
Chemical Physics 440 (2014) 69–79
Contents lists available at ScienceDirect

Chemical Physics

journal homepage: www.elsevier .com/locate /chemphys
Protonation/deprotonation process of Emodin in aqueous solution
and pKa determination: UV/Visible spectrophotometric titration
and quantum/molecular mechanics calculations
http://dx.doi.org/10.1016/j.chemphys.2014.06.009
0301-0104/� 2014 Elsevier B.V. All rights reserved.

⇑ Corresponding author. Tel.: +55 1130916745.
E-mail addresses: antcunha@if.usp.br (A.R. da Cunha), elduarte@if.usp.br

(E.L. Duarte), mtlamy@if.usp.br (M.T. Lamy), kaline@if.usp.br (K. Coutinho).
Antonio R. da Cunha, Evandro L. Duarte, M. Teresa Lamy, Kaline Coutinho ⇑
Instituto de Física, Universidade de São Paulo, SP, Brazil

a r t i c l e i n f o
Article history:
Received 13 February 2014
In final form 11 June 2014
Available online 24 June 2014

Keywords:
Protonation/deprotonation process
Acidity constant
Deprotonation free energy
Theoretical calculation
Experimental measurement
UV/Visible spectrophotometric titration
curves
a b s t r a c t

We combined theoretical and experimental studies to elucidate the important deprotonation process of
Emodin in water. We used the UV/Visible spectrophotometric titration curves to obtain its pKa values,
pKa1 = 8.0 ± 0.1 and pKa2 = 10.9 ± 0.2. Additionally, we obtained the pKa values of Emodin in the
water–methanol mixture (1:3v/v). We give a new interpretation of the experimental data, obtaining
apparent pKa1 = 6.2 ± 0.1, pKa2 = 8.3 ± 0.1 and pKa3 > 12.7.

Performing quantum mechanics calculations for all possible deprotonation sites and tautomeric
isomers of Emodin in vacuum and in water, we identified the sites of the first and second deprotonation.
We calculated the standard deprotonation free energy of Emodin in water and the pKa1, using an explicit
model of the solvent, with Free Energy Perturbation theory in Monte Carlo simulations obtaining,
DGaq = 12.1 ± 1.4 kcal/mol and pKa1 = 8.7 ± 0.9. With the polarizable continuum model for the solvent,
we obtained DGaq = 11.6 ± 1.0 kcal/mol and pKa1 = 8.3 ± 0.7. Both solvent models gave theoretical results
in very good agreement with the experimental values.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Emodin (1,3,8-trihydroxy-6-methyl-9,10-anthraquinone, Fig. 1)
is one of the most abundant anthraquinone derivatives found in
nature [1]. It is the active principle of herbal medicines deriving
from Polygonaceae, Rhamnaceae and Cassieae [2]. This anthraqui-
none is known to have biological activity, such as anti-bacterial
[3–5], antiviral [6,7], anti-inflammatory [8,9], anti-cancer activities
[10–12] and virucidal agent [2].

The UV/Visible spectrum of the Emodin has been used to study
its interaction with the biological environment, like DNA [13,14]
and human serum albumin (HSA) [15], and also as a spectrophoto-
metric reagent for detection of various metal ions [16]. Emodin is a
yellow amorphous solid, insoluble in water at acidic pH, but red
and soluble in water at alkaline pH. In acidic aqueous solution
and in common organic solvents, there is a broad UV/Visible
absorption band between 350 and 500 nm in the Emodin spectrum
with a kmax around 440 nm that is responsible for the yellow color
of these solutions. In alkaline solutions, this broad band is red
shifted to 450–600 nm with a kmax varying between 520 and
555 nm depending on solvent and yielding a red color to these
solutions. The UV/Visible absorption spectra and the first band kmax

of Emodin in several solvents in acidic and alkaline pH are pre-
sented in the Supplementary Material. It is known that this notice-
able change in color of Emodin in solution with different pH is due
to a deprotonation process [16]. The neutral form of the Emodin
(EMH) is yellow and the anionic/deprotonated form (EM�) is red.
Based on the potentiometric titration of the Emodin in a metha-
nol–water mixture, Pal and Jana [16] established the one-proton
dissociation equilibrium in the range pH 2–10 and determined
an apparent pKa1 of 7.2 in this mixture. They also suggested a
stepwise dissociation of three protons: first in position 3
(3-oxido-6-methyl-1,8-dihydroxy-9,10-anthraquinone), second in
position 8 (3,8-oxido-6-methyl-1-hydroxy-9,10-anthraquinone)
and third in position 1 (1,3,8-oxido-6-methyl-9,10-anthraquinone).
An experimental and theoretical investigation of the electronic
transitions of Emodin and its conjugated base with deprotona-
tion at position 3 in ethanol has been published [17]. They used
synchrotron linear dichroism spectroscopy and quantum mechan-
ics calculations with Density Functional Theory (TD-B3LYP/
6-31+G(d,p)) to characterize the absorption spectrum of Emodin.
In their calculation, the solvent was included using the polarizable
continuum model (PCM) and one additional explicit solvent mole-
cule hydrogen bonded to the deprotonated oxygen of Emodin.
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Fig. 1. Chemical structure and atomic numbering of Emodin in its neutral form
(EMH).
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The protonation/deprotonation process of a pharmacophore is a
topic of large interest in physics, chemistry and pharmaceutical
industry, because it can change the pharmacological activity of a
compound [18,19]. Frequently, a well-defined acidity constant
(pKa) describes the chemical reactivity of molecules [20]. Hence,
the determination of the value of the pKa has been the object of
many experimental and theoretical studies. The experimental
methods commonly used for the determination of the pKa are:
dissolution rate method [21], ionophoretic techniques [22], isota-
chophoresis [23], conductivity [24], potentiometric titration [25],
nuclear magnetic resonance spectroscopy [26], UV/Visible spectro-
photometric titration [27], thermodynamics [28], Z-scan technique
[29] and capillary electrophoresis [30]. On the other hand, the the-
oretical works have utilized computer simulations with explicit
solvent models and Free Energy Perturbation [31–34], Poisson–
Boltzmann equation with continuum solvent models [35,36],
quantum mechanics calculation associated with continuum
solvent models [37–42] and cluster based quantum mechanics
calculation [43].

The protonation/deprotonation processes of Emodin in organic
solutions were experimentally analyzed, and acidity constants of
Emodin were determined in water–methanol [16], water–ethanol
[17], water–acetonitrile and acetonitrile [30]. However, to our
knowledge, experimental and theoretical studies of the Emodin
in aqueous solution have never been reported. This is a non-trivial
task, due to the low solubility of the Emodin in acidic aqueous
solution [16].

In the present work, we study the protonation/deprotonation
process of Emodin in aqueous solution, using experimental and
theoretical techniques. With the UV/Visible spectrophotometric
titration technique, we determined the pKa of Emodin in water.
The solubility difficulty was minimized by titrating the Emodin
in aqueous solution from alkaline to acidic pH (from 13.8 to 2.0),
and measuring the UV/Visible absorption spectrum immediately
after strongly vortexing the sample.

