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ABSTRACT

The ground and excited state protonation of Coumarin 102 (C102), a fluorescent probe
applied frequently in heterogeneous systems with an aqueous phase, has been studied in aqueous
solutions by spectroscopic experiments and theoretical calculations. For the dissociation constant

of the protonated form in the ground state, pK, =1.61 was obtained from the absorption spectra,

for the excited state dissociation constant pK; =219 was obtained from the fluorescence
spectra. These values were closely reproduced by theoretical calculations via a thermodynamic
cycle — the value of pK also by calculations via the Forster cycle - using an implicit-explicit

solvation model (polarized continuum model + addition of a solvent molecule). The theoretical
calculations indicated that (i) in the ground state C102 occurs primarily as a hydrogen bonded
water complex, with the oxo group as the binding site, (ii) this hydrogen bond becomes stronger
upon excitation; (iii) in the ground state the amino nitrogen atom, in the excited state the carboxy
oxygen atom is the protonation site. A comprehensive analysis of fluorescence decay data
yielded the values k,. = 3.27x10' M s! for the rate constants of excited state protonation, and
kapr = 2.78x10% s for the rate constant of the reverse process (k- and kg, were treated as
independent parameters). This, considering the relatively long fluorescence lifetimes of neutral
C102 (6.02 ns) and its protonated form (3.06 ns) in aqueous media, means that a quasi-

equilibrium state of excited state proton transfer is reached in strongly acidic solutions.
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1. INTRODUCTION

7-amino-coumarins are versatile fluorescent probes.' Their S¢-S; excitation is of charge
transfer character, making them sensitive to the polarity of their local environment. Besides,
since their carbonyl group is a hydrogen bond acceptor site, whereas their amino group can act
both as a hydrogen bond donor and as a hydrogen bond acceptor site, 7-amino-coumarins also
provide information on the hydrogen bonding ability of the medium.

A significant representative of these dyes is Coumarin 102 (C102, Coumarin 480). The
fixation of its amino group to the benzene moiety prevents the formation of a twisted
intramolecular charge-transfer (TICT) excited state, which contributes to the deactivation of
coumarins with unfixed amino groups.”” As a rigid rotor solute, it is suitable to probe the local
friction via measuring the decay of fluorescence anisotropy.”

It is used as a model drug for studying drug-protein interactions™® and for testing drug delivery
systems (micelles,” liposomes,'® microcapsules,'’ polymeric core-shell assemblies'?). Inserting
C102 in DNA-s, the internal dynamics of DNA chains can be studied.”!* As a weak base, C102
is protonated in strongly acidic media, which has been utilized to probe the local acidity in

1316 and at water-micelle interfaces.'” Motivated by such applications

proton-transfer membranes
of the dye, which concern aqueous solutions or heterogeneous systems with an aqueous phase,
our aim in the present study has been to describe the solvation and protonation of C102, as two
essential interactions occurring in the aqueous solutions of the dye.

The impact of hydrogen bonds on the photophysical properties of C102 has been studied
primarily in organic media. The variation of its absorption and fluorescence band maxima in neat

solvents, as a function of the Kamlet-Taft parameter, indicated that C102 is a much stronger

hydrogen bond acceptor in its S; state than in its ground state.'® In the presence of aliphatic
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alcohols and phenol™ its fluorescence band shows a much stronger red shift than its
absorption band and there is a delay period in its fluorescence decay curve, which can be
explained in terms of the increased stability of the hydrogen bonded solute-solvent complexes.
As was shown by time-resolved fluorescence anisotropy measurements, the rotational dynamics
of C102 in trichloro-ethanol could be described as the rotation of a solute-solvent complex
following the hydrodynamic model with slip conditions.”’ Time-resolved vibrational
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spectroscopic experiments on the hydrogen bonded complexes of C102 with pheno aniline®

and water” indicated the cleavage of the hydrogen bonds in a few hundred femtoseconds



following the Sy—S; excitation of C102. Theoretical calculations, however, indicated the initial
strengthening of hydrogen bonds in these complexes after the excitation of the dye molecule.?**’

Excited state proton transfer of C102 was observed in the acidic aqueous®® and ethanol®!
solutions of the dye. It was manifested as a stretch of the rising edge of the fluorescence decay
curves measured in the emission wavelength range of the protonated species.

