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a b s t r a c t

The host-guest chemistry of the anthocyanin analog 7-b-D-glucopyranosyloxy-40-hydroxyflavylium
(GHF) was studied in the presence of the b-cyclodextrin derivative captisol by stopped flow, UVevisible
spectroscopy, flash photolysis, circular dichroism and isothermal titration calorimetry. The equilibrium
and rate constants of the multistate of chemical species derived from the flavylium ion were calculated
and compared with those in the absence of the host. A new procedure to obtain the host-guest asso-
ciation constants of the multistate (including the transient species) by superimposing the two energy
level diagrams, in the presence and absence of the cyclodextrin, was developed. The results indicate that
the magnitude of the association constants follows the order, trans-chalcone z cis-
chalcone z hemiketal > quinoidal base > flavylium cation. The hydration equilibrium constant increases
ca. 42 times in the presence of captisol as the hydration and dehydration rate constants respectively
increases and decreases. The other equilibrium constants are modestly affected: the rate constants of ring
closure and opening are significantly decreased in the complex and the isomerization rate constants
increase in both directions. The quantum yield of the photochromic system in the presence of captisol is
0.3, i.e. 3 times higher than in the absence of the host.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The flavylium cation is a common feature of natural pigments,
such as anthocyanins and 3-deoxyanthocyanins, and many other
synthetic dyes including styrylflavylium and napthoflavylium ions.
However, the flavylium cation (AHþ) is only one of the species of a
more general multistate of chemical species, reversibly inter-
converted by external stimuli, such as pH modifications and light
[1e3]. The flavylium cation is generally the stable species of the
multistate in a narrow and very acidic pH window. Upon raising the
pH to moderately acidic/neutral solutions, four other different spe-
cies are formed according to the sequence, quinoidal base (A),
hemiketal (B), cis-chalcone (Cc) and trans-chalcone (Ct) (Scheme 1).
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The chemical reactions reported in Scheme 1 are accounted for
by Eq. (1)e(4)

AHþ þH2O#A þ H3O
þ Ka acid� base (1)

AHþ þ 2H2O#Bþ H3O
þ Kh hydration (2)

B#Cc Kt tautomerization (3)

Cc#Ct Ki isomerization (4)

The addition of base to equilibrated acidic solutions of the fla-
vylium cation is defined here as the direct pH jump. After a direct
pH jump, two competitive reactions take place, proton transfer, Eq.
(1), leading to the quinoidal base, and hydration, Eq. (2), leading to
the hemiketal. Proton transfer is by far the faster reaction of the
multistate (ms timescale) and thus the first species to be formed is
the quinoidal base. Flavylium cation and quinoidal base are
nce), Mora, N., Al Bittar, S.,
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Scheme 1. Multistate of the 7-b-D-glucopyranosyloxy-40-hydroxyflavylium ion. Sequence of reactions after a direct pH jump (observed in anthocyanins and other flavylium-based
multistates exhibiting a high cis-trans isomerization barrier). Three kinetic steps can be differentiated: 1- Proton transfer which occurs in the ms time scale; 2- rate limiting hydration
(seconds-minutes time scale) followed by fast and therefore kinetically silent tautomerization and 3- slow isomerization in the hours time scale.

J. Mendoza et al. / Dyes and Pigments 143 (2017) 479e487480
maintained in fast equilibrium during all the next kinetic steps and
behave as a single species. When there is a cis-trans isomerization
barrier as for anthocyanins and the present compound, the isom-
erization is the slowest kinetic step. Except in very acidic medium,
the hydration (timescale of seconds-minutes) is slower than tau-
tomerization (ms timescale) [4,5]. This behavior leads in general to
three well separated kinetic processes: 1- equilibrium between
flavylium cation and quinoidal base (only accessed by very fast
techniques such as temperature jumps and in some favorable cases
by flash photolysis); 2- formation of hemiketal through the hy-
dration reaction (rate-determining step) followed by a faster tau-
tomerization yielding the cis-chalcone; 3-isomerization, Scheme 1.

