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a b s t r a c t

The rate and equilibrium constants of the network of chemical species involving the dye 20-methoxy-
flavylium tetrafluoroborate were characterized using stopped flow and flash photolysis in both acidic and
alkaline aqueous solution. The trans-chalcone is the thermodynamic stable species in acidic solutions
2< pH< 7; irradiation of trans-chalcone at low pH leads to the corresponding coloured flavylium cation.
The system reverts to its initial state in a few hours, in the dark. The kinetics of the various steps in the
system were determined; flash photolysis revealed that the rate determining process of flavylium for-
mation is the ring closure to give the corresponding hemiketal. In alkaline medium the ionized trans-
chalcone is the stable form and clear evidence for the existence of a hemiketal species was obtained. A
write-read-erase cycle can be performed with this compound.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Synthetic flavylium salts are a versatile family of compounds
possessing the same basic structure and the identical network of
chemical reactions as anthocyanins, the ubiquitous compounds
responsible for most of the red and blue colors of flowers and fruits
[1,2]. The network of chemical reactions of flavylium compounds is
well established and with the exception of those bearing a methyl
substitution in position 4 (where hydration and subsequent re-
actions are not observed in water) [3] follow a common pattern
reported in Scheme 1 [4].

The initial interest on the synthetic flavylium chemistry was due
to the fact that these compounds follow the same general network
of chemical reactions of anthocyanins, the ubiquitous colorants of
plants and fruits, Scheme 1 [4a–c]. It is worth of note the seminal
work of McClelland and co-workers on the hydration of flavylium
ions. They were able to clarify by means of stopped flow experi-
ments, many kinetic details of Scheme 1, contributing in this way to
the understanding of the anthocyanins chemistry. More recently,
the multistate nature of these networks exhibiting different
chemical structures that can be reversibly inter-converted by ex-
ternal stimuli, as pH variations or light, has been an additional in-
centive to the study of these molecules [4d]. Systems capable of
: þ351 212948550.
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write-read-erase, or even mimicking the elementary behaviour of
neurons based on synthetic flavylium compounds were recently
reported [5–7].

One fascinating aspect of flavylium compounds is the possibility
of tuning not only the pH dependent mole fraction distribution of
the several forms (states), but also the rates of inter-conversion
between the states, simply by modifying the nature and position of
the substituents [8]. In particular the existence or not of a cis–trans
isomerization thermal barrier is a crucial factor to define the be-
haviour of the multistate system and its potential domain of ap-
plications [8c]. As an example, while optical memories should be
based on the existence of the barrier, in ophthalmic lens the lack of
barrier is welcome [9].

It is a matter of fact that most of the research carried out to get
more insight on the kinetics and the thermodynamics of Scheme 1
was made in acidic medium. This is probably a consequence of the
analogy with anthocyanins, which are not stable in basic medium.
Moreover the photochromic properties of the network occur es-
sentially in acidic medium. However, the exploitation of the net-
work in basic medium is also useful to potential applications and
may contribute to the overall comprehension of the system.

The photochromic properties of the network arise from the
photoisomerisation of the trans-chalcone to the cis-chalcone fol-
lowed by a fast ring closure to give the species B2 and a subsequent
dehydration to produce the coloured flavylium cation. The photo-
chemical products are not thermodynamically stable at the pH
values where the photochemical reaction takes place (where the

mailto:fjp@dq.fct.unl.pt
www.sciencedirect.com/science/journal/01437208
http://www.elsevier.com/locate/dyepig


V. Petrov et al. / Dyes and Pigments 80 (2009) 149–155150
trans-chalcone is the dominant species) and the system reverts
back to the initial state with a rate that depends on the magnitude
of the cis–trans isomerization thermal barrier.

Less attention has been paid to the role played by the hemiketal
species B4. This species can appear upon a pH jump from acidic
solutions (AHþ) to less acidic or basic pH values, but usually its
concentration is very small and can be neglected [4b,c]. In this work
we report on the network properties of the new compound
20-methoxyflavylium, extend the chemical treatment of the system
to the basic region and give an experimental evidence for the ex-
istence of the hemiketal B4 in basic medium. The possibility of
using 20-methoxyflavylium to carry out a write-read-erase cycle is
also discussed.
2. Experimental

2.1. General for synthesis

All reagents and solvents used were of analytical grade. 1H NMR
spectra were run on a Bruker AMX 400 instrument operating at
400.13 MHz. Field Desorption mass spectra were run on a Micro-
mass GCT apparatus, and elemental analysis was obtained on
a Thermofinnigan Flash EA 1112 Series instrument.