Additionally to the experimental assay, we performed a theo-
retical study to identify the position of the first deprotonation of
Emodin in aqueous solution. The theoretical approach was based
in thermodynamic cycles obtained from two different equilibrium
reactions, XH() X� þHþ and XHþH2O() X� þ H3Oþ, where
the XH is the molecule of interest and the reactions were investi-
gated in gas phase and in aqueous solution. These thermodynamic
cycles were previously used [39,40,44,45] to calculate the
deprotonation free energy of the XH in aqueous solution (DGaq),
and additionally the pKa. The values of the DGaq were calculated
using an expression, obtained from the thermodynamic cycle, that
relates DGaq with the free energy of deprotonation in gas phase
(DGg) and the relative free energies of solvation (DDGsolv) of the
neutral and ionic species involved in the reactions
(DGaq = DGg + DDGsolv).
The DGg was computed by quantum mechanical calculations,
using Density Functional Theory (DFT) and Møller–Plesset second
order perturbation theory (MP2). All the possibilities of the first
deprotonation form and the tautomeric isomers of the Emodin in
gas phase and in aqueous solution were analyzed. We identified
that the first deprotonation at position 3 and the second deproto-
nation at position 8 are the most favored situation. This result is in
agreement with the Pal and Jana suggestion [16]. The solvation free
energies of each Emodin species, DGsolv(EMH) and DGsolv(EM�),
were calculated using Monte Carlo (MC) simulations combined
with Free Energy Perturbation theory (FEP) and the DGaq values
were obtained using the two thermodynamic cycles. Finally, the
theoretical value for the pKa1 was obtained and it presents a very
good agreement with the experimental data.

2. Experimental

2.1. Materials

Emodin (C15H10O5, Fig. 1), Hydrochloric acid (HCl), Sodium
hydroxide (NaOH) and Methanol (CH3OH) were purchased from
Sigma–Aldrich Co. (St. Louis, MO, USA) and used without further
purification. Milli-Q water was used throughout.

2.2. Sample preparation

A 10 mM Emodin stock solution was prepared in ethanol-
methanol mixture at 4:1 v/v. Aliquots of this stock solution were
separated in glass vials, dried under a stream of N2, and left under
reduced pressure for a minimum of two hours, to remove traces of
organic solvents. The Emodin film so formed was dissolved in
water at two different concentrations, 0.1 and 0.025 mM, and in
water–methanol mixture (1:3 v/v) at concentration of
0.025 mM. For each concentration, two different pH samples were
prepared at room temperature: an alkaline at pH � 13, and an
acidic at pH � 2, by the addition of NaOH and HCl, respectively.
In water, at pH � 2 the Emodin aggregates, and precipitates after
a minute, hence the sample had to be strongly vortexed before
used.

2.3. UV/Visible spectrophotometric titration

Absorbance measurements were performed with a Varian Cary
50 UV/Visible Spectrophotometer, at room temperature. Samples
were placed in quartz cuvettes with 10 mm optical pathway.
Absorbance measurements of the Emodin solution samples were
performed from alkaline to acidic pH values, by successive addition
of small aliquots (around 5 lL) of the Emodin acidic solution
(1:500 v/v of HCl). For the two studied concentrations, two inde-
pendent samples were prepared for each pH and around 70 UV/Vis-
ible spectra were measured in the pH interval, from �13 to 2. The
samples were homogenized by strongly vortexing immediately
before each measurement and its pH was measured with a Mettler
Toledo pH-meter. Therefore, in the case of the water–methanol
mixture the pH presented are the apparent pH values.

2.4. Determination of acidity constant

The deprotonation probability of a single site in a solute mole-
cule is given by Eq. (1), algebraically equivalent to the Henderson–
Hasselbalch (HH) equation, describing an increasing sigmoidal
standard titration curves:

n ¼ 10ðpH�pKaÞ

ð1þ 10ðpH�pKaÞÞ
ð1Þ
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Hence, the pKa value of an isolated titratable site is equal to the
pH at which the deprotonation probability of this site is 0.5 and the
concentration of the deprotonated form ([EM�]) is given by

½EM�� ¼ ½EM�10ðpH�pKaÞ

1þ 10ðpH�pKaÞ
� � ð2Þ

where [EM] = [EMH] + [EM�] is the total concentration of the solute
as a sum of the neutral and anionic/deprotonated forms.

For n multiple decoupled deprotonation process, the probability
of deprotonating each site i is then given by the HH titration curve

ni ¼
10ðpH�pKaiÞ

ð1þ 10ðpH�pKaiÞÞ
and ½EM�i� ¼ ½EM�10ðpH�pKaiÞ

ð1þ 10ðpH�pKaiÞÞ
ð3Þ

where Ki ¼ 10�pKai is the deprotonation constant of site i, [EM�i] is
the concentration of the ith deprotonated form, [EM] is the total
concentration of the solute as a sum of the neutral form and the
deprotonated forms, and the total probability of the molecule
deprotonation is just the sum of individual HH curves [46].

Using the UV/Visible spectrophotometric titration (UV/Visible
ST) [47] and assuming that the n possible deprotonation forms of
a chromophore solute are decoupled and non-interacting, the
Bouguer–Lambert–Beer law can be written by a sum of individual
absorbance:

A � log
I0

I

� �
¼ e0½EMH�lþ

Xn

i¼1

ei½EM�i�l ð4Þ

where A is the measured absorbance, I0 and I are the intensities of
the light at a fixed wavelength before and after crossing the sample,
respectively, e0 and en are the molar extinction coefficient of the
neutral and nth deprotonated form, respectively, and l is the optical
pathlength. Therefore, Eqs. (3) and (4) yield the following general-
ized expression:

A ¼ A0 þ
Xn

i¼1

Ai
10ðpH�pKaiÞ

1þ 10ðpH�pKaiÞ
� � ð5Þ

where A is the total absorbance measured of the system at a given
wavelength and A0, Ai and pKai values are determined by the best fit-
ting of the UV/Visible ST curve, over the range of pH values, in which
A increases with an increasing pH. Note that, in a specific wave-
length, if A decreases in a range of pH, then the term pH–pKai of
Eq. (5) should be inverted to pKai–pH for describing a decreasing sig-
moidal standard titration curve. Thus, the experimental values for
Scheme 1. The thermodynamic cycle 1 with the direct dissociation of the Emodin
in the anionic specie (EM�) and the proton (H+) in gas phase and in aqueous
solution.

Scheme 2. The thermodynamic cycle 2 with the acid-base reaction bet
the acidity constants pKai were obtained using the UV/Visible ST
curves and the best fitting of the Eq. (5).

3. Theoretical calculations

3.1. Thermodynamic cycles

The theoretical approach was based in two different thermody-
namic cycles, shown in Schemes 1 and 2, to calculate the free
energy of deprotonation in aqueous solution, DGaq, and addition-
ally the pKa. Both thermodynamic cycles combine the deprotona-
tion process of Emodin in gas phase and in aqueous solution. In
the Scheme 1, there is a direct dissociation of the neutral form of
Emodin (EMH) into the deprotoned/anionic form (EM�) and the
proton (H+), and in the Scheme 2, there is a base-acid reaction
between the Emodin and water molecules producing the same
anionic species, EM�, and the hydronium cation (H3O+). It was
discussed and shown by several authors [39,40,44,45] that both
thermodynamic cycles give the same value of pKa although the free
energies involved are different. The DGð1Þaq is the deprotonation free
energy obtained from the direct dissociation reaction (shown in
Scheme 1) and DGð2Þaq is obtained from the base-acid reaction with
the water molecule (shown in Scheme 2). Then, in the theoretical
approach the expression that relates the pKa and the DGaq depends
on the deprotonation reaction, but in the experimental approach
the reported DGaq is always associated to the direct dissociation
reaction, i.e. the DGð1Þaq .