The three kinetic steps can be accounted for by Eq. (5)e(7) [6].

k1st ¼ ka þ k�a

h
Hþ

i
(5)

k2nd ¼
�
Hþ�

�
Hþ�þ Ka

kh þ
1

1þ Kt
k�h

h
Hþ

i
(6)

k3th ¼ KhKt�
Hþ�þ Ka þ Kh þ KhKt

ki þ k�i (7)

When the system reaches the equilibrium, the mole fraction
distribution of the species is dependent on pH and can be expressed
by a simple acid-base reaction involving the flavylium cation (AHþ)
and an apparent conjugated base CB defined as the sum of the
concentrations of quinoidal base (A), hemiketal (B) cis-chalcone
(Cc) and trans-chalcone (Ct), Eq. (8)

AHþ þH2O#CBþ H3O
þ K 0

a
½CB� ¼ ½A� þ ½B� þ ½Cc� þ ½Ct� (8)

K 0
a ¼ Ka þ Kh þ KhKt þ KhKtKi (9)

Due to the fact that the isomerization is much slower than the
other kinetic steps, it is possible to define a pseudo-equilibrium, i.e.
a transient state where the species AHþ, A, B and Cc can be
considered in equilibrium before formation of significant amounts
of Ct, Eq. (10).
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AHþ þ H2O#CB^þ H3O
þ K^

a�
CB^ � ¼ ½A� þ ½B� þ ½Cc� (10)

K^
a ¼ Ka þ Kh þ KhKt (11)

The flavylium-based multistate can be also studied carrying out
reverse pH jumps, defined as the addition of acid to equilibrated
solutions of CB, or CBˆ. If the final pH is sufficiently low, dehydration
becomes faster than tautomerization and four distinct steps can be
observed: i) conversion of the quinoidal base into flavylium cation
during the mixing time of the stopped flow device, ii) dehydration
of the hemiketal into flavylium cation, Eq. (12), iii) a slower step due
to the conversion of the cis-chalcone into flavylium cation via the
hemiketal, Eq. (13), iv) when the initial state is the equilibrium (CB),
conversion of trans-chalcone into flavylium cation in amuch slower
process, Eq. (7). When these experiments are carried out from the
pseudo-equilibrium step iv) is not observed. In Eq. (13) the acidic
and basic catalysis is considered [3].

k1st reverse ¼
�
Hþ�

�
Hþ�þ Ka

kh þ k�h

h
Hþ

i
(12)

k2nd reverse ¼ k�t þ kH�t

h
Hþ

i
þ kOH�t

h
OH�

i
(13)

A very useful way to rationalize the flavylium multistate is the
construction of an energy level diagram based on the equilibrium
constants. The different species of the multistate are positioned in
the diagram and only the energy level of the flavylium cation de-
pends on pH, Scheme 2 [7].

Many external factors affect directly the equilibrium between
flavylium species, and their stability is an important property. Cy-
clodextrins, as cyclic hosts, have been tested to improve the sta-
bility of different dyes by means of encapsulation procedures
[8e10]. Particularly, highly water-soluble polyanionic b-cyclodex-
trin derivatives bearing sulfobutyl chains, captisol [11], has been
used to increase the stability and water-solubility of organic dyes,
such as curcuminoids [12,13], carotenoids [14,15], and flavonoids
[16,17]. In this work, we describe a new procedure based on the
:
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Scheme 2. Energy level diagram of a flavylium multistate at the equilibrium in acidic to moderately acidic conditions [7].

J. Mendoza et al. / Dyes and Pigments 143 (2017) 479e487 481
energy level diagram of 7-b-D-Glucopyranosyloxy-40-hydroxy-
flavylium (GHF) in the absence [4] and presence of captisol. In
particular, captisol has been tested as the best host (in comparison
with other cyclodextrin derivatives) for anthocyanidins, improving
storage stability and facilitating formulation [18]. The aim of this
work is to investigate the effect of the host on the equilibrium and
rate constants of the flavylium multistate. This knowledge could
help to define new strategies of color stabilization and find more
efficient flavylium-based photochromic systems.