2.1.1. Synthesis of 20-methoxy-2-phenyl-1-benzopyrylium
tetrafluoroborate

20-hydroxy-2-phenyl-1-benzopyrylium tetrafluoroborate was
prepared according to a procedure adapted from Katritzky [10].
Salicylaldehyde (1 ml, 9.5 mmol) and 20-methoxyacetophenone
(1.5 ml, 10.8 mmol) were dissolved in 10 ml of acetic acid and 2 ml
of HBF4. Ten milliliters of acetic anhydride were then added drop-
wise and the temperature of the reaction mixture rose. The reaction
mixture was stirred overnight. By the following day, ethyl acetate
was added and a brownish solid precipitated. The solid was filtered
off, carefully washed with diethyl ether and dried (1.92 g,
5.9 mmol); yield: 62.0%. 1H NMR (D2O/DCl, pD z 1.0, 400.13 MHz)
d (ppm): 9.55 (1H, d, 3J¼ 9.1 Hz), 9.08 (1H, d, 3J¼ 9.1 Hz), 8.54 (1H,
dd, 3J¼ 8.5 Hz, 4J¼ 1.2 Hz), 8.42–8.34 (3H, m), 8.02 (1H, t,
3J¼ 7.4 Hz), 7.91 (1H, td, 3J¼ 7.9 Hz, 4J¼ 1.3 Hz), 7.44 (1H, d,
3J¼ 8.6 Hz), 7.34 (1H, t, 3J¼ 7.6 Hz), 4.17 (3H, s, OCH3). MS-FD: m/z
(%): 237.100 [M]þ (100). EA calculated for C16H13BF4O2$1.7H2O: C
54.18, H 4.66; found: C 54.21, H 5.37.
2.2. General for measurements

Solutions were prepared using Millipore water. The pH of so-
lutions was adjusted by addition of HCl, NaOH or universal buffer of
Theorell and Stenhagen [11] and was measured in a Radiometer
Copenhagen PHM240 pH/ion meter. UV–vis absorption spectra
were recorded in a Varian-Cary 100 Bio spectrophotometer or in
a Shimadzu VC2501-PC.
2.3. Irradiation experiments

Quantum yields were determined by irradiation at 436 nm,
using a medium pressure mercury arc lamp and the excitation
bands were isolated with interference filters (Oriel). Actinometry
was made using the ferrioxalate system [12]. The flash photolysis
and stopped flow experiments were performed as previously de-
scribed [13]. Nanosecond laser flash photolysis experiments were
run on a LKS.60 Nanosecond Laser Photolysis Spectrometer from
Applied Photophysics.
3. Results and discussion

The thermodynamic equilibrium and the pseudo-equilibrium when
B4 is formed: The network of chemical reactions reported in
Scheme 1 can be summarized by the following set of equations.

In acidic media,

AHD D 2H2O ! B2 D H3OD Kh2 (1)

AHD D 2H2O ! B4 D H3OD Kh4 (2)

B2 ! Cc Kt (3)

Cc ! Ct Ki (4)

Eqs. (1)–(4) can be substituted by a single acid-base equilibrium
[4], as shown by Eq. (5):

AHD D 2H2O ! CB D H3OD K0a (5)

where [CB]¼ [B2]þ [B4]þ [Cc]þ [Ct] and
K0a¼ Kh4þ Kh2þ Kh2Ktþ Kh2KtKi.

Extension to basic media can be made through Eqs. (6) and (7).

Cc D H2O ! CcL D H3OD KCc (6)

Ct D H2O ! CtL D H3OD KCt (7)

Eqs. (6) and (7) can also be substituted by a single acid-base
equilibrium as shown in Eq. (8)

Ct D Cc D H2O ! CBL D H3OD K00a (8)

where [CB�]¼ [Cc�]þ [Ct�] and K 00a ¼ Kh2KtðKCc þ KCtKiÞ=K 0a
The formation of the ionized species displaces the equilibrium

towards Cc� and Ct� at sufficiently basic medium and the system
can be viewed as a diprotic acid whose ionizations constants are K0a
and K00a, Eqs. (5) and (8).

The mole fraction of each species can be easily calculated
according to Eq. (9)
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In this approach B2� and B4� have not been considered, because
their formation is expected to occur at extremely basic pH values
and in the case of B2� it would immediately give rise to Cc� by
a simple electronic rearrangement, and by consequence their
concentrations are negligible.