In this study we endeavored to theoretically explain the absorption and fluorescence spectra of
C102 measured at different pH values, with special regard to the effect of the water complexes
and the protonation in the ground and first excited state on its spectral properties.’*** The
theoretical calculations are especially important for the understanding of the excited state
behavior of the molecule since the experimental mapping of the deactivation channels is
hampered by the short lifetime of the first excited state.

The theoretical modeling of excited state processes in condensed phase, such as complex
formation with the solvent molecules or proton transfer are challenging because particular
species, e.g., hydroxonium ions, cannot be described by simple implicit solvation approaches and
more sophisticated treatment of the solute-solvent interactions are required. For the quantitative
description of the effect of the excited-state complexation and protonation two different
approaches were invoked: the Forster cycle” and the thermodynamic cycle.**”> The Férster
cycle is an indirect method, which uses the ground-state thermodynamic properties as well as the
electronic transition energies of the protonated and non-protonated species for the estimation of
the equilibrium constant of the excited-state acid-base equilibrium. Since the method neglects the
molar entropy change due to the electronic excitation, its physical meaning is in question.
Nevertheless, this simple approach provides a good estimate for the change in the basicity with
respect to the ground state.’® The thermodynamic cycle approach supposes an equilibrium state

between the coumarin base and its conjugated acid (BH"), and that the acid-base equilibrium can

be characterized by the standard Gibbs energy of reaction of the protonation (ArG;q) or the
logarithmic acid dissociation constant (pK,).

The interpretation of the excited-state logarithmic acidity constant (pK)) is not

straightforward, since an ensemble of electronically excited molecules is often far from
thermodynamic equilibrium.>” Even though the relaxation of the solvent and other phenomena,

such as the excited-state proton transfer are extremely fast processes, due to the deactivation



channels the lifetime of the excited states can be short to reach thermodynamic equilibrium.*®

Consequently, the pK; values, determined by the thermodynamic cycle approaches cannot be

interpreted as a rigorous thermodynamic quantity, but as a qualitative measure of the excited
state basicity. In order to assess to what extent the equilibrium state of solute-solvent proton
transfer is reached following the excitation of C102, a comprehensive kinetic analysis of the

fluorescence decay curves measured in acidic solutions has also been included in this study.

2. EXPERIMENTAL AND THEORETICAL METHODS

All the spectroscopic experiments were carried out at 25 °C. The UV-vis absorption spectra
were recorded on an Agilent 8453 diode array spectrometer. The steady state fluorescence
spectra and fluorescence decay curves were measured on an Edinburgh Instruments FLSP920
combined steady state and lifetime spectrometer, which uses the method of time correlated single
photon counting for measuring the fluorescence decay. The excitation light source was a Xe900
steady state arc lamp when measuring the fluorescence spectra, and an EPL 375 picosecond
pulsed diode laser when the fluorescence decay curves were recorded. This diode laser emitted
pulses of 130 ps FWHM (full width at half maximum) at 378 nm.

C102 was obtained from Exciton and was used without further purification. The hydrochloric
acid (37%, analytical grade) was purchased from Carlo Erba Reagents. The instrument response
function (IRF) was determined by scattering method using Ludox HS-30 (purchased from Sigma
Aldrich).

The ground- and excited-state Gibbs energies as well as electronic transition energies required
for the above cycles were computed with the Gaussian09 suite.”” The ground-state properties

were calculated with aid of density functional theory (DFT)***!

using the PBEO exchange-
correlation hybrid functional®” and the 6-311++G** * basis set. For the excited states we chose
the time-dependent DFT model (TDDFT)* with the same functional and basis set. For the
description of the solvent effect in the condensed phase, both in the ground and excited states,
the SMD™ solvation model of Truhlar and co-workers were employed (in the following referred
to as implicit model or /mp for short), which is based on the conductor polarized continuum

model (CPCM).***" According to previous studies, the PCM approaches satisfactorily describe



the electrostatic effect of water molecules on solutes similar to C10248, while the SMD method is
widely used for systems dominated by non-electrostatic interactions® and frequently applied to
the calculation of ground-state pK,-s.”> Two approaches of the CPCM solvation model were
employed:”' the equilibrium (eq) and the non-equilibrium (non-eq) solvation, which take into
account if the solvent molecules have enough time to reorient according to the electron density
of the solute. In addition to the implicit approaches the specific solvent interactions in the
aqueous solution were also modeled by adding an explicit water molecule (implicit-explicit or
Imp-Exp approach). To simulate the hydrogen-bonded complexes in the solution the water
molecule was placed to the oxo or amino group of the coumarin. Since the protonation of the
molecule also takes place at those sites, the protonated coumarins were modeled by the
corresponding species. The chemical structures of the model species considered and their

notations are shown in Figure 1.
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Figure 1. Structures of Coumarin 102 (C), its water complexes and protonated forms.