The thermodynamic cycle 1 yields the following equation to
calculate the DGð1Þaq using the free energy of deprotonation in gas
phase, DGð1Þg , and the relative free energy of solvation, DDGð1Þsolv , of
the neutral and ionic species:

DGð1Þaq ¼ DGð1Þaq þ DDGð1Þsolv ; ð6Þ

where

DGð1Þg ¼ GgðEM�Þ þ GgðHþÞ � GgðEMHÞ

DGð1Þg ¼ ðGgðEM�Þ � GgðEMHÞÞ þ GgðHþÞ

DGð1Þg ¼ DGgðEmodinÞ þ GgðHþÞ ð7Þ

DDGð1Þsolv ¼ DGsolvðEM�Þ þ DGsolvðHþÞ � DGsolvðEMHÞ

DDGð1Þsolv ¼ ðDGsolvðEM�Þ � DGsolvðEMHÞÞ þ DGsolvðHþÞ

DDGð1Þsolv ¼ DDGsolvðEmodinÞ þ DGsolvðHþÞ ð8Þ

Gg(X) is the free energy of a specific specie X (X = EMH, EM� and H+)
in gas phase and DGsolv(X) is the solvation free energy of the species
X in aqueous solution. Thus, the pKa1 is obtained through the use of
acidity constant definition, Ka1 = [EM�][H+]/[EMH], that leads to the
thermodynamics equation:

pKa1 ¼
DGð1Þaq

RT ln 10
ð9Þ
ween the Emodin and water in gas phase and in aqueous solution.
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where R is the ideal gas constant. Then, pKa1 = 0.733 DGð1Þaq at 25 �C.
The thermodynamic cycle 2 yields the following equation to

calculate the DGð2Þaq that is equivalent to Eq. (6):

DGð2Þaq ¼ DGð2Þaq þ DDGð2Þsolv ; ð10Þ

where

DGð2Þg ¼ GgðEM�Þ þ GgðH3OþÞ � GgðEMHÞ � GgðH2OÞ

DGð2Þg ¼ ðGgðEM�Þ � GgðEMHÞÞ þ ðGgðH3OþÞ þ GgðH2OÞÞ

DGð2Þg ¼ DGgðEmodinÞ þ DGgðWaterÞ ð11Þ

DDGð2Þsolv ¼ DGsolvðEM�Þ þ DGsolvðH3OþÞ � DGsolvðEMHÞ
� DGsolvðH2OÞ

DDGð2Þsolv ¼ ðDGsolvðEM�Þ � DGsolvðEMHÞÞ þ ðDGsolvðH3OþÞ
� DGsolvðH2OÞÞ

DDGð2Þsolv ¼ DDGsolvðEmodinÞ þ DDGsolvðWaterÞ ð12Þ

Now the acidity constant is defined as Ka1 = [EM�][H3O+]/[EMH]
and the pKa1 is obtained through the relation:

pKa1 ¼
DGð2Þaq

RT ln 10
� log½H2O� ð13Þ

where [H2O] = 55.50 M is the water concentration at room thermo-
dynamic condition of T and P. Then, pKa1 = 0.733 DGð2Þaq � 1:744 at
25 �C.

3.2. Geometry and Gibbs free energy

The neutral form of Emodin (EMH, see Fig. 1), all the
deprotonated hydroxyl forms (EM�1, EM�2 and EM�3), its tauto-
meric isomers with the hydroxyl at position 9 (1,10- and 8,10-
anthraquinones), the water molecule (H2O), the hydroxyl (OH�)
and the hydronium (H3O+) ions have the geometry optimized and
the vibrational frequencies calculated with quantum mechanics
(QM). These calculations were performed using Density
Functional Theory (DFT) [48] with the B3LYP exchange–correlation
functional [49,50] and Pople basis set functions, 6-311++G(d,p)
[51]. This DFT functional has produced results with a good compro-
mise between computational cost and accuracy of the results for
molecules of the anthraquinone family [17,52,53] and other organic
molecules [54].

The solvent effect in the geometry was included using the
polarizable continuum model (PCM) [55] with the same level of
QM calculation. Hence, all geometries were obtained in vacuum
and in aqueous solution. The differences found in both geometries
(in gas phase and in aqueous solution) were negligible. Therefore,
all the further calculations were performed in the vacuum opti-
mized geometries.

The Gibbs free energies of all stable species, in gas phase (Gg)
and in aqueous solution (Gaq), were calculated considering the
electronic energy of the system and the corrections of zero-point
energy, thermal and enthalpy at the same level of QM calculation,
B3LYP/6-311++G(d,p). For the case of the proton (H+), its gas phase
free energy was obtained using the equilibrium reaction
H2O() OH� þHþ, which DGgðH2O! OH� þHþÞ ¼ GgðOH�Þþ
GgðHþÞ � GgðH2OÞ. Therefore, we determined the Gg(H+) using
the experimental value of the DGg(H2O ? OH� + H+) = 385.6 ± 0.2
kcal/mol obtained by Bartmess and co-authors [56,57] and the
calculated values of the Gg(OH�) and the Gg(H2O).
Comparing the Gaq of the isomers with the same quantity of
deprotonation sites, we analyze the preferential position for the
first and second deprotonation process of Emodin in aqueous solu-
tion. The free energy of the first deprotonation of Emodin in gas
phase, DGg, was calculated for both thermodynamic cycles, using
Eq. (7) for the DGð1Þg and Eq. (11) for the DGð2Þg . Additionally, to
increase the numerical precision in the calculation of DGg, the elec-
tronic energies of the involved species were also calculated with
Møller–Plesset second order perturbation theory (MP2) [58,59]
with the same basis function, MP2/6-311++G(d,p).

3.3. Free energy of solvation and pKa

The standard solvation free energies, DGsolv(X), for X = EMH and
EM� were calculated with the Free Energy Perturbation method
(FEP) [60–63], implemented in the Monte Carlo (MC) simulations
[64–68]. For comparison the DGsolv(X) was also obtained with
QM calculations, where the solvent effect was included using
PCM, which describes the solvent as a continuum polarizable
dielectric medium [55].

For the other species, X = H+, H2O and H3O+, several authors
have studied its standard free energies of solvation in aqueous
solution [34,43–45,56,69–72]. Therefore, we decided to use in this
work the experimental value of the DGsolv(H2O) = �6.32 ± 0.2 kcal/
mol obtained by Ben-Naim and Marcus [70], the DGsolv(H3O+) =
�110.2 ± 0.7 kcal/mol obtained by Pliego and Riveros [34] and
the DGsolv(H+) = �265.9 kcal/mol obtained by Tissandier and
co-authors [72], all in standard condition (concentration of
1.0 M in gas phase). Then, the DGsolv(H+) and the DDGsolv

(water) = DGsolv(H3O+) � DGsolv(H2O) =�103.88 kcal/mol were used
in the calculations of the relative solvation free energy, DDGð1Þsolv
and DDGð2Þsolv of the Schemes 1 and 2 (using Eqs. (7) and (12)),
respectively.