2. Methods

All solutions were prepared in Millipore water. 0.2 mMGHF [19]
and 0.2 M captisol stock solutions were prepared using 0.1 M HCl
and water, respectively. Any pH adjustment was achieved by
addition of HCl, NaOH or Theorell and Stenhagen's universal buffer,
pH was recorded on a Radiometer Copenhagen PHM240 pH/ion
meter (Brønshøj, Denmark). Direct pH jumps were carried out
mixing stock GHF, neutralized with the same amount of NaOH
(0.1 M), buffer (desired pH), stock captisol solution and water.
Reverse pH jumps were achieved by addition of conc. HCl to
equilibrated slightly acidic or neutral GHF þ captisol solutions.

UVeVis spectra were recorded on a Varian-Cary 100 Bio or 5000
spectrophotometer (Palo Alto, CA, USA). The stopped flow experi-
ments were conducted on a SX20 (Applied Photophysics; Surrey, UK)
spectrometer equipped with a PDA.1/UV photodiode array detector.
Irradiationwascarriedout at365nm.Quantumyieldsweremeasured
based on the total absorbed light. Flash photolysis experiments were
performed on a Varian Cary 5000 spectrophotometer with a Harrick
fiber-mate (Pleasantville, NY, USA) coupled to an Ocean Optics 4-way
cuvette holder (Dunedin, FL, USA). The compartment was isolated
fromdaylightandacommerciallyAchiever 630AFcameraflash (Hong
Kong, China) was used as a pulsed white light source (placed in close
contact with the quartz cuvette).

For host-guest association constant calculations, different con-
centrations of captisol solutions were used. In the case of the AHþ/
captisol couple (pH 1), the same procedure as for direct pH jumps
was performed but with variations in captisol concentration
(0e0.04 M). In the case of the A/captisol couple, the constant was
calculated from the UVeVis spectra recorded after a direct pH jump
(from pH 1 to pH 8) in 2.6 � 10�5 M GHF solutions containing
captisol (0e16 mM).
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Circular dichroism absorption spectra were recorded on a
Chirascan qCD spectrometer (Applied Photophysics; Surrey, UK) at
298 K under constant nitrogen flush. The GHF concentration was
kept constant (6.93 � 10�5 M) and the captisol concentration
increased from 0 to 8.33 � 10�3 M. A quartz cell (optical path-
length ¼ 1 cm) was used for irradiation in the range 220e550 nm
with an interval of 1 nm. Two scans were averaged with baseline
correction during all measurements.

Isothermal Titration Calorimetry (ITC) measurements were
performed on a Nano ITC (TA Instruments; New Castle, DE, USA)
with standard volumes. The solutions were thoroughly degassed
before use by stirring under vacuum. The sample cell was loaded
with a 0.288 mM GHF solution (pH ¼ 6) and a 250 ml autopipette
was filled with a 4 mM captisol solution. GHF was titrated in a
sequence of 25 injections of 10 ml aliquots after achievement of
baseline stability.

3. Results and discussion

3.1. UVevisible spectroscopy, stopped flow and flash photolysis

In a previous work, the equilibrium and rate constants of the
GHF multistate, Scheme 1, were reported [4]. The pH-dependent
absorption spectra of the pigment in the presence of 50 mM of
captisol, taken immediately after a direct pH jump, at pseudo-
equilibrium and at equilibrium, are shown in Fig. 1. The absorp-
tion spectra of Fig. 1a only reflect the flavylium-quinoidal base
equilibrium, Eq. (1). Indeed, the proton transfer is very fast (com-
plete during the mixing time of the stopped flow device), whereas
the subsequent reaction (hydration) is fully negligible during the
few milliseconds after the pH jump. The acid dissociation constant
in the presence of captisol, pKa ¼ 4.95, is higher than in the absence
of cyclodextrin, pKa ¼ 5.4, indicating that the quinoidal base binds
captisol more tightly than the flavylium cation does.