For the simulation of the experimental absorption spectra vertical excitation energies and
oscillator strengths were computed at the optimized ground-state geometries. In the Sy state the
eq solvation model of the CPCM scheme were used, while in the S; state the non-eq solvation of
state-specific (SS) CPCM approach was employed.” The essence of the SS procedure is that the
electrostatic potential derived from the excited-state electron density is made self-consistent with
the reaction field of the solvent continuum. The theoretical spectra calculated with the SS-CPCM
approach are superior’” to those obtained by the previously developed linear response CPCM
(LR-CPCM) formalism,® which avoids the aforementioned relatively expensive iterative
procedure. Nevertheless, the transitions to the higher excited states required for the simulation of
the whole spectrum were treated with the LR-CPCM scheme since we are primarily interested in
the Sp— S, transition. For the calculation of the fluorescence spectra a similar protocol was
followed with the important difference that the optimized geometries of the S; state were used
for the calculation of the emission energies and transition probabilities, and for the calculation of
the energy of the S, state (S, state) the eq (non-eq) solvation of the SS-CPCM (CPCM) scheme
was employed. For the spectrum simulations a Gauss function of 2000 cm™ half width at half
maximum was placed to the computed transition wavelengths. The heights of the functions were
proportional to the calculated oscillator strengths and were rescaled in order for the function
corresponding to the lowest transition to match the height of the corresponding experimental
peak.

From the computed transition energies of the protonated and non-protonated species the
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excited state logarithmic acid dissociation constant, pK, was determined according to the

Forster-cycle as°

pK. = pK,_ — N,[(AE +AE, o1 )2~ (AE pep + AE,, 5)/2]/IN10RT (1)

abs,BH * abs, em,B

where AEabs,BH* and AEem’BW are, respectively, the absorption and emission energies of the

protonated species, AE, ., and AE, . are the corresponding quantities for the non-protonated

abs,
species, R is the universal gas constant, 7 is the temperature (298.15 K), N4 is the Avogadro
constant (6.02><1023 1/mol), and pK_ is the ground-state logarithmic acid dissociation constant.
Though the latter quantity was also calculated using the thermodynamic cycle approach, to
improve the accuracy of the computed pK;, in the Forster-cycle the experimental value of pK,

was considered.
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(a) Dissociation of protonated coumarin, using implicit solvation model.
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(b) Dissociation of protonated coumarin, using implicit-explicit solvation model.
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(¢) Formation of coumarin-water complex.

Figure 2. Schemes of thermodynamic cycles applied in the theoretical calculations.

As mentioned above, the pK_ just as the Gibbs energies of reaction for the proton transfer and

water complex formation were also determined from thermodynamic cycles, which are sketched
in Figure 2. The effect of the solute-solvent interactions in the condensed phase on the

protonation were considered both with the Imp (Figure 2a) and Imp-Exp (Figure 2b) models,



while thermodynamic quantities characterizing the formation of the complex were computed

with the /mp approach (Figure 2¢). The horizontal arrows represent the Gibbs energy of the gas-

4G gaslmp,ArGgaslmp e ) and condensed-phase (ArGgq’,mp, A,Ggqlmp Bp) Protonation as well as
that for the complex formation (A, Ggaswmplex, ArGgq complex)» While the vertical arrows stand for

the Gibbs energy of solvation of the species [A,G°(C), A, G°(complex), A, G (H"),

G°(CH"), A, ,G°(H,0)]. In the case of the Imp solvent model the ground-state Gibbs

solv solv

energy of acid dissociation in the aqueous solution can be expressed as

AGg, =AGg — A, G’ (CH) + A, G°(C) + Ay, G°(HY) )
A, Gy = =G (CH) + G, (C) + Gy, (H) 3)
BB (X) = (Eg (X )+ Geps (X))~ By (X) + AGY (4)
from which pK, is obtained by the
pK, =A,G;,/In10RT %)

expression, where the symbols G, (X) denote the gas-phase Gibbs energies of the species

gas

G°(X) of the considered

solv

considered and the water molecule. The solvation Gibbs energies A
species X were calculated as defined in the SMD model: from the differences of E(X) gas-
and E, (X) condensed-phase electronic energies evaluated at the corresponding optimized
geometries, respectively. G.,q(X)is the free enegy change associated with solvent cavitation