The MC simulations were performed with the Metropolis sam-
pling technique [73] and standard procedures as presented before
[74]. The system was composed by one solute X and 500 water
molecules in the isothermal-isobaric NPT ensemble, where the
number of molecules N, the pressure P, and the temperature T
are fixed at N = 501, P = 1 atm and T = 25 �C. The periodic boundary
conditions and the image method were used in a cubic box
that was initialized with edge of L = 24.98 Å and the density of
1 g/cm3. Throughout the simulation, the geometry and potential
parameters of the molecules are kept fixed, where each molecule
interacts with all other molecules within a spherical region that
is defined by the cutoff radius rc = L/2 � 12.5 Å. The long-range cor-
rections of the potential are calculated beyond this cutoff distance,
as before [74]. The intermolecular interaction was described by
standard Lennard–Jones plus Coulomb potential, where each inter-
acting site i has three parameters (ei, ri and qi), that are related by
the combination rule: eij = (eiej)1/2 and rij = (rirj)1/2. The water was
described with the SPC model [75] and for the solutes, EMH and
EM�, the following parameters were used: {e} and {r} of the OPLS
force field [76] and the set of atomic charges {q} calculated with
the CHELPG procedure to fit the electrostatic potential [77] at the
B3LYP/6-311++G(d,p) level of QM calculation, with the solute
embedded in the solvent described by PCM. Therefore, the atomic
charges of the solute include implicitly the electronic polarization
due to the aqueous solutions, {q}aq. This procedure, for studying
properties of molecules in aqueous solution, has been shown to
be better than the standard procedure of calculating the charges
with HF/6-31G(d) [68,78–80]. The potential parameters
(Lennard–Jones {e and r} and the atomic charges {q}aq) of EMH
and EM� used in this work are shown in Supplementary Material.

As used before, the solvation free energy was obtained as the
negative value of the annihilation free energy in solution, i.e.
DGsolv(X) = �DGannih(X) [65,67,68,81]. The annihilation free energy



Fig. 2. The effect of the apparent pH on the UV/Visible absorption spectra of the
Emodin in water–methanol mixture (1:3 v/v) at concentration of 0.025 mM. The
vertical dashed lines show the kmax of the first band of the Emodin in alkaline
mixture, pH = 12.66, at 508 nm and in acidic mixture, pH < 5.08, at 441 nm.
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was calculated using a hypothetical vanishing process,
DGannih(X) = DG(X ? 0), where the solute–solvent interactions are
switched-off in several simulations, using the double-wide
sampling technique [62,81]. In this process the initial state of the
simulation is a system composed by one polarized solute in aque-
ous solution at 1 atm and the final state has only the solution. In
other words, the solute is removed from the solution and takes it
to the gas phase with the polarized set of atomic charges at
1 atm condition. Then, two additional steps should be done to
obtain the correct state of the non-polarized solute in gas phase
at the standard condition (concentration of 1 M). Thus,
DGsolv(X) = �DGannih(X) + DGpol(X) + DG(Pi ? Pf), where DGpol(X) is
the free energy variation due to the polarization process of the
solute going from the gas phase to the aqueous solution and the
DG(Pi ? Pf) is the free energy variation due to the change in the
pressure of the gas phase from the standard condition (Pi = 24.46
atm) to the condition in equilibrium with the pressure of the solu-
tion (Pf = 1 atm). The DGpol(X) involves a variation in the internal
energy of the solute due to its polarization, DEpol(X), that can be
obtained by QM calculations considering the difference of the sol-
ute electronic energy with a wavefunction polarized in water with
PCM (WPCM) and in vacuum (Wo), DEpol(X) = hWPCM|Ho|WPCMi �
hWo|Ho|Woi, where Ho is the Hamiltonian of the isolated solute.
The relation DGpol(X) = DEpol(X) is a good approximation considering
a rigid solute. As usual [43,82], using thermodynamic relations it is
obtained that DG(Pi ? Pf) = RT ln(Pf/Pi) =�RT ln (24.46).

The annihilation process was performed in three stages: first,
the polarized atomic charges of the solute {q}aq were slowly
reduced to zero and the negative of the solute–solvent electrostatic
term of the solvation free energy, �DGele(X), was calculated; then,
the attractive term of the Lennard-Jones potential, r�6, was van-
ished and the negative of the van der Waals term of the solvation
free energy, �DGvdW(X), was calculated; and finally, the repulsive
term of the Lennard–Jones potential, r�12, was also vanished and
the negative of the cavitation term of the solvation free energy,
�DGcav(X), was calculated.

Then, the total value of the standard solvation free energy of
each species was obtained as:

DGsolvðXÞ ¼ DGeleðXÞ þ DGvdWðXÞ þ DGcavðXÞ þ DGpolðXÞ
� RT lnð24:46Þ ð14Þ

where the first three terms were calculated with FEP-MC simulation
[65,66,83] and takes into account only the solute–solvent (intermo-
lecular) interaction, the DGpol(X) were calculated with PCM and
consider the changes of the solute (intramolecular) due to its polar-
ization process in going from the gas phase to the solution, and the
last term, �RT ln(24.46), is equal to 1.9 kcal/mol at 25 �C and con-
sider the change in the ideal gas at the standard concentration of
1 M to the condition of 1 atm in equilibrium with the solution.

The series of MC simulations was composed by a total of twenty
simulations performed to make the solute X disappears slowly from
the solution in three stages: (i) 12 simulations with double-wide
sampling were performed to annihilate the Coulomb potential,
ki{q}aq, with ki = 1.000 0.975 ? 0.950, 0.950 0.925 ? 0.900,
0.9000 0.875 ? 0.850, 0.850 0.825 ? 0.800, 0.800 0.775 ?
0.750, 0.750 0.725 ? 0.0700, 0.700 0.675 ? 0.650, 0.650 
0.625 ? 0.600, 0.600 0.550 ? 0.500, 0.500 0.450 ? 0.400,
0.400 0.350 ? 0.300, 0.300 0.200 ? 0.00; (ii) 4 simulations
with double-wide sampling to annihilate the attractive term of
the LJ potential with ki = 1.000 0.875 ? 0.750, 0.750 0.625 ?
0.500, 0.500 0.375 ? 0.250, 0.250 0.125 ? 0.00; and (iii) 4
simulations without double-wide sampling to annihilate the repul-
sive term of the LJ potential with ki = 1.00 ? 0.75, 0.75 ? 0.50,
0.50 ? 0.25, 0.25 ? 0.00. For each k, five independent simulations
with double-wide sampling were performed to calculate the aver-
age and the standard deviation of the free energy between the
states ki ? ki+1 and ki ? ki–1. Each simulation was divided in two
large stages, thermalization and equilibrium, both with 1.5 � 108

MC steps. More details about this procedure can be found in Refs.
[64,65].

For comparison the standard solvation free energies,
DGsolv(EMH) and DGsolv(EM�), were also carried out using the
PCM with the United Atom for Hartree Fock (UAHF) model for
the cavity shape at HF/6-31+G(d) level of calculation [84]. Many
works have shown that this HF/6-31+G(d)/PCM/UAHF level pro-
vides reliable standard solvation free energies of neutral and
charged molecules giving results in excellent agreement with
experimental data, due to the internal parametrization of the
non-electrostatic terms of the free energy in the PCM method
[85–87]. In this calculation the electrostatic term of the solvation
free energy, DGele(X), already includes the solute polarization term,
DGpol(X), because it takes into account the inter and intramolecular
interaction. To better compare the values obtained with PCM and
FEP-MC, we presented these two terms separately (in Section
4.4) and adding both terms one can get the total electrostatic term
of the solvation free energy.

All QM calculations were performed with Gaussian 03 program
[88] and the MC simulations and FEP calculations with DICE
program [89].
4. Results and discussions

4.1. Experimental UV/Visible spectrophotometric titration and pKa

Before setting the assay of Emodin in water, we performed the
experimental measures of the UV/Visible absorption spectra of the
Emodin in water–methanol mixture (1:3 v/v) at concentration of
0.025 mM varying the apparent pH from 12.66 to 2.09. This mix-
ture is simpler than the aqueous solution because no aggregation
of the Emodin was observed. In Fig. 2 the UV/Visible spectra of



Fig. 3. (symbols) The Emodin absorbance at two wavelengths, 441 nm (left) and
508 nm (right), versus the apparent pH of the water–methanol mixture and (line)
the best fit of the Eq. (5) with one term of the sum (n = 1, top), two term of the sum
(n = 2, middle) and three terms of the sum (n = 3, bottom).
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the Emodin in the mixture are shown for 15 illustrative samples
selected in the studied pH range.