The spectral variations of the equilibrated solutions of
20-methoxyflavylium are reported in Fig. 1. For all the pH range
three absorption spectra are observed which can easily be attrib-
uted to the flavylium cation (AHþ), trans-chalcone (Ct) and ionized
trans-chalcone (Ct�), pK0a¼ 1.60� 0.05 and pK00a¼ 8.60� 0.05.

In the cases, as in the present compound, where the trans–
cis isomerization is slower than all the other processes, a
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Scheme 1.

Fig. 1. Absorption spectra of dark equilibrated solutions (1 day) of the compound 20-methoxyflavylium 4�10�5 M as a function of pH: (A) acidic pK0a¼ 1.60, (B) basic media
inflection point at pK00a¼ 8.60.

Fig. 2. Spectral variations after ca. 1 min upon a pH jump from the stock solutions of the compound 20-methoxyflavylium 4�10�5 M at pH¼ 1 to the desired pH values: (A) acidic
(pK^a¼ 3.35); (B) basic (pKobs¼ 8.70).
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Fig. 4. (A) Rate constants of the faster process of the reversed pH jumps monitored by stop
occurring upon flash photolysis of the pseudo-equilibrium state of the compound 20-methox
compound 40-methoxyflavylium are represented (traced line).

Fig. 3. Stopped flow trace of the reverse pH jump for a pseudo-equilibrated solution at
pH¼ 12.2 to pH¼ 1.0 (ratio [Cc�]/[B4]¼ 0.18); inset: pH dependence of the ratio of the
amplitudes of both exponentials (slower/faster) when pH jumps are carried out from
the basic region to pH¼ 1.0.

Table 1
Thermodynamic constants for the compound 20-methoxyflavylium in aqueous so-
lution, at 295 K

Kh2 (M) Kt Ki KCc (M) KCt (M)

(4.00� 0.08)� 10�4 0.12� 0.02 (5� 1)� 102 (1.9� 0.2)� 10�8 (2.5� 0.3)� 10�9
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pseudo-equilibrium state can be defined considering all the equa-
tions of the set with exclusion of those involving the formation of
the trans-chalcone. In the cases where the formation of B4 is sig-
nificant the treatment of the system should take into account that
this species is a kinetic product that was proved to disappear
through AHþ [4c]. According to the results previously obtained by
McClelland for the analogous compound 40-methoxyflavylium, if
a pH jump from 1 (AHþ) to moderately acidic pH values is carried
out, water attacks position 2 of the flavylium cation leading to B2 in
competition with the attack to position 4 forming B4. On the other
hand B2 equilibrates with Cc in a sub-second time scale and by
consequence the pseudo-equilibrium is established between the
three species B4, B2 and Cc. Usually the concentration of B4 is very
small in moderately acidic medium. In the case of the compound 40-
methoxyflavylium it is 0.3% [4c] and in the present compound we
were not able to detect its formation unless as a kinetic product at
basic pH values, see below [4c].

The pseudo-equilibrium in acidic medium can be accounted for
by Eqs. (10) and (11).

AHD D 2H2O ! CB

ˇ

D H3OD K

ˇ

a [ Kh2DKh4DKh2Kt ð10Þ
where

½CB

ˇ

� [ ½B2�D ½B4�D ½Cc� (11)

In basic medium the pseudo-equilibrium is established in
a different way. In first place the formation of the species results
from the attack of the hydroxyl ion to positions 2 and 4 rather
than water and by consequence the proportions of B2 and B4
formed immediately after the pH jump are different. Secondly B4
tends to live more time than in acidic medium because the rate of
flavylium formation necessary to consume B4 is slower due to the
low proton concentration. In other words B4 is formed and ki-
netically trapped at basic pH values. Conversely all B2 and Cc
formed are transformed into Cc� if the pH is sufficiently high. The
experience indicates that B4 cannot be neglected in these cases,
unless for the flavylium compounds bearing hydroxyl substituents

ped flow; (B) the same as in (A) for the slower process (B); rate of the ring closure k�t

yflavylium (C); for comparison purposes the rate constants for identical process in the



Table 2
Kinetic constants for the compound 20-methoxyflavylium in aqueous solution, at 295 K

kh2 (s�1) k�h2 (M�1 s�1) kt (s�1) k�t (s�1) ki (s�1) k�i (s�1) k0h2/k0h4

18� 9 (4.5� 0.9)� 104 0.05� 0.01 0.40� 0.06 (1.3� 0.1)� 10�4 (2.5� 0.7)� 10�7 0.18� 0.02
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because in these cases formation of the quinoidal base is more
efficient than hydroxylation to give B4 (or B2). In summary there
is a change of the regime of the pseudo-equilibrium in basic media
according to Eqs. (12) to (14) and Eq. (3).