(C), change in dispersion (D) and local solvent structure (S). AGY,, in Eq. (4) is the Gibbs

energy contribution of -1.9 kcal/mol required for the transfer of the molecule from the standard

54,55

gas phase of 1 atm pressure to the standard solution state of 1 mol/L.”™"" In the case of the Imp-

Exp approach for condensed phase (see Figure 2b) the concentration of the water was supposed
to be 55.34 mol/L, thus a contribution of RT In[H,0]=2.38 kcal/mol was added to the Gibbs
energy of the pure water. This correction was also taken into account at the calculation of the

Gibbs energy of the complexation reaction, A, G (Figure 2c). Since the gas-phase Gibbs

ag,complex

energy and the Gibbs energy of solvation of the proton cannot be determined accurately with



theoretical methods,” the experimental values of -6.28 kcal/mol and -265.9 kcal/mol were taken

for G)..(H")and A

gas

G°(H"), respectively.”’

solv

The enthalpy and entropy of the ground- and excited-state species were computed at the
corresponding optimized geometries in the gas phase. The calculations were carried out using the
rigid rotor-harmonic oscillator approximation supposing that the temperature is 298.15 K and the
pressure is 1 atm. For the excited states the eg solvation of the LR-CPCM model was employed
because analytic derivatives are not available for the SS-CPCM approach. For the gas-phase
water complexes and protonated coumarins the basis set superposition error (BSSE) was
corrected with the counterpoise (CP) method,”®* but no attempt was made to apply the CP
method in the solution phase. At the calculation of Gibbs energies of solvation the uncorrected
energies were consider also for the gas-phase species to be consistent with the energies obtained

for the condensed-phase molecules.
3. RESULTS AND DISCUSSION

3. 1. Structure and stability of C102-water complexes

The ground and excited state optimized geometries of the neutral molecule, the protonated
species and the water complexes are presented in Table S1 of the Supporting Information (SI).
The structure of the coumarin skeleton changes only slightly upon excitation for all the studied
species, its quasi-planar structure is preserved. Notable changes can only be observed for the
hydrogen bond lengths of the two water complexes (see Table 1). For the the amino complex,
C, --H,0, the length of the hydrogen bond is 2.050 A in the S, state, but after the excitation
the hydrogen bond is broken. In the oxo complex, C, ---H,O, the hydrogen bond connected to
the carbonyl group shortens by 0.052 A in the excited state, while the length of the H—O bond
between the hydrogen atoms forming the hydrogen bond and the oxygen of the water molecule
increases from 0.976 A to 0.981 A. We note that we also studied a complex where the water
molecule is hydrogen bonded to the ether oxygen, however, during the geometry optimizations
the water molecule always reoriented to the oxo group. We also note that there exists another
orientation of the water molecule relative to the carbonyl group — in which the Oyjpe—C=0---HOH

chain of atoms have a cis arrangement, in contrast to their frans arrangement in the structure
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shown in Fig 1. The cis conformer is very close in energy to the #rans one we considered in our

calculations. In the ground state the cis, whereas in the excited state the trans complex is the
lower energy conformer. The pK; for the cis conformer is closer to the experimental value by

0.2 units. Since this difference is significantly smaller than the entire error with respect to the

experiment, we present here the results only for the trans conformer.

Table 1. Hydrogen bond lengths [r(H:-X)] and Gibbs energies of hydrogen bonding
(A G; ) for C102-water complexes.

r ~aq,complex

So Sy
Complex r(H--X) 4,G gy complex r(H-+-X) .G, complex
(A) (kcal/mol) ('&) (kcal/mol)
[CN |-|2()]aq 2.050 3.5 - -
[Co-+-H,0O],  1.808 1.6 1.756 1.0

The hydrogen bond at the amino site is already weaker in the ground state than at the oxo site,
and after the excitation, which is accompanied by a significant charge transfer, the hydrogen

bond of the amino complex is broken, while that of the oxo complex strengthens. According to

the ArGgq’comp,ex value for the S, state in Table 1, ~ 80 % of C102 is present in form of

C, ---H,O water complex in the neutral aqueous solution of the dye. The significant weakening

of the amino complex and the strengthening of the oxo complex is in accordance with previous
findings, though in other theoretical studies on C102%° and similar molecules®’ weak complexes

were reported also in the S; state with very long hydrogen bonds.