As it can be seen the absorption spectrum of Emodin is very
sensitive to the pH variation. The first absorption band changes
its maximum absorbance from 508 nm to 441 nm when the
apparent pH varies from 12.66 to 2.09. This is in agreement with
previous measurements performed by Pal and Jana [16].

We selected these two wavelengths, 508 and 441 nm, to per-
form the UV/Visible ST curves and used Eq. (5) to obtain the pKai,
(see Fig 3). Considering only one deprotonation process in the
entire range of the pH (n = 1 in Eq. (5)), we obtained pKa1 = 7.4 at
441 nm and pKa1 = 7.0 at 508 nm. These values are in agreement
with the value of 7.2 obtained previously by Pal and Jana [16] in
the same mixture proportion of water–methanol by Bjerrum’s
method. However, in Fig. 3 (top) it is easy to see that the best fit
of Eq. (5) with only one term of the sum does not adjust well the
experimental data. Then, we try also to fit the Eq. (5) with n = 2
and 3, i.e. assuming two or three decoupled and non-interacting
deprotonation sites of the Emodin in the mixture at the pH range
between 12.66 and 2.09. These two additional fitting of Eq. (5)
are also presented in Fig. 3 (middle and bottom). For n = 2 (see
Fig. 3, middle), we obtained pKa1 = 6.7 and pKa2 = 12.1 at 441 nm,
and pKa1 = 6.0 and pKa2 = 8.0 at 508 nm and for n = 3 (see Fig. 3,
bottom), we obtained pKa1 = 6.2, pKa2 = 8.3, pKa3 = 13.0 at 441 nm
and pKa1 = 6.1, pKa2 = 8.2, pKa3 = 14.3 at 508 nm. Perusal of Fig. 3
shows that the best fitting of the experimental data is obtained
assuming the existence of three acidity constants in the studied
range of pH. Furthermore, the values of pKa1 and pKa2 obtained
for the two different wavelengths are equivalent when the three
deprotonations were assumed. Since our measurements were
performed with pH up to 12.66, the values obtained for pKa3

(13.0 and 14.3) are in the limiting of the pH range used. Therefore,
we believe that the pKa3 values are not reliable, but we are
confident that our best values for the apparent acidity constants
of the Emodin in water–methanol mixture (1:3 v/v) are
pKa1 = 6.2 ± 0.1, pKa2 = 8.3 ± 0.1 and pKa3 > 12.7.

This new analysis of the experimental titration curve gives a dif-
ferent conclusion compared with that one obtained by Pal and Jana
[16]. However, it seems to be more adequate to the picture of a
stepwise dissociation of the protons of the three-hydroxyl groups
existent in Emodin. Then, we conclude that the Emodin in
water–methanol mixture (1:3 v/v), from pH 2.09 to 12.66, loses
two protons, going from the neutral form to the charged divalent
anionic form, with apparent acidity constants of 6.2 and 8.3. The
acidity constant of the third deprotonation is larger than 12.7.

For completeness, we tested two additional fittings of the Eq.
(5), with n = 4 and 5. With these new fittings, we obtained:
(i) the same values of the pKa1 and pKa2 as obtained with n = 3;
(ii) the values of the pKa3 with small variation for the two analyzed
wavelength (pKa3 = 14.4 ± 0.1); (iii) negative values for the pKa4

and pKa5; and (iv) a negligible improvement in the agreement with
the experimental data. Thus, we conclude that the best fitting of
the titration curve with the Eq. (5) was obtained with n = 3.

In the case of the aqueous solution, the experiment titration
curve was obtained by the UV/Visible absorption spectra of the
Emodin decreasing the sample pH value from 13.8 to 2.0. Around
70 UV/Visible spectra were measured in this pH range at each dif-
ferent concentration (0.1 and 0.025 mM). Due to the Emodin aggre-
gation and the precipitation at lower pH values, samples were
strongly vortexed immediately before each optical assay. In
Fig. 4a the UV/Visible spectra of the Emodin in water are shown
for 11 illustrative samples selected in the studied pH range. They
show a large dependence of the optical absorption spectrum of
the Emodin on the pH of the medium. At higher pH values, the
Emodin is deprotonated and charged, and the sample is clear and
reddish. As the pH goes down, the color of the sample changes,
untill it gets yellow at low pH values. Below pH = 8, Emodin aggre-
gates, precipitating after around one minute. In Fig. 4a, at pH values
7.71, 7.02, 4.40 and 2.0, the presence of the Emodin aggregates is
evidenced by the scattering profile underneath the optical
absorption spectrum (light scattering depends on wavelength as
k�x, where x depends on the scattering particle dimensions [90]).
Due to the presence of the absorption bands, it is not possible to
precisely subtract the light scattering from the Emodin absorption
spectrum. Therefore, each spectrum was roughly corrected by sub-
tracting the absorbance value at 650 nm. This correction assumes
that there is no electronic absorption transition of the Emodin in
the region near 650 nm, and then the absorbance is zero. The cor-
rected spectra are shown in Fig. 4b.

The dependence of the absorbance at 519 and 308 nm (see
Fig. 4b) with respect to the pH leads to the UV/Visible ST curves
shown in Fig. 5. These wavelength values are the maxima of the
first two bands at pH > 11. The best fit of those UV/Visible ST curves
by Eq. (5) yield to two acidity constants, pKa1 and pKa2, for the
Emodin in aqueous solution. The fitting with three acidity con-
stants does not improve significantly the agreement with the
experimental data of the titration curve. So then, we decided to
stay with the simpler adjustment with two terms (Eq. (5) with
n = 2). For both wavelengths, the best fitted values for the first
and second acidity constants were similar. Therefore, the best
values for the acidity constants are pKa1 = 8.0 ± 0.1 and
pKa2 = 10.9 ± 0.2. These values are the average and error for four



Fig. 4. The effect of the pH on the UV/Visible absorption spectra of the Emodin in
aqueous solution at concentration of 0.025 mM, without corrections (a) and with
light scattering correction (b). The vertical dashed lines show the kmax of the first
and second bands of the Emodin in alkaline solution, pH > 11, at 519 and 308 nm,
respectively.

Fig. 5. The effect of the pH on the Emodin absorbance values (corrected by the light
scattering, see text) at 519 and 308 nm with concentration of 0.025 mM. The pKa

values were obtained from the best fitting of Eq. (5) with two terms (n = 2).
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different experiments, two experiments for each concentration of
0.025 and 0.100 mM of the Emodin.

The reason for assaying different Emodin concentrations was to
test whether the formation of Emodin aggregates or the presence
of light scattering would affect the best fitted pKa values. However,
the great similarity among the results obtained with different
Emodin concentrations and at different wavelengths reinforce
the accuracy of the pKa1 and pKa2 values, i.e. the first deprotonation
of the Emodin in aqueous solution at pKa1 = 8.0 ± 0.1 and second
deprotonation at pKa2 = 10.9 ± 0.2. According to Eq. (9), these pKa

values give a standard first and second deprotonation free energy
of the Emodin in water as 10.9 ± 0.2 kcal/mol and 14.9 ± 0.3 kcal/
mol, respectively. Note that the Emodin aggregates are detected
bellow the value of pKa1, where there is a predominance of the neu-
tral Emodin, EMH. Therefore, the Emodin in aqueous solution, from
pH 2.0 to 13.8, loses two protons, going from the neutral form to
the charged divalent form, with acidity constants of 8.0 and 10.9.
The acidity constant of the third deprotonation is out of the pH
range studied here, i.e. larger than 13.8. Our best value of
8.0 ± 0.1 for the pKa1 of the Emodin in water is in agreement with
the value showed in the graphic of Fig. 4 of the Ref. [30]. This
graphic shows the effect of the acetonitrile concentration on the
pKa values of five molecules of the anthraquinone family in
water–acetonitrile mixture. In the case of Emodin, the point at
0% of acetonitrile gives a pKa of �8.2 for Emodin in water.