AHD D OHL / B4 k0h4 (12)

AHD D OHL / B2 k0h2 (13)

Cc D H2O ! CcL D H3OD KCc (14)

After the pH jump to basic medium both hemiketal species are
formed with a ratio [B2]/[B4]¼ k0h2/k0h4, followed by the equilib-
rium between B2 and Cc. For more basic pH values Cc deprotonates
to Cc�, and a pseudo-equilibrium occurs between Cc� and B4, see
below.

The spectral variations concerning the pseudo-equilibrium are
reported in Fig. 2.

As in the case of the thermodynamic equilibrium, the pseudo-
equilibrium can be accounted for by the existence of a diprotic
species with pK^a¼ 3.35� 0.05 and an inflection point at
pH¼ 8.70� 0.05. In the first equilibrium, Fig. 2A, the flavylium
cation pseudo-equilibrates with a mixture of the hemiketals (basi-
cally B2) and cis-chalcone, as reported in previous work for the
analogue 40-methoxyflavylium [4c], while in the second pseudo-
equilibrium B4 is maintained as a kinetic product and thus the in-
flection point can be assigned to the formation of Cc� from Cc in fast
equilibrium with B2, the respective pKobs being given by Eq. (15).

KCcKt

1þ Kt
¼ 10�8:70 (15)
3.1. Reverse pH jumps

Reverse pH jumps consist on acidifying a pseudo-equilibrated
solution at a given pH and monitoring subsequent spectral changes
Fig. 5. Spectral variations of the compound 20-methoxyflavylium 3.3�10
by stopped flow [3,9]. This procedure has been used in acidic media,
but can also be extended to the pseudo-equilibrium in basic
solutions. In order to perform this kind of experiments pseudo-
equilibrated solutions were prepared from the stock solution at
pH¼ 1.0 by addition of base. These solutions should be used
immediately before formation of significant amounts of Ct or Ct�.
When the initial pH of the stopped flow experiment is neutral or
moderately acidic the equilibrium constant obtained from the ratio
of the amplitudes of the two processes is Kt¼ 0.12� 0.02 [14]. The
biexponential characteristics of the traces at low pH values are
explained by a faster reaction where AHþ appears from B2
dehydration, followed by formation of more AHþ at the expenses of
Cc disappearance (through B2).

When the same back pH jump is carried out from sufficiently
basic solutions, the biexponential nature of the traces is explained
as follows: (i) a faster process due to the formation of AHþ from B4
followed by (ii) a slower process resulting from the formation of
more flavylium cation from Cc� in a sequence of events: pro-
tonation to give Cc (very fast), ring closure to form B2 and finally
dehydration to give AHþ. The ratio of the amplitudes is given by Eq.
(16), because all Cc� at this pseudo-equilibrium results from B2
formed in competition with B4, during the initial pH jump prior to
the back one followed by stopped flow, see Fig. 3.

�
Cc�

�
½B4� ¼

k0h2
k0h4
¼ 0:18� 0:02 (16)

The inset of Fig. 3 is compatible with the existence of a first
regime where the ratio of the amplitude of the two exponentials is
Kt and a second regime where the ratio of the amplitudes is given
by Eq. (16). The change of regime starts to occur at pH¼ 9, when the
hydroxyl concentration becomes high enough to favour Eqs. (12)
and (13) over Eqs. (1) and (2).

The data from Figs. 1–3 allows to obtain all the equilibrium
constants of the network, see Table 1. The value of KCc was obtained
from Eq. (15), using the value of Kt obtained from reverse pH jumps.
�5 M, upon irradiation at 365 nm at pH¼ 3.1 (A) and at pH 5.6 (B).



Fig. 6. Transient absorption traces obtained by flash photolysis of the compound 20-
methoxyflavylium at 440 nm.
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The value of KCt was obtained from Eq. (8). The values of pKCc and
pKCt are close to pKobs (Fig. 2B) and pK00a, respectively, showing that
at basic pH values, Cc/Cc� predominates in the pseudo-equilibrium
and Ct/Ct� in the final equilibrium.