3. 2. Absorption and emission spectra
The absorption and fluorescence spectra of C102 recorded at different pH values are displayed
in Figure 3. The latter are ‘normalized spectra’, i. e. they have been corrected by the spectral

sensitivity of the instrument and have been normalized by the absorbance values at the excitation
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wavelength. The fluorescence spectra have also been corrected for the inner filter effect by using
the approximate formula®

| corr _ | measd XlO[(Aexc—/\arn)/Z]’ (6)

where A4, and 4., are the absorbance values at the excitation and emission wavelengths,

respectively.
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Figure 3. Absorption and fluorescence spectra of C102 measured in acidic aqueous solutions.

The red traces are the spectra of protonated C102 obtained by least square fitting.

It has been checked that the spectra obtained in neat water, in basic solution (0.1 M NaOH)
and in weakly acidic solutions upto pH = 5 were identical, thus these spectra were taken as the
spectra of the C102 base. The absorption and fluorescence spectra of protonated C102, together

with the equilibrium constants for the protonation of C102 in its ground and excited states, K,
and K7 , were obtained from the respective pH dependent experimental spectra by a least square

fitting calculation. (Details of the fitting are given in SI). The values of the equilibrium constants
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obtained were K, = 40.5 M and K;r =155 M, corresponding to pK,=1.61 and pK;=2.19,

respectively. It has to be emphasized that the latter value can be considered a true equilibrium
constant only if the equilibrium is reached well within the lifetimes of excited state C102 and its
protonated form. The fulfillment of this condition will be discussed in section 3.4. The ratio of
the fluorescence quantum yields of the neutral and protonated solutes obtained as the ratio of the
respective integrated emission intensities, is 4.7. Using the value of @ = 0.66 for C102 in

aqueous solution,” the value of @ = 0.14 is obtained for the protonated dye.

Table 2. Wavelengths of the visible absorption and fluorescence bands (A% and A% ) in

the experimental and calculated spectra of unprotonated (C) and protonated C102 (CH").

The intensities are given as absorption coefficients (¢,,,) and fluorescence quantum yields

max

(@) in the experimental spectra, as oscillatory strengths ( f°, f7) in the calculated

spectra.
Experimental Calculated
Solute A2 & A o Solute s fabs g o fF
(mm) M'em™) (nm) (nm) (nm)

C 393 16.5x10° 493  0.66" Cy 412 0.359 480 0.352
[Cu--H,0L, 400 0353 - -
[Co-H,OL, 414 0375 481 0352

CH" 321 5x10° 532 0.14 CyHz 342 0.062 519 0.049

CoHa 408 0.310 500 0.217

? from Ref. [63]

The experimental and the theoretically calculated absorption and emission spectra of the
neutral species are shown in Figure 4, while those for the protonated coumarins are displayed in
Fig. 5. The transition wavelengths and probabilities for the Sy—S; transition are compiled in

Table 2. In general, we can conclude that the agreement of the theoretical and experimental

13



excitation energies is good (error of about 0.1 eV), and even the significant Stokes shift peculiar
to the coumarins is also well reproduced (error of about 0.15 eV). The good agreement can be
attributed to the carefully parametrized SMD solvation model and the SS approach. We note that

using other solvation schemes we obtained less satisfactory results.
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Figure 4. Experimental and calculated absorption (top) and fluorescence (below) spectra of
C102 (C) in aqueous solution.
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Figure 5. Experimental and calculated absorption (top) and fluorescence (below) spectra of
protonated C102 (CH™) in aqueous solution.

The Sy — S transition of the neutral species is dominated by the HOMO — LUMO excitation
and is of 1 — m character. The explicit solvent molecule only moderately influences the
spectrum, but it can be seen that both the absorption and fluorescence spectrum of the oxo
complex Co---H,O are slightly shifted to the red, while those for the amino complex Cy-:-H,O are
somewhat blueshifted with respect to the free dye. The Sy — S, transition of the protonated
forms is also dominated by the HOMO — LUMO excitation, but the HOMO-1 — LUMO (for
species CoH") and the HOMO-1 — LUMO+1 (for species Cy\H") excitations, which are also of

T character, also considerably contribute. The Sy — S; transition of the latter species is of