As mentioned in the introduction, in the case of flavylium
multistates with a high cis-trans isomerization barrier, a pseudo-
equilibrium involving all the species except trans-chalcone can be
considered. The spectral variations at pseudo-equilibrium are
represented in Fig. 1b and the data fit with a single acid-base
equilibrium with pK^a ¼ 3.25. The higher pK^a value (4.7) in the
absence of captisol [4] shows that the macrocycle has a higher af-
finity for CB^ (essentially, a mixture of B and Cc) than for AHþ. The
nce), Mora, N., Al Bittar, S.,
ve multistate species of the
 to the   -cyclodextrin derivative
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Fig. 1. (a) Spectral modifications observed for GHF in presence of 0.05 M of captisol 10 ms after a direct pH jump followed by stopped flow ([GHF] ¼ 3.33 � 10�5 M); (b) the same at
pseudo-equilibrium ([GHF] ¼ 3.33 � 10�5 M); (c) the same at equilibrium ([GHF] ¼ 3.33 � 10�5 M). The experimental value of this acidity constant presents a larger error due to the
very acidic range required for its estimation. However, it was possible to assess all other equilibrium constants of the multistate in less acidic conditions (see below), and thus to also
calculate the pK0

a value from its definition in Eq. (9).

J. Mendoza et al. / Dyes and Pigments 143 (2017) 479e487482
same trend is observed at full equilibrium, comparing pK0
a ¼ 0.8

(with captisol) with pK0
a ¼ 2.3 (no captisol), in this case pointing to

the preferential stabilization of the trans-chalcone, Fig. 1c, a result
already observed for other flavyliummultistates [20]. It is especially
remarkable that in the presence of captisol the flavylium ion almost
behaves as a strong acid.

The AHþ-captisol binding constant was estimated from spectra
collected a few seconds after addition of the host at pH ¼ 1.0. These
measurementswere thus carried out at pseudo-equilibrium (before
significant formation of Ct), where AHþ is still the dominant species
Comment citer ce document 
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Fig. 2. (a) Spectral variations of the visible spectrum of GHF 3.3 � 10�5 M at pH ¼ 1 as a func
flow.
at this pH [21]. On the other hand, the A-captisol binding was
monitored by stopped flow immediately after a direct pH jump in
the presence of captisol, see experimental part, Fig. 2. In both cases,
captisol brought about significant spectral differences permitting
the estimation of the corresponding binding constants from
absorbance vs. captisol concentration plots. At pH ¼ 1, the binding
constant, 200 M�1, is much higher than those reported with native
b-cyclodextrin in similar compounds [20,22]. A likely explanation
for this enhanced affinity is the additional electrostatic attraction
between the flavylium cation and the negatively charged captisol.
:
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 five multistate species of the
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tion of added captisol; (b) the same for GHF 4 � 10�5 M at pH ¼ 7.7 followed by stopped
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Fig. 3. (a) Spectral variations after a direct pH jump to 2.35 followed by stopped flow (GHF 3.33 � 10�5 M, Captisol 0.05 M); (b) the same with final pH ¼ 6.9; (c) pH dependence of
the apparent rate constant of hydration in the presence of captisol. (C) direct pH jumps fitted with Eq. (6), inset; (�) reverse pH jumps from pseudo-equilibrium fitted with Eq.
(12); Curve-fitting was achieved for the following parameters: kh ¼ 0.67 s�1; k-h/(1þKt) ¼ 1.1 � 103 M�1 s�1 and k-h ¼ 1.9 � 103.

J. Mendoza et al. / Dyes and Pigments 143 (2017) 479e487 483
The quinoidal base e captisol binding constant is close to the one
previously reported with b-cyclodextrin [22].

A series of direct pH jumps (followed by stopped flow) from
equilibrated solutions at pH ¼ 1.0 to higher pH values, in the
presence of captisol, was carried out (Fig. 3a and b). On Fig. 3a
(pH ¼ 2.35), the flavylium cation disappears to give the hemiketal
and cis-chalcone, the formation of trans-chalcone being much
slower. At this pH, the quinoidal base is negligible. In contrast, for a
final pH ¼ 6.9 (Fig. 3b), practically all of the flavylium cation is
converted into the quinoidal base and the spectral variations refer
to the disappearance of this species. Here again, no trans-chalcone
Comment citer ce document :
Mendoza, J., Basílio, N., Dangles, O. (Auteur de corresponda
Pina, F. (Auteur de correspondance) (2017). Binding of the fi

anthocyanin analog 7-  -D-glucopyranosyloxy-4-hydroxyflavylium
captisol. Dyes and Pigments, 143, 479-487.  DOI : 10.101

Fig. 4. (a) Spectral modifications from pseudo-equilibrium to equilibrium after a direct pH j
of the slowest process (controlled by isomerization) as a function of pH. Curve-fitting wa
K^a ¼ 1.4 � 10�3 s�1.
is formed. At high pH values, the fraction of electrophilic AHþ (the
sole species undergoing water addition) is weak and hydration is
slower than tautomerization and rate-determining, see Eq. (6).