4.2. Geometry optimization and relative stability of the isomers

Initially we performed geometry optimization for the isolated
molecules in vacuum with the B3LYP/6-311++G(d,p) level of calcu-
lation. The optimized systems were: the neutral Emodin, all the
deprotonated hydroxyl forms and the tautomeric isomers with
the hydroxyl at position 9, i.e. the 1,10- and 8,10-anthraquinone
tautomeric forms. We found, as stable structures, only the 9,10-
anthraquinone neutral form, 6 anionic/deprotonated forms of
Emodin, in which 3 of them presented one deprotonation site, 2
presented two deprotonation sites and 1 presented three deproto-
nation sites. These forms are: 3,8-EM� (9,10-anthraquinone with
deprotonation at position 1 and two hydroxyl groups at positions
3 and 8), 1,8-EM� (9,10-anthraquinone with deprotonation at
position 3 and two hydroxyl groups at positions 1 and 8),
1,3-EM� (9,10-anthraquinone with deprotonation at position 8
and two hydroxyl groups at positions 1 and 3), 1-EM2�

(9,10-anthraquinone with deprotonation sites at positions 3 and



Table 1
The electronic energy (Eg in kcal/mol), free energy (Gg in kcal/mol) and the dipole moment (lg in D) of the Emodin forms X in vacuum using B3LYP/6-311++G(d,p) level of QM
calculation. In aqueous solution, the free energies (Gaq) and the dipole moment (laq) were obtained using the solvent described by PCM with the same level of calculation. The
relative values, D, are also shown, comparing the isomer with the same quantity of deprotonation sites (for one site the reference was the 1,8-EM� and for two was the 1-EM2�).
The dipole moments for the anionic forms were calculated with the origin at the center of the nuclear changes.

X Eg Gg Gaq lg laq

EMH �598676.30 �598565.89 �598572.34 2.68 3.49
3,8-EM� �598331.83 �598232.14 �598281.32 8.47 12.91
1,8-EM� �598348.98 �598247.08 �598287.28 10.44 15.33
1,3-EM� �598331.78 �598230.96 �598280.93 7.12 11.36
D (1,8-EM�? 3,8-EM�) 17.15 14.94 5.96
D (1,8-EM�? 1,3-EM�) 17.20 16.12 6.35
1-EM2� �597932.60 �597840.54 �597990.00 8.04 12.17
9-EM2� �597925.15 �597832.27 �597984.38 12.78 19.46
D (1-EM2�? 9-EM2�) 7.45 8.27 5.62
EM3� �597426.91 �597343.98 �597681.60 13.81 21.68
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8 and one hydroxyl group at position 1), 9-EM2� (8,10-anthraqui-
none with deprotonation sites at positions 1 and 3 and one hydro-
xyl group at position 9) and EM3� (deprotonation sites at positions
1, 3 and 8). The electronic energy, Gibbs free energy and dipole
moment of those stable structures in vacuum are shown in Table 1.

All the optimized geometries were found to be planar and hav-
ing intramolecular hydrogen bonds with oxygen O9, in good
agreement with the geometries obtained with DFT, B3LYP/
6-31+G(d,p) [17] and B3LYP/6-311++G(d,p) [53], and with the
crystallographic experimental data of 1,8-dihydroxyanthraquinone
[91,92]. We identified that none of the following tautomeric forms
of Emodin are stable, at the B3LYP/6-311++G(d,p) level,
considering the neutral form of the 1,10-anthraquinone and 8,10-
anthraquinone; with one deprotonation site: 1,9-EM� (8,10-
anthraquinone with the hydroxyl groups at positions 1 and 9),
3,9-EM� (1,10-anthraquinone and 8,10-anthraquinone with the
hydroxyl groups at positions 3 and 9) and 8,9-EM� (1,10-anthra-
quinone with the hydroxyl groups at positions 8 and 9); and two
deprotonation sites: 8-EM2� (1,10-anthraquinone and 9,10-
anthraquinone with one hydroxyl group at position 8). Starting
the geometry optimization with any one of these tautomeric forms,
they spontaneously became one of the stable forms shown in
Table 1. Therefore, our results do not support the existence of an
equilibrium structure for the 1,10-anthraquinone and 8,10-anthra-
quinone tautomeric forms of neutral Emodin in vacuum and in
aqueous solution. Then, these tautomers do not contribute to any
property of Emodin in these two environments. This result is in
agreement with the one obtained by Nguyen and co-authors
[17], that could not obtain an equilibrium geometry for the 1,10-
anthraquinoid tautomer of Emodin in vacuum or in ethanol.

In Table 1, comparing the free energy in gas phase, Gg, of the
three isomeric forms with one deprotonation, 3,8-EM�, 1,8-EM�

and 1,3-EM�, the isomer with deprotonation at position 3
(1,8-EM�) is the most stable compared with the others,
DGg(1,8-EM�? 3,8-EM�) = 14.9 kcal/mol and DGg(1,8-EM�?
1,3-EM�) = 16.1 kcal/mol. The larger contribution for this stabiliza-
tion comes from the electronic energy (DEg(1,8-EM�? 3,
8-EM�) = 17.1 kcal/mol and DEg(1,8-EM�? 1,3-EM�) = 17.2 kcal/
mol). Although the energies corrections (sum of zero-point, ther-
mal and enthalpy) obtained after the vibration frequencies calcula-
tions are large (around 100 kcal/mol, see Gg � Eg in Table 1), the
differences between the isomers are small, around 1.5 kcal/mol.

Comparing the free energy in aqueous solution, Gaq, the isomer
1,8-EM� remains more stable by 5.9 kcal/mol compared to
3,8-EM� and 6.3 kcal/mol compared to 1,3-EM�. This large differ-
ence in the free energy of the isomers in aqueous solution leads
to an equilibrium system with only the 1,8-EM� isomer at room
temperature (RT � 0.6 kcal/mol). Thus, we conclude that the first
deprotonation of the Emodin takes place at position 3 and for fur-
ther calculations of the free energy of solvation and pKa, only this
isomer was considered, i.e. EM� = 1,8-EM�. Analyzing the divalent
anionic forms, the isomer 1-EM2� is 5.6 kcal/mol more stable than
the isomer 9-EM2�. Therefore, we conclude that the second depro-
tonation of Emodin in water takes place at position 8. Our results
for the location of the first (at position 3) and second (at position
8) deprotonation process of Emodin in aqueous solution obtained
with QM calculation are in agreement with the stepwise proton
dissociation proposed by Pal and Jana [16].