15



low oscillator strength, the 275 nm peak of the experimental absorption spectrum is assigned to
the Sp — S, transition, whose calculated absorption wavelength is 284 nm. On the basis of the
characteristic features of the absorption spectra the protonation site in ground state can be
unequivocally identified. In the computed spectrum of CoH™ an intense band redshifted with
respect to the neutral solute appears which is missing from the spectrum recorded in acidic
solution. In turn, the blueshifted spectrum of CyH' agrees well with the experimental one.
Concerning the S; — Sy emission transition of the protonated coumarins we observe that its
character for CyH' somewhat changes with respect to that of the Sg — S; absorption and is
dominated by the LUMO — HOMO transition, while for CoH™ both the LUMO — HOMO and
LUMO — HOMO-1 transitions still have major contributions. The fluorescence spectrum of
both protonated species is shifted to the red with respect to the parent C102, though for CyH" the
probability of the transition, similarly to the absorption, is low. Thus, the comparison of the
theoretical and measured emission spectra alone does not help us to identify where the

protonation takes place in the acidic solution.

3. 3. Calculation of pK, and pK;

The pK,and pK;values obtained using the thermodynamic and Forster cycles are collected
in Table 3. As discussed before, a comparison of the experimental ground and excited absorption
spectra indicates that the protonation on the amino group is preferred in the ground state. The

theoretical pK, values computed applying the thermodynamic cycle confirm this result: the
pK, for the protonation of the amino group are larger by 4.54 units (/mp solvent model) or 5.89

units (using the /mp-Exp model) than the respective figures for the protonation of the carbonyl
group. The best agreement with the experiment is achieved with the /mp-Exp approach, for
which the difference with respect to the experiment is only 0.60, which is decreased further to
0.19 using the BSSE correction. It is also obvious that the addition of the explicit solvent
molecule significantly, by 2.68 units improves the description of the system. All in all, the

comparison of the computed and measured pK,-s supports the conclusions of the spectrum

calculations, that is, in the ground state the basicity of the amino group is much higher than that

of the carbonyl group.
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Table 3. pK, and pK, from the thermodynamic and Forster cycles for the various

protonation sites. The BSSE-corrected thermodynamic cycle results are given in

parentheses.
Thermodynamic cycle Forster cycle
Protonation site ~ Solvent model ~ PK, Kz pK:
NH" Imp -1.67 (-2.14) -11.98 (-12.45) -2.16
Imp-Exp 1.01 (1.42) - -
OH" Imp -6.21 (-6.37) -1.28 (-1.44) 2.28
Imp-Exp -4.88 (-4.65) -0.41 (0.27) 2.06
exptl. 1.61 2.19 2.19

In the excited state no definitive conclusion can be drawn concerning the preferred protonation
site of C102 on the basis of the emission spectra, thus the inspection of the computed pK_ values
are even more interesting (see column 4 in Table 3). Here the reference value is the experimental

pK again, which is 2.19. The results show that in the excited state the oxo group is definitely
more basic since the difference in the pK; values calculated for the oxo and amino protonation

is more than 10 units. Again, the best performance is observed for the Imp-Exp approximation,
though its error is remarkably larger, about 2.6 units, which is, however, improved by 0.68 units

when adding the BSSE correction. The inaccuracy of the /mp-Exp method is also shown by the

fact that the experimental pK, difference between the ground and excited states of 0.58 unit is

not reproduced, in contrast, a pK, drop of 1.42 (from 1.01 to -0.41) is predicted. On the other
hand, though the Imp approach (Imp approach with BSSE correction) underestimates the

experimental values in average by 3.47 (3.63) pK, units, it correctly distinguishes between the
protonation sites, and estimates the experimental pK, change of 0.58 unit relatively well as 0.39

(0.70). In conclusion, from the pK_ values obtained with the thermodynamic cycle we can

17



deduce that the basicities of the amino and oxo groups remarkably change due to the electronic

excitation, and the oxo group becomes more basic in the S; state.

We note in passing that the effect of the BSSE is usually ignored in pK, or pK;
calculations.*®*® Our results show that the BSSE correction calculated with the CP method to the
pK, and pK values is considerable, about 0.5 units, though, in the case of pK; it is
significantly smaller than the entire error with respect to the experiment. Thus, the consideration
of basis set effects is recommended in pK, calculations, though probably an improved correction

instead of the CP method should be used.®*
The results of the Forster-cycle relying on transition energies are in good agreement with the

above findings (see the rightmost column in Table 3). This simplistic model successfully

determines the site of the excited-state protonation: the pK; value predicted for the amino group
is by more than 4 units larger than that for the oxo group. The pK; values computed either by

the Imp or by the Imp-Exp models agree surprisingly well with the experimental ones, especially
in comparison to the results of the thermodynamic cycle. This can partly be explained by the
relatively high accuracy of the excitation energies computed with the SS approach, but a

considerable benefit from fortunate error cancellation is also likely.