3.2. Kinetics

The stopped flow experiments reported in Fig. 3 were extended
to different pH values and the rates of the fast and slow processes
represented as a function of pH as shown in Fig. 4. The rate of the
faster process, Fig. 4A, corresponding to the formation of AHþ from
B2, can be fitted with the following expression (4.5�104[Hþ]þ
18) s�1, allowing to obtain k�h2¼ (4.5� 0.9)� 104 M�1 s�1 and
kh2¼18� 9 s�1 from which Kh2¼ 4.0�10�4 M, in accordance with
the value reported in Table 1. The slower process can be attributed
to the tautomerization and exhibits a dependence on pH, Fig. 4B,
according to (0.4þ 9.3[Hþ]þ 6�1010[OH�]) s�1. A similar de-
pendence was previously reported by McClelland [4c,10] in the case
of the parent compound 40-methoxyflavylium, traced line of Fig. 4B,
and was interpreted as a catalytic effect of both proton and hy-
droxyl ions on the kinetics of ring opening and closure. Due to the
lack of accumulation of B2, the rate of the reaction, kt[B2], is neg-
ligible in this process and its kinetics should be controlled by the
ring closure, allowing to calculate k�t¼ 0.40� 0.06 s�1; from the
equilibrium constant Kt¼ 0.12� 0.02, the rate constant
kt¼ 0.05� 0.01 s�1 can then be obtained.
Scheme 2.
The rate constants of the slower process leading to the forma-
tion of trans-chalcone and ionized trans-chalcone according to the
pH follow a first order kinetic process, the respective rate constants
being reported in Table 2.
3.3. Photochemistry

The photochemical products from irradiation of the compound
20-methoxyflavylium are dependent on the pH of the solutions, see
Fig. 5. At pH¼ 3.1, irradiation of the Ct form leads to the flavylium
cation while at pH¼ 5.8 a mixture of B and Cc is formed. The
quantum yield for the photochemical reaction is F¼ 0.12 at
pH¼ 3.1, and F¼ 0.13 at pH¼ 5.6. These values are the same within
experimental error (estimated 10%), a result that is expected be-
cause the photochemical step is the same in both cases and the
system possesses a cis–trans isomerization thermal barrier.

In order to get more insight, flash photolysis measurements
were carried out, Fig. 6. The traces obtained at the absorption
wavelength of Ct (not shown) show a bleaching immediately after
the flash with no further modifications. This result is compatible
with the existence of the thermal cis–trans isomerization barrier. At
the absorption wavelength of the flavylium cation (440 nm), an
increase in absorption follows the flash, according to a first order
kinetic process, the respective rate constants showing a pH de-
pendence which is coincident, within experimental error, with the
ring closure constants taken from the reversed pH jump experi-
ments, see Fig. 4B. This last result is an evidence for the fact that the
rate determining process of the photochemical appearance of the
flavylium cation is the ring closure to give the hemiketal B2.

The present system can be used as a temporary memory
(Scheme 2). When Ct is irradiated, it leads to Cc in a very fast
process, not observed with our nanosecond flash photolysis appa-
ratus. The ring closure is the rate determining step to the formation
of flavylium cation as reported in Fig. 4, with rate constant 0.40 s�1.
At pH¼ 3.1, the major species of the pseudo-equilibrium is AHþ and
a good signal (appearance of a visible colour) can be observed. The
system reverts back to the initial Ct species with a rate constant
ki¼ 1.3�10�4 s�1; the value of k�i¼ 2.5�10�7 s�1 can be calcu-
lated through the value of Ki, Table 2. Obviously, the kinetic con-
stants imply that the time needed to operate the cycle is too long
for practical applications, unless high temperatures are used that
could lead to degradation. The parameters that control the kinetic
barrier for trans–cis isomerization in 20-hydroxychalcones have
been discussed [8c], as well as those required for optimal optical
memory performance [4d]. In particular, the barrier could be low-
ered by introducing electron donor groups, e.g., in position 7 or 5.
4. Conclusions

The synthesis and complete characterization of the new 20-
methoxyflavylium tetrafluoroborate, whose structure and chemical
behaviour mimic those of natural anthocyanins, were described in
this work. Using flash photolysis, stopped flow and absorption
spectroscopy the rates and equilibrium constants of the various
steps were determined. The ring closure of Cc to give hemiketal B2
was found out to be the rate determining step of the flavylium
formation. Clear evidence for the existence of the hemiketal B4
species was obtained.
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