It is interesting to note that the aqueous environment maintains
the same stability of these isomers in the gas phase. But the envi-
ronment plays a significant rule in the charge redistribution and
electronic polarization of the anionic/deprotonated forms that
can be seen in the large difference between the dipole moment
in vacuum (lg) and in aqueous solution (laq). There is an increase
of 50–60% of the dipole moment of the deprotonated forms of
Emodin in water compared to vacuum. Analyzing the atomic
charge of the molecules in vacuum and in water, we identify that
in general there is an increase in the modules of the charges calcu-
lated in water. However, this increase in not uniform. In the case of
neutral form, EMH, the three oxygen atoms of the hydroxyl groups
(O1, O3 and O8) have almost the same charge (around �0.63 in
vacuum and �0.68 in water, an increase of �8%). However the
two oxygen atoms of the carbonyl groups (O9 and O10) have dis-
tinct charges (�0.64 and �0.49 in vacuum and �0.67 and �0.57
in water, an increase of 5% in O9 and 16% in O10) due to the two
intramolecular hydrogen bonds formed between O1H1 and O8H8
with O9. In the case of the first deprotonated form, 1,8-EM�, the
three oxygen atoms of the hydroxyl groups have almost the same
charge in vacuum (around �0.71), but became distinct in water
leaving the deprotonated oxygen more negative than the others
(around�0.72 for O1 and O8 and�0.84 for O3). Thus, we identified
that the solvent effect on the electronic polarization of this type of
molecules is important and cannot be neglected for a good descrip-
tion of its interaction with the solvent. For this reason, we used a
set of polarized atomic charges, {q}aq, in the simulations of EMH
and EM– in water.

For further consideration, the variation in the internal energies
of the EMH and EM– due to their polarization in the presence of a
water reaction field, DEpol(X) (see Section 3.3 for computational
details), were calculated as 2.1 and 4.5 kcal/mol, respectively. The
value of the hWPCM|Ho|WPCMi term was obtained in the same QM
calculation as the aq and DGaq (shown in Table 1) and the value
of the hWo|Ho|Woi term was obtained in the vacuum QM calcula-
tion. These values were used in the polarization free energy,
DGpol(X), that will be discussed in the following sections.

4.3. Theoretical deprotonation process in gas phase

The gas phase free energy of the first deprotonation of the
Emodin, DGg was calculated using the free energy of the involved



Table 2
The free energy in vacuum (in kcal/mol) for the species involved in the deprotonation
process of water and Emodin in gas phase. The geometries were optimized with
B3LYP/6–311++G(d,p) and the corrections of zero-point, thermal and enthalpy were
obtained after the vibrational frequencies calculations. The electronic energies were
calculated with two different methods: B3LYP and MP2 with the same basis function.

Free energy in gas phase, Gg B3LYP MP2

Gg(H2O) �47976.17 �47860.70
Gg(H3O+) �48140.08 �48025.93
Gg(OH�) �47587.29 �47469.68
DGg(2H2O ? OH� + H3O+) 224.97 225.80
DGg(2H2O ? OH� + H3O+) Experimentala 226.0 ± 0.2
DGg(H2O ? OH� + H+) Experimentalb 385.6 ± 0.2
Gg(H+) = DGg(H2O ? OH� + H+) + Gg(H2O) � Gg(OH�) �3.3 ± 0.2 �5.4 ± 0.2
DGg(Water) = Gg(H3O+) � Gg(H2O) �163.91 �165.23
Gg(EMH) �598565.89c �596948.38
Gg(EM�) = Gg(1,8-EM�) �598247.08c �596628.10
DGg(Emodin) = Gg(EM�) � Gg(EMH) 318.81 320.28

DGð1Þg = DGg(Emodin) + Gg(H+) 315.5 ± 0.2 314.9 ± 0.2

DGð2Þg = DGg(Emodin) + DGg(Water) 154.9 ± 0.2 155.1 ± 0.2

a Value obtained from Refs. [34,44].
b Value obtained from Refs. [56,57].
c The same values presented in Table 1.
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species as shown in Eqs. (7) and (11). For completeness, the
calculations of the gas phase deprotonation free energy of water,
DGg(H2O ? OH� + H+) and DGg(2H2O ? OH� + H3O+), were also
calculated and compared with the best experimental values of
385.6 ± 0.2 kcal/mol [56,57] and 226.0 ± 0.2 kcal/mol [34,44],
respectively.

The free energy of each species in vacuum was calculated with
B3LYP/6-311++G(d,p) adding the electronic energy with the cor-
rections of zero-point, thermal and enthalpy. Except for the H+,
which we used the equilibrium reaction H2O() OH� þHþ to
obtain the Gg(H+). Additionally, to increases the numerical preci-
sion of the free energy values, the calculations of the electronic
energies were improved using MP2 method with the same basis
set. These values are shown in Table 2.

The calculated values of the DGg(2H2O ? OH� + H3O+) is 225.8
(224.9) kcal/mol with MP2 (B3LYP). These values are in very good
agreement with the experimental value of 226.0 ± 0.2 kcal/mol
[34,44]. We obtained the Gg(H+) as �5.4 (�3.3) kcal/mol with
Table 3
Standard solvation free energies in (kcal/mol) of the species involved in the first deproto
Schemes 1 and 2. The values were calculated using FEP-MC simulation and in parenthesis

Free Energy X = EMH X =

DGele(X) �10.2 ± 0.2 (�17.1) �4
DGvdW(X) �20.0 ± 0.4 (�27.0) �2
DGcav(X) 11.9 ± 0.6 (30.7) 11.
DGpol(X) 2.1 (1.8) 4.5
�RT ln(24.46) �1.9 �1
DGtotal-ele(X) �8.1 ± 0.2 (�15.3) �4
DGtotal-nonele(X) �10.0 ± 0.7 (3.7) �1
DGsolv(X) �18.1 ± 0.7 (�11.6) �5

X = H2O X =
DGsolv(X) �6.3 ± 0.2a �1

DDGðiÞsolv DG

i = Scheme 1 �302.8 ± 1.4 (�303.3 ± 1.0) 314
i = Scheme 2 �140.8 ± 1.4 (�141.3 ± 1.0) 155
pKa1 8.8 ± 0.9 (8.5 ± 0.7) from DGð1Þaq

e

8.7 ± 0.9 (8.4 ± 0.7) from DGð2Þaq
f

a Value obtained from Ref. [70].
b Value obtained from Ref. [34].
c Value obtained from Ref. [72].
d MP2 values of Table 2.
e Using Eq. (9).
f Using Eq. (13).
MP2 (B3LYP), using the experimental value of DGg(H2O ? OH� +
H+) = 385.6 ± 0.2 kcal/mol and the calculated values of Gg(H2O)
and the Gg(OH�). For further calculations, we adopted the MP2
values as our best results, DGg(water) = �165.2 ± 0.2 kcal/mol,

Gg(H+) = �5.4 ± 0.2 kcal/mol, DGð1Þg = 314.9 ± 0.2 kcal/mol using

Eq. (7) and DGð2Þg = 155.1 ± 0.2 kcal/mol using Eq. (11).

4.4. Theoretical free energy of solvation and pKa

The three terms of the standard solvation free energies,
DGele(X), DGvdW(X), DDGcav(X), for X = EMH and EM–, in aqueous
solution were calculated using FEP-MC simulations, as presented
in Section 3.3. Five independent sets of simulations were per-
formed and the final values and standard deviations were evalu-
ated (shown in Table 3). Each set was composed by 20
simulations: 12 simulations for vanishing the electrostatic term
of the solute–solvent interactions and calculating the DGele(X); 4
simulations for vanishing the attractive part of the Lennard–Jones
term of the solute–solvent interactions and calculating the
DGvdW(X); and 4 simulations for vanishing the repulsive part of
the Lennard–Jones term of the solute–solvent interactions and cal-
culating the DGcav(X). The polarization free energies, DGpol(X), were
calculated as 2.1 and 4.5 kcal/mol for EMH and EM�, respectively
(see Sections 3.3 and 4.2). Then, using Eq. (14) the value of
DGsolv(X) were obtained; using Eqs. (8) and (12) the values of
DDGsolv(Emodin), DDGsolv(water), DDGð1Þsolv and DDGð2Þsolv were
obtained; using Eqs. (6) and (10) the values of DGð1Þaq and DGð2Þaq were
obtained; and finally, using Eqs. (9) and (13) the values of pKa1 were
obtained. All these values are shown in Table 3. For comparison, the
four terms of the standard solvation free energies were also calcu-
lated using PCM with UAHF model for the cavity shape at HF/
3-61+G(d). These values are also shown in Table 3, in parenthesis.