3.4. Kinetic analysis

Fluorescence decay curves were measured of samples with pH values between 0.5 and 3 and in
neat water at two emission wavelengths: at 465 nm, where only the emission of the unprotonated
form is detectable, and at 625 nm, where the protonated form is the dominant emitter, at least
below pH 2.5. At the wavelength of the excitation laser, 378 nm, the absorption of the neutral
form dominates.

The evaluation of the individual decay curves is described in SI. Here we present a more
complex evaluation, a kind of global analysis of all decay curves (measured at both wavelengths
at various pH values) based on a model with just 3 adjustable parameters (rate constants) — the
feasibility of such an evaluation greatly increases the credibility of the model applied.

In order to enable such an evaluation we had to perform the measurements in a special way:
the decay curves of a given sample measured at the two selected wavelengths were collected

with identical excitation laser intensities and the time needed for data collection has been
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recorded as well. In this way we were able to resolve the emission intensities into the

contributions of the individual species (neutral and protonated C102) from the data using the

formulae

Izr1165 = I::segs/ﬂ%sa (7)
and

Iapzrs = I(?zesas/ﬂazs - Ienzs = I(;nze;s/ﬂ(azs - (I z?éesaslﬁ%sxl gésétll Eésstxtggg /tZZg)a )]

respectively, where | is the measured intensity, /3, is the sensitivity in the detection arm of

the single-photon counting system, |7 is the intensity in the stationary spectrum and t™" is the

data collection time at A nm. (As the overall emissions of the samples with different pH values
were much weaker at 625 nm than at 465 nm, to obtain decay curves with similarly high S/N
ratios at the two wavelengths, the decays at 625 nm were recorded applying much longer data
collection times.)

Repeated application of Eq. (7) and (8) at each pH and at each time delay yielded the decay

profiles of both species for all pH values. As an example, Figure 6 shows the decay curves for

the sample of pH = 1.5, measured at 465 and 625 nm, together with the calculated 1/, values. As

can be seen, the emission of protonated C102 builds up within the first ns after the excitation

pulse.

I [a.u]

Time [ns]

Figure 6. Fluorescence decay curves measured at Aey, = 465 and 625 nm in pH 1.5 solution (Aex =
378 nm, the curves are corrected for spectral sensitivity of the emission arm), the instrument

response function (IRF) and the calculated emission from protonated C102.
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The time profiles of the two excited species were calculated with help of the fourth order

Runge-Kutta integration formulae, using the following set of chemical reactions and rate

coefficients:
C+hv—>C )]
CH" +hv —CH" (10)
C" - C(+hv) ki (ns™) (11)
C'+H" —»CH"  k,(M™ns™) (12)
CH"™ ->C +H" kg, (ns™) (13)
CH" —C+H"or CH' (+hv"), k!(ns™) (14)

where C" and CH™ stand for the excited species. The ground state equilibrium constant between
neutral and protonated C102 has been determined as 40.5 M™', thus the ratio of the neutral and
protonated C102 concentration is known at each pH. Since the hydroxonium ion concentration is

higher by several orders of magnitude even under the least acidic conditions, as compared to the

concentration of the excited dye, it can be treated as constant, thus kpr -[H*], measured in ns’!

can be used for the kinetic description of reaction (12), thus all interactions can be modeled as
first-order reactions. The symbols in parenthesis, hv' and hv" mean that the corresponding rate
coefficients represent all decay channels of the corresponding species, including fluorescence,
through which we detect these species; v’ includes both 465 nm and 625 nm (with relative

weights 15/l 2 ), while v" does not include 465 nm, only 625 nm. The rates of reactions (9) and

(10) are proportional to the time-profile of the excitation laser pulse (which was measured
separately in the usual way using a light scattering sample). The molar absorption coefficients of
the two forms were known at the wavelength of the excitation laser, 378 nm (15200 M'em™ for
neutral and 190 M"'em™ for protonated C102), thus the direct excitation of both forms could be
modeled.