Finally, the system reaches the equilibrium through a slower
process yielding the trans-chalcone, as shown in Fig. 4 for a direct
pH jump to pH ¼ 2.8. A plot of the isomerization rate constants as a
function of pH gives the expected sigmoid curve (Eq. (7)), with an
inflexion point at pK^a ¼ 3.2, in agreement with the previous esti-
mation (Fig. 1b). Moreover, the twowell defined limits of this curve
at low and higher pH values leads respectively to k-i ¼ 6 � 10�6 s�1

and KhKtki/K^a ¼ 1.4 � 10�3 s�1.
nce), Mora, N., Al Bittar, S.,
ve multistate species of the
 to the   -cyclodextrin derivative
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ump to 2.8 (GHF 3.33 � 10�5 M, Captisol 0.05 M); (b) plot of the apparent rate constant
s achieved with Eq. (7) for the following parameters: k-i ¼ 6 � 10�6 s�1 and KhKtki/
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Table 1
Kinetic and thermodynamic parameters obtained experimentally from Figs. 1 and 3e5.

K â Ka k-h/(1þKt) kh KhKtki/K^a k-i k-t Kt

10e3.25 10e4.95 1.1 � 103 M�1 s�1 0.67 s�1 1.4 � 10�3 s�1 6 � 10�6 s�1 0.025 s�1 0.74

Fig. 5. Reverse pH jump from a solution at pseudo equilibrium (pH ¼ 6.0) to pH ¼ 2.4,
followed by stopped flow. The first process is due to hydration, Eq. (12), and the second
to tautomerization, Eq. (13).

Fig. 6. (a) Time dependence of A(362 nm) (absorption of chalcones) after a light flash at pH
t
H ¼ 4.2 M�1 s�1; (�) data from the slowest process in Fig. 5.
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Table 1 summarizes the kinetic and thermodynamic parameters
obtained experimentally from Figs. 1, 3 and 4.

The coherence of these data can be tested considering that the
value of Kh(1 þ Kt) obtained from K^a - Ka is equal to the ratio be-
tween column 4 and column 3 in Table 1 (6.1 � 10�4).

In order to obtain all the rate and equilibrium constants, one
more relation is necessary. When the flavylium multistate exhibits
a cis-trans isomerization barrier, it is possible to carry out a reverse
pH jump from the pseudo-equilibrium to acidic pH values, Fig. 5
[3,23].

The use of reverse pH jumps was reported by McClelland and
co-workers [3,23]. When the final pH is sufficiently acidic, the hy-
dration step, due to its dependence on [Hþ], becomes faster than
tautomerization, the so-called change of regime. Consequently the
equilibrium between B and Cc is disrupted, B disappears to give
AHþ in a first kinetic step, according to Eq. (12), followed by a
slower reaction that converts Cc in more flavylium cation via B, Eq.
(13). The pH dependence of the faster observed rate constant is
represented in Fig. 3c (open circles). Curve-fitting was achieved
with the parameters reported in Table 1.

In the flash photolysis experiments (Fig. 6), the trans-chalcone is
excited and converted into cis-chalcone during the lifetime of the
flash (ms), as shown by the bleaching at 362 nm, a wavelength
where Cc is expected to absorb less than Ct [6,23]. Considering that
hydration is faster than tautomerization at very acidic pH values,
the rate-determining step should be the tautomerization reaction,
as observed in Fig. 5.
:
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¼ 1.05; (b(C) Curve-fitting was achieved according to Eq. (13) for k-t ¼ 0.02 s�1 and k-



V
er

si
on

 p
os

tp
rin

t
M

an
us

cr
it 

d’
au

te
ur

 / 
A

ut
ho

r m
an

us
cr

ip
t 

M
an

us
cr

it 
d’

au
te

ur
 / 

A
ut

ho
r m

an
us

cr
ip

t 
M

an
us

cr
it 

d’
au

te
ur

 / 
A

ut
ho

r m
an

us
cr

ip
t 

 
Version définitive du manuscrit publiée dans / Final version of the manuscript published in :  
Dyes and Pigments (2017), Vol. 143, p. 479-487, DOI: 10.1016/j.dyepig.2017.04.061 
Journal homepage : http://www.elsevier.com/locate/dyepig

Table 2
Equilibrium and rate constants of GHF in the absence and presence of captisol (50 mM).

