy. Thus, the addi-
tional computational cost needed by the combination of the
IEFPCM model and more complex basis sets for these calculations is
not justifiable. Although the calculated oscillator strength

Table 4
Dipole moments for some isolated and solvated FSC structures calculated using DFT
(B3LYP/3—21+4G*). Hydration was simulated using the Onsager model.

Form W isolated (debye) I water (debye)
FH, NEQ 11.85 20.72

NEL 6.13 8.58
FH™ MAC 13.00 27.60

MAF 15.19 20.66




V.R. Batistela et al. / Dyes and Pigments 86 (2010) 15—24 21

Fig. 6. Maps of Molecular Electrostatic Potential (MEP) of the most stable structure of
FSC for F>~, FH™ and FH, protolytic species in water (red region: higher negative charge
density, green: neutrality, and blue: higher positive charge density). Frontal and lateral
views. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

converges at higher values, near 0.8, compatible with a m,*
HOMO — LUMO transition, the increased computational effort is
not justified with the use of the IEFPCM model combined with
more complex basis sets in this study from a quantitative point-
of-view. Attempts to improve the results by associating cavities
introduced by the IEFPCM model with discrete water molecules to
promote specific interactions with the Fluorescein protolytic
species also were not successful. This observation is likely due to
the limited number of water molecules used in simulations. Novel
simulations involving these surrounded by a cluster formed by
water molecules and an external water cavity generated by IEFPCM
model is underway.

Taking into account these aspects, the 3—21+G* basis set was
used for all subsequent TD-DFT calculations. The peaks in water
that we projected using this basis set can be visualized in Fig. 7.

As Fig. 7 shows, there are several calculated electronic transi-
tions (TD-DFT) in the analyzed range for each of the structures
estimated by DFT calculation, which show similarity with the

Table 5
Dihedral angles (¢1, between the benzene and xanthene rings and ¢2, between the
benzene and the carboxylate group).

Form ¢1(°) 02 (°)
FHi 90.39 0.49
FH, (NEQ) 95.72 0.70
FH~ (MAC) 108.45 433
F2~ 94.54 0.08

Table 6
Comparison between Aexp = 490 nm for the dianionic FSC and the values estimated
by TD-DFT using different basis sets and solvation models.

Solvation Basis set in the  Basis setin TD-DFT Ay, Deviation Oscillator

model optimization calculation (nm) (%) strength
Onsager 3-21+G* 3-21+G* 437 -10.8 0.596
IEFPCM  6—31G(d) 6—31G(d) 428 —12.7 0.731
IEFPCM  6-31G(d) TZVP 435 -11.2 0.770
IEFPCM  LANL2DZ LANL2DZ 441  -10.0 0.785
IEFPCM  6-31G(d) LANL2DZ 435 -11.2 0.770
I[EFPCM  6-31G(d) 6—31G(d,p) 428 —12.7 0.731
I[EFPCM  6-31G(d) 6—311++G(d,p) 437 -10.8 0.795

spectra provided by chemometry (K-matrix method). However, as
expected, the theoretical data are blue-shifted, which is probably
due to underestimation of the HOMO energy by TD-DFT methods
[20,61].

The most representative transitions of each protolytic species in
water are presented in Table 7. The orbitals involved in each rele-
vant transition are shown beside the wavelength differences
determined by chemometry and TD-DFT methods. The oscillator
strength (f), a parameter correlated to the molar absorptivity, is also
presented.

The data presented in Table 7 show that the most relevant
contributions to the main bands of FH$, NEQ (FH,) and F*~ struc-
tures involve HOMO — LUMO electronic transitions, corresponding
to absorption maxima at 382, 426 and 437 nm, respectively.

3.4.1. Cationic species

As observed in Fig. 7, the absorption spectrum of FH¥ occurs in
the visible range. It does not follow a Gaussian profile, which result
is justified by the TD-DFT data (Fig. 7) that predicts the existence of
two transitions, one at 382 nm (an intense HOMO — LUMO tran-
sition) and another of lower intensity at 336 nm. As can be seen, the
oscillator strength (Table 7) of these bands is in agreement with the
observed non-Gaussian profile.

3.4.2. Neutral species

Between the two possible structures (NEL and NEQ), it was
observed that the NEL form does not contribute to the spectra in
the visible region, only in the UV region (region not investigated
in this study). As suggested by TD-DFT calculations, there are two
relevant peaks in the spectrum of NEQ, whose AE (difference of
energy related to these peaks positions) reasonably agrees with
the one observed in the spectrum furnished by the K-matrix
method. However, there is oscillator strength inversion for these
peaks.