The total electrostatic term of the solvation free energies,
DGtotal-ele(X) = DGele(X) + DGpol(X), are �8.1 (�15.2) kcal/mol for
EMH and �43.9 (�52.8) kcal/mol for EM– using FEP-MC model
(PCM). We observed an agreement in the tendency of both solvent
models: FEP-MC model where the solvent molecules are explicitly
included in the calculation, and the PCM where the solvent is trea-
ted as a polarizable continuum medium. However, comparing the
non-electrostatic terms, DGtotal-nonele(X) = DGvdW(X) + DGcav(X) � RT
nation process of the Emodin in water following the equilibrium reaction shown in
using QM calculation with HF/6-31+G(d)/PCM/UAHF.

EM� Relative values (EM�- EMH)

8.4 ± 0.2 (�57.2) �38.2 ± 0.2 (�40.1)
0.6 ± 0.3 (�26.7) �0.6 ± 0.5 (0.3)
4 ± 0.6 (30.5) �0.5 ± 0.6 (�0.2)
(4.4) 2.4 (2.6)

.9 0.0
3.9 ± 0.2 (�52.8) �35.8 ± 0.2 (�37.5)
1.1 ± 0.7 (3.8) �1.1 ± 0.7 (0.1)
5.0 ± 0.7 (�49.0) DDGsolv(Emodin) = �36.9 ± 1.4 (�37.4 ± 1.0)
H3O+

10.2 ± 0.7b DDGsolv(Water) = �103.9 ± 0.7
DGsolv(H+) = �265.9 ± 0.2c

ðiÞ
g

d DGðiÞaq

.9 ± 0.2 12.1 ± 1.4 (11.6 ± 1.0)

.1 ± 0.2 14.3 ± 1.4 (13.8 ± 1.0)
8.0 ± 0.1 Our exp. result
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ln(24.46), we identified a discrepancy between the two models,
�10.0 (3.7) kcal/mol for EMH and�11.1 (3.8) kcal/mol for EM� using
FEP-MC simulations (PCM). For the explicit solvent model the con-
tribution of the non-electrostatic term is negative, around 10–
11 kcal/mol, but for the continuum solvent model this term is posi-
tive, around 4 kcal/mol. These difference between the two models
appears clearly in the total values of the standard solvation free
energy of each species, DG

solv
(EMH) = �18.1 ± 0.7 (�11.6) kcal/mol

and DGsolv(EM�) = �55.0 ± 0.7 (�49.0) kcal/mol, for FEP-MC model
(PCM). On the other hand, this difference of the two solvent models
does not appear in the relative free energy of solvation, DDGsolv

(Emodin) = DGsolv(EM�) � DGsolv(EMH) = �36.9 ± 1.4 (�37.4 ± 1.0)
kcal/mol, and in the standard deprotonation free energy of Emodin
in aqueous solution by the direct dissociation DGð1Þaq = 12.1 ± 1.4
(11.6 ± 1.0) kcal/mol using Scheme 1 and by the acid-base reaction
with water DGð2Þaq = 14.3 ± 1.4 (13.8 ± 1.0) kcal/mol using Scheme 2.
The difference between these values obtained with FEP-MC and
PCM is less than 1.0 kcal/mol and this is caused by the cancelation
of the non-electrostatic term of EMH and EM– that are very similar.
Finally, we should mention an excellent agreement between the
calculated pKa1 values of the Emodin in aqueous solution,
8.8 ± 0.9 (8.5 ± 0.7) using Scheme 1 and 8.7 ± 0.9 (8.4 ± 0.7) using
Scheme 2, with FEP-MC (PCM) and the experimental data obtained
from the UV/Visible spectrophotometric titration curves, 8.0 ± 0.1.
5. Conclusions

We obtained the first and second pKa values of the Emodin in
aqueous solution using the UV/Visible spectrophotometric titration
curves, pKa1 = 8.0 ± 0.1 and pKa2 = 10.9 ± 0.2. The UV/Visible absorp-
tion spectra of the Emodin were measured in a pH interval of�13 to
2. We observe aggregation of the Emodin at pH < 7.5. The samples
were homogenized by strongly vortexing immediately before each
measurement. For analyzing the existence of the aggregation
effects in the obtained pKa values, the measurements were per-
formed in two concentrations, 0.100 and 0.025 mM, and the titra-
tion curves were analyzed in two wavelengths, 519 and 308 nm.
Our results showed to be robust and present insignificant influence
due to the aggregation of the Emodin in lower pH. Therefore, we are
confident on the accuracy of these pKa values.

Additionally, we obtained the pKa values of the Emodin in the
water–methanol mixture (1:3 v/v) using the same procedure. No
aggregation of the Emodin was observed. For this system, we put
forward a new interpretation for the experimental data. Using the
hypothesis of only one deprotonation of the Emodin in this mixture
at the pH interval of �13 to 2, we obtained the result of apparent
pKa1 = 7.4 with the titration curve fitting at 441 nm and pKa1 = 7.0
at 508 nm, in good agreement with the value of 7.2 obtained previ-
ously by Pal and Jana [16]. However, the experimental data were
not well adjusted by the fitting (see Fig. 3). Then, using a hypothesis
of three deprotonations of the Emodin, we obtained the experimen-
tal data well fitted by Eq. (5), and the apparent acidity constants are
pKa1 = 6.2 ± 0.1, pKa2 = 8.3 ± 0.1 and pKa3 > 12.7 for the Emodin in
water–methanol mixture (1:3 v/v).

Performing quantum mechanics calculations (B3LYP and MP2
with 6-311++G(d,p)) for all possible deprotonation sites and its
tautomeric isomers of the Emodin in vacuum and in aqueous solu-
tion using polarizable continuum model (PCM), we conclude that
the first deprotonation takes place at position 3 and the second
at position 8. Considering a deprotonation at position 3, we calcu-
lated the standard first deprotonation free energy of Emodin in
aqueous solution, by two different thermodynamic cycles and
using an explicit model of the solvent, with Free Energy Perturba-
tion theory in Monte Carlo simulation, DGaq = 12.1 ± 1.4 kcal/mol,
and for comparison with the polarizable continuum model
(HF/3-31G(d)/PCM/UAHF), DGaq = 11.6 ± 1.0 kcal/mol. Both solvent
models gave theoretical results in very good agreement with the
experimental estimated value of 10.9 ± 0.2 kcal/mol obtained from
the acidity constant, pKa1 = 8.0 ± 0.1, using Eq. (9).

It is interesting to note (see Table 3) that the values obtained for
the standard solvation free energy of the neutral and deprotonated
species of Emodin in aqueous solution are significantly different,
DGsolv(EMH) = �18.1 ± 0.7 (�11.6) kcal/mol and DGsolv(EM�) =
�55.0 ± 0.7 (�44.5) kcal/mol, for FEP-MC model (PCM) and this dif-
ference is caused mostly by the non-electrostatic terms. Therefore,
we conclude that due to the cancelation of the non-electrostatic
term of the deprotonation free energy, the calculation of this prop-
erty is more accurate than the solvation free energy of the species
involved in the deprotonation process.
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