Compound pK0
a pK^a pKa Kh/M Kt

1 Ki
1

GHF 2.30 ± 0.05 4.70 ± 0.05 5.40 ± 0.05 8.9 � 10�6 0.60 935
GHF þ Captisol 0.83 ± 0.10 3.25 ± 0.05 4.95 ± 0.05 3.5 � 10�4 0.74 567

kh/s�1 a k�h/M�1 s�1 a kt/s�1 k�t/s�1 a ki/s�1 a k�i/s�1 a

GHF 0.08 9 � 103 0.36 0.60 5.5 � 10�3 5.9 � 10�6

GHF þ Captisol a 0.67 1.9 � 103 0.019 0.025 3.4 � 10�3 6 � 10�6

a Estimated error: 10%.

Fig. 7. Spectral modifications of GHF (3.5 � 10�5 M) upon irradiation at 365 nm in the
presence of captisol (50 mM) at pH ¼ 1.95.
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The two sets of experimental data regarding the slowest process
in Fig. 5 and the one of Fig. 6, express the same trend, confirming
that both kinetic steps refer to the tautomerization reaction. The
relatively small differences observed in Fig. 6b, may be attributed to
chalcone photochromism brought about by the very intense lamp
used for analysis in the stopped flow apparatus. Such interferences
do not occur in the flash photolysis experiments as analysis is
carried out by a standard spectrophotometer.

The data reported in Table 1 permit to calculate all the rate and
equilibrium constants presented in Table 2.

Inspection of Table 2 allow to emphasize some properties of the
multistate in the presence of captisol. The thermodynamic constant
of hydration increases ca. 39 times due to the increase of the hy-
dration rate constant and decrease of the dehydration rate con-
stant. Although the other equilibrium constants are only modestly
affected by captisol, this is not the case for the tautomerization rate
constants, showing that it is more difficult to open and close the
ring in the presence of the host. The decrease of the ring-opening/
ring-closure rate constants can be explained by the geometric
constrains brought about by the host. However, such constrains do
not seem to operate in the isomerization. We still do not have a
reliable interpretation for this behavior.

Similarly to other flavylium-based systems, irradiation of the
trans-chalcone leads to reversible formation of the flavylium
cation/quinoidal base pair (Fig. 7). The photochromic system in the
presence of captisol can operate at low pH values, gives a sharp
color contrast and possesses a quantum yield (f ¼ 0.3) that is three
times higher than in the absence of the host (f ¼ 0.1).

3.2. Isothermal titration calorimetry (ITC)

The isothermal titration calorimetry of GHF by captisol (Fig. 8)
was carried out from an equilibrated GHF solution at pH ¼ 6.18, i.e.
under conditions where the trans-chalcone is essentially the sole
species in solution. The method permits the calculation of the
thermodynamic parameters of Ct e captisol binding:
Kb ¼ 7700 M�1, DHb

0 ¼�21.6 kJ mol�1, DSb0 ¼ þ4.83 J mol�1 K�1. The
binding is essentially driven by a favorable (exothermic) enthalpic
contribution. However, the weakly positive (favorable) entropic
term suggests that the reduction in the degrees of freedom of both
partners when they associate (DS0 < 0) is largely compensated by
their concomitant relative desolvation (hydrophobic effect,
DS0 > 0). The Kb value was used to superimpose (calibrate) the two
energy level diagrams in the absence and presence of the host, see
Scheme 3.