3.4.3. Monoanionic species

The correlation between the TD-DFT theoretical data and the
results from K-matrix method is excellent, not showing significant
signal displacement. For MAF, the multivariate K-matrix data
analysis shows an intense transition at 448 nm (Fig. 4). The theo-
retical prediction by TD-DFT for this transition agrees very well
with this value (445 nm) with a high calculated oscillator strength.
MAC exhibits a low intensity band at 470 nm, whilst the TD-DFT
calculation furnished one at 479 nm with a very low oscillator
strength. However, the differences in intensities between the
calculated oscillator strength and the K-matrix method are due to
the predominance of MAC in water, as determined in the present
work. Therefore, the similarity between the predominant intensi-
ties of the bands in the spectra simulated by K-matrix of the FH™
form is caused by the presence of a little MAF counterbalanced by
its high molar absorptivity and much MAC compensated by its low
absorptivity, as indicated by TD-DFT data.
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Fig. 7. Peaks calculated by TD-DFT (colored lines) and the spectra simulated by the K-matrix method (black lines) for the four protolytic forms of FSC. A) Cationic, B) Neutral (NEQ),
C) Monoanionic (MAF and MAC), and D) Dianionic. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.4.4. Dianionic species

As F?~ is the predominant species at physiological pH, a detailed
inquiry into the origin of its spectrum becomes pertinent. The
spectrum of F>~ shows two relevant transitions in the region
between 300 and 600 nm. An intense peak with a shoulder at
approximately 470 nm is experimentally observed at 490 nm. The
TD-DFT data also suggest two representative signals, an intense
peak at 437 nm (f = 0.60), followed by a low intensity peak at
407 nm (f = 0.11), which looks like a shoulder. The AE (energy
difference related to these peaks positions) of the calculated and
experimental results are similar. The molecular orbitals involved in
the main transitions related to the absorption at 490 nm for the
dianion of FSC are illustrated in Fig. 8.

Table 7

The main HOMO—LUMO transition (AEejectronic = 292.81 kJ mol 1)
for F2~ involves changes in the electron density of the upper carbon of
the phenol ring, whose electron density shifts towards oxygen (0-10)
and carbon (C-9). Once again it is showed that the electron density is
restrained in the xanthene structure which justifies the high fluo-
rescence of FSC at physiological pH [20].

The transition involving the HOMO-5 and LUMO molecular
orbitals (AEelectronic = 406.38 k] mol~!) also contributes to
absorption at 490 nm. In this case, the electron density is directed
towards the xanthene central ring (Fig. 8). However, its contribu-
tion is not relevant, as shown in Table 7 (f = 0.11). Again, we
demonstrated that the benzene ring only minimally participates in
the predominant electronic transitions for the F>~ species of FSC.

Wavelengths corresponding to the A,y for protolytic structures calculated by TD-DFT and the SCRF Onsager model for water, and the 3—21+G” atomic basis sets, compared to

the values estimated by chemometry (CH).

Structure Acn(nm) Arp-prr(nm) Deviation (%) (;?TZ —1) x 100 Involved MO Oscillator Strength (TD-DFT)
FH3 437 382 -12.6 HOMO — LUMO 0.443
4162 336 -19.2 HOMO-4 — LUMO 0.107
NEQ 488 426 -12.7 HOMO — LUMO 0.331
4342 347 —-20.0 HOMO-2 — LUMO 0.239
MAC 470 479 +1.9 HOMO — LUMO + 3 0.087
MAF 448 445 -0.7 HOMO — LUMO + 1 0.676
F> 490 437 -10.8 HOMO — LUMO 0.596
470° 408 -13.2 HOMO-5 — LUMO 0.105

2 Wavelength of the shoulder in the main absorption band.
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HOMO-5

LUMO

Fig. 8. Illustration of the molecular orbitals involved in the main transitions of the dianionic form of FSC related to the absorption at 490 nm.

4. Conclusions

Chemometric methods have shown to be appropriate for the
study of protonation equilibria of Fluorescein in aqueous media.
This system presents three pKa values, which shows high super-
position of electronic absorption bands. The pKa values obtained are
2.5, 3.8 and 6.1, corresponding to pKa;, pKa; and pKas, respectively.
In addition, each protolytic species is present in solution as tauto-
mers, whose stability depends on the solvent. Computational
calculations using DFT methods allowed us to obtain the most
stable protolytic structure in a vacuum and in water. In water, the
predominant structure is the FH3 form, the neutral one is NEQ, the
monoanion is MAC, and the dianion is the F>~ form. The application
of TD-DFT approach resulted in a reasonable explanation for the
origin of the main electronic transitions of FSC, whose results are in
accordance with the spectra obtained by the K-matrix method. The
use of chemometric tools with model chemistry calculations
maximize the quality of spectral information, leading to trust-
worthy FSC pKa values, which is especially useful in the analysis of
complex systems.
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