The time-dependent modeled emission intensities from both excited species at various pH

values between 1.0 and 3.0 were built up by a numerical integration and were fitted to the

experimental decay curves using k_, k, and k!

ors Kapr o as fitting parameters.
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Table 4. Rate coefficients for the deactivation of neutral and protonated C102 (kdec and

Ko

dec

) , for excited state protonation of C102 (k ,, ) and the reverse reaction (k).

Parameter Data sets (pH values) used for estimation =~ Parameter value
kP s no additive, ~7 1.674x10°

kP (s 1.0-3.0 3.27x10°

Ky M's™) 1.0-3.0 3.27x10"

Kapr (5™ 1.0-3.0 2.78x10*

The results of the parameter estimation are summarized in Table 4, while the excellent
goodness of fit can be seen in Table S3 in SI. The almost even spread of squared residuals
testifies that the model and its parameters adequately describe all decays at all pH values. In
Figure. 7 the calculated decay profiles are shown only for the intervals, which have been taken

into account during parameter estimation.
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Figure 7. Calculated fluorescence decay profiles of neutral and protonated Coumarin 102 at pH
= 1.5 (top) and 2.5 (below). The fitted functions are shown as smooth lines.

From the values of k, and k;, in Table 4, which were taken independent parameters in this

dpr
kinetic analysis, K;r = 117 M"' was obtained, showing a good agreement with K;r =155 M"
calculated from the stationary fluorescence spectra. A more established way to judge how much

the equilibrium state is approached, is to compare kpr[H+]+k the rate coefficient of

dpr >

protonation/deprotonation as a quasi first order equilibrium reaction, to kj,. and k[, the rate

dec dec ?

coefficients associated with the deactivation processes of the two excited state species. Taking

the respective values from Table 4, one can conclude that the condition kpr[H +]+ Kapr > Koo K e

is fulfilled, i.e. the system can be considered as quasi-equilibrium in strongly acidic (pH < 2)
media. This can be seen from Figure 7: at pH 1.5 the decays of C* and CH"" run parallel from ~5

ns following the excitation whereas at pH 2.5 this time is ~10 ns.
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4. CONCLUSIONS

The purpose of this combined spectroscopic and theoretical study was to reveal the effects of
complexation and protonation of C102 on its spectral properties. The employed (TD)DFT
methods together with the CPCM/SMD solvation model, especially with the SS formalism,
turned out to be excellent tools for the simulation of absorption and fluorescence spectra. The
computed absorption spectra were in good agreement with the experimental ones, and they
allowed us to conclude that the molecule is protonated on the amino group in its ground state.

This observation is also born out by our pK, values obtained with the thermodynamic cycle

approach. We have found that the complexation only slightly influences the spectra, the
hydrogen bond formation at the amino group results in a moderate blue shift of the spectra, while
that for the oxo group has the opposite effect. The electronic excitation results in a significant
transfer of electron density from the direction of the amino group towards the oxo group, and the
hydrogen bond of the amino-complex breaks, while that of the oxo-complex strengthens. Parallel
to that process the basicity of the carbonyl group increases with respect to the amino group,

which was also verified by the calculation of the relevant logarithmic acid dissociation constants

via thermodynamic cycles. The pK; values were also computed with the aid of the Forster-cycle,

which, in spite of its simplicity, provides good estimates for those quantities. We also note that

the computational protocol employed in this study may be useful for the calculation of pK;

values for similar excited states, especially when the experimental pK. measurements are not

possible.

As the low values obtained for the ground and excited state protonation equilibrium constants
(pK,=1.61, pK; =2.19) for C102 show, the protonations of the ground as well as the excited

state dye molecules are not significant in neutral or weakly acidic media, occurring in the great
majority of pharmacokinetic and biochemical applications of this fluorescent probe. On the other
hand, the relatively high fluorescence quantum yield and the large Stokes shift of its protonated
form make this compound an attractive fluorescent probe also for more acidic environments,
occurring e.g. in proton transfer membranes. However, as the results of the kinetic analysis

showed, the evaluation of the fluorescence data obtained with this dye in such media is rather

23



complex, even in homogenous aqueous solutions, in particular in a pH range (2 < pH < 3) where
the rates of the decays of the neutral and the protonated forms, and the rate of the protonation of
the excited dye, which is a reversible reaction, are commeasurable, thus, the two emissive
species are not in equilibrium. From the equilibrium constants and photophysical data
determined in this study, the stationary and time-resolved fluorescence spectra of this dye probe

can be calculated as a function of pH and excitation wavelength.
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