3.3. Circular dichroism

When a chiral transparent compound binds an achiral UVeVis
absorbing molecule, thereby causing a perturbation of its transition
dipole moment, an induced circular dichroism (ICD) signal can
Comment citer ce document :
Mendoza, J., Basílio, N., Dangles, O. (Auteur de corresponda
Pina, F. (Auteur de correspondance) (2017). Binding of the fi

anthocyanin analog 7-  -D-glucopyranosyloxy-4-hydroxyflavylium
captisol. Dyes and Pigments, 143, 479-487.  DOI : 10.101
form [24]. Such signals have been observed with host-guest com-
plexes, e.g. with the inclusion complex of a trans-chalcone in b-
cyclodextrin [25,26]. Fig. 9 shows the circular dichroism spectra of
GHF at pH ¼ 6.0 as a function of captisol concentration. The CD
spectra can be attributed to the chiral trans-chalcone e captisol
complex. The ICD signal permits the evaluation of the corre-
sponding binding constant, through a fitting of the maximal ellip-
ticity as a function of the host concentration assuming a 1:1 binding
model: Kb ¼ 8 � 103 M�1. This value is in good agreement with the
one assessed by ITC (Fig. 8).

Taking into account the equilibrium constants of Table 1, it is
possible to draw an energy level diagram of GHF in the absence
(black) and presence (red) of captisol. The two independently
constructed diagrams can be merged and correctly positioned to
each other, owing to the experimental free energy of Ct e cap-
tisol binding, DG0 ¼ -RTlnKb (Kb value assessed by ITC, confirmed
by ICD, Table 2). The association constants to captisol of all other
species can thus obtained by simply calculating the corre-
sponding DG0 values (blue). It is satisfactory to note that the
binding free energies of the quinoidal base and flavylium cation
deduced from the independently determined binding constants
(Fig. 2) are in reasonable agreement with the theoretical values
nce), Mora, N., Al Bittar, S.,
ve multistate species of the
 to the   -cyclodextrin derivative
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Fig. 8. Isothermal titration calorimetry of GHF (0.288 mM) by captisol (4 mM) at pH ¼ 6.18.

Scheme 3. Energy level diagram of GHF in the absence (black) and presence of 50 mM captisol (red). Superposition of the two diagrams using the trans-chalcone e captisol binding
constant allows the calculation of all binding constants (blue color).

J. Mendoza et al. / Dyes and Pigments 143 (2017) 479e487486
calculated from the diagram. In particular, Scheme 3 is very
useful to calculate the binding constants of the elusive species B
and Cc.

The different Kb values (Table 3) show that the rigid tricyclic
chromophores of the flavylium cation and quinoidal base have little
affinity for captisol, probably because of steric hindrance. The dis-
tortions brought about by water addition (non-planar C-ring) and
subsequent tautomerization (C-ring opening) strength the binding
by one order of magnitude.
Comment citer ce document 
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4. Conclusions

Cyclodextrins can modify the pH-dependent mole fraction dis-
tribution of the flavyliummultistate, in particular by shifting the pH
domain of trans-chalcone prevalence toward low pH values, where
in general the stability of themultistate species is higher. Of interest
is the 3-fold increase in photochromism efficiency in the presence
of captisol. The superimposition of the energy level diagrams in the
absence and presence of the host permits the calculation of the
:
dance), Mora, N., Al Bittar, S.,
 five multistate species of the
m to the   -cyclodextrin derivative
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Fig. 9. Circular dichroism spectra of GHF (6.93 � 10�5 M) as a function of captisol
concentration (0e8.33 � 10�3 M), pH ¼ 6.0.

Table 3
Association constants of GHF with captisol.a

AHþ A B Cc Ct

Kb (M�1) b 200 450 (10300) (17000) 8000 c

DG0 b (kJ.mol�1) 13.1 (13.8) 15.1 (16.4) (22.9) (24.1) 22.2 c

a Estimated error: 10%.
b Experimental values; between parentheses: calculated values.
c Used to calibrate the system (determined by UVeVis; CD and ITC).

J. Mendoza et al. / Dyes and Pigments 143 (2017) 479e487 487
association constants of all the multistate species, provided that
one of these constants is assessed by an appropriate experimental
method. This general approach can be applied to any other types of
1:1 binding involving the flavylium multistate.
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