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Strategies used by nature to fix the red, purple
and blue colours in plants: a physical
chemistry approach

Nuno Bası́lio, *a Johan Mendoza, a André Seco, a Joana Oliveira, b

Victor de Freitas b and Fernando Pina *a

While identified by the respective flavylium cation, anthocyanins are much more than this molecule. The

flavylium cation (generally appearing only at very acidic pH values) is one of the molecules of a complex

sequence of pH dependent molecular species reversibly interconnected by different chemical reactions.

These species include the red flavylium cation, purple quinoidal base and blue or bluish anionic

quinoidal bases. At the common pH of the vacuoles of simpler anthocyanins, the red flavylium cation is

present only at very acidic pH values and at moderately acidic pHs there is no significant colour of the

purple quinoidal base. Moreover, the blue or bluish anionic quinoidal base appearing around neutral pH

values is not stable. Intermolecular (copigmentation) and intramolecular (in acylated anthocyanins)

interactions increase the colour hue and yield bathochromic shifts in the absorption bands, permitting to

extend the pH domain of the flavylium cation and increase the mole fraction of the quinoidal bases.

Metal complexation is another strategy. In particular, the Al3+ cation plays an essential role in the blue

colour of hydrangea. The most sophisticated structures are however the metaloanthocyanins, such as

the one that gives the blue colour of commelina communis, constituted of six anthocyanins, six

flavanones and two metals. In this work we discuss how physical chemical tools are indispensable to

account for the chemical behaviour of these complex systems. The experimental procedures and the

equations needed to calculate all equilibrium constants of anthocyanins and the consequent pH

dependent mole fraction distributions in the absence or presence of copigments are described in detail.

Reverse pH jumps monitored by stopped flow have been shown to be an indispensable tool to calculate

these parameters.

1. Introduction

Anthocyanins are responsible for a diversity of colours in plants,
from orange-red to purple-blue hues. Moreover, they behave as
photoprotective agents by absorbing excess visible and UV light,1,2

giving protection to biotic and abiotic stresses,3,4 play a role in
plant reproduction attracting pollinators and seed dispersers by
presenting attractive colors,5,6 maintain the integrity of mem-
branes in fruits and vegetables during the postharvest period,
decelerating cell senescence,7,8 and present numerous beneficial
health effects owing to the multiple biological properties of these

compounds (e.g., antiproliferative, anti-inflammatory, and antimi-
crobial properties).9,10

The basic structure of anthocyanins is presented in
Scheme 1.

In nature a variety of sugars can be attached in position 3
and 5, and seldom in other positions, like position 7. Nowadays,
more than 700 related chemical structures have been identified in
nature.12 While usually represented by the coloured flavylium
cation, this species is only stable under very acidic conditions
(pH o 1), being reversibly transformed into a mixture of quinoi-
dal bases, hemiketal and chalcones (see below for a more detailed
discussion of these phenomena) under higher pH conditions. In
simple but very common anthocyanins, such as mono and
diglucoside anthocyanins, the colourless species (hemiketal and
chalcones) are the major forms found in in vitro solutions of these
dyes under slightly acidic and neutral conditions. It is therefore
straightforward to conclude that, by themselves, these antho-
cyanins are not able to confer the colours observed in plants
and that interactions with other (macro)molecular or ionic species
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in complex natural matrixes must play an important role in colour
stabilization and modulation. The strategies used by nature to
overcome this drawback and the physical chemistry that is behind
them are the main topic of this work.

Despite possessing relatively simple molecular structures,
anthocyanins gave rise to very complex systems, exhibiting at
least thirteen species in equilibrium (see Scheme 2). However,
this complexity can be dramatically simplified since the flavy-
lium cation behaves as a polyprotic acid. This property is used
through this work to rationalize the experimental data. Three
appendixes are included demonstrating mathematically this
anthocyanin behaviour, which is also observed in the case of
co-pigmentation and complexation with metals.

2. Anthocyanins are more than the
flavylium cation13

Anthocyanins are identified by the respective flavylium cation
as in Scheme 1. This fact could give rise to some misunder-
standings, because the flavylium cation is only one of the
numerous chemical species that are reversibly interconnected
by external stimuli such as pH modifications, light and heat,
from here on designated the multistate, Scheme 2.

At very acidic pH values generally pH r 1 the flavylium
cation is the sole observed species. However, upon addition of a
base to the solutions at pH r 1 (direct pH jumps) a sequence of
chemical reactions takes place in acidic to moderately acidic
solutions, as shown in Scheme 2 and eqn (1)–(4),

AHþ þH2OÐ
ka

k�a
AþH3O

þ Ka proton transfer (1)

AHþ þ 2H2OÐ
kh

k�h
BþH3O

þ Kh hydration (2)

BÐ
kt

k�t
Cc Kt tautomerization (3)

CcÐ
ki

k�i
Ct Ki isomerization (4)

Carrying out a mass balance of these species and represen-
ting in terms of AH+ by means of eqn (1) to eqn (4), the pH
dependent mole fraction distribution (w) of these species can be
calculated.

wAHþ ¼
½Hþ�

½Hþ� þ K
0
a

;

wA þ wB þ wCc þ wCt ¼ wCB ¼
K
0
a

½Hþ� þ K
0
a

(5)

Scheme 1 Basic structure of anthocyanins and related compounds;
R3QR5QOH, anthocyanidins; R3QOGly; R5QOH, monoglycosides;
R3QOGly; R5QOGly, diglycosides; R3QH, R5QOGly, 3-
deoxyanthocyanins; R3QH, R5QOH, 3-deoxyanthocyanidins; OGly = gly-
coside. Different monosaccharides (e.g., glucose, galactose, rhamnose,
and arabinose) and disaccharides (e.g., rutinose, sambubiose, and sophor-
ose) can be attached to the flavylium core, and these sugars can also be
acylated with cinnamic acids (e.g., caffeic, coumaric, ferrulic, and sinapic
acids) or aliphatic acids (e.g., acetic, malic, oxalic, and succinic acids).11

Scheme 2 Multistate of chemical species of cyanidin-3-glucoside in acidic to neutral aqueous solutions. Kx = kx/k�x (x = a, h, t).
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defining

K
0
a ¼ Ka þ Kh þ KhKt þ KhKtKi (6)

with

CB = [A] + [B] + [Cc] + [Ct] (7)

Inspection of eqn (5)–(7) allows for concluding that the
complex system constituted of eqn (1)–(4) is reduced to a single
acid base equilibrium involving the flavylium cation AH+ and
its conjugated base CB.

AHþ þH2OÐ CBþH3O
þ

K
0
a ¼
½CB�½Hþ�
½AHþ� global equilibrium

(8)

At higher pH values anionic species are formed due to the
deprotonation of the hydroxyl substituents. We consider only
the first deprotonation because these are essentially the species
that we have to deal with in this work, for example, in acylated
anthocyanins.

A + H2O " A� + H3O+ KA/A� (9)

B + H2O " B� + H3O+ KB/B� (10)

Cc + H2O " Cc� + H3O+ KCc/Cc� (11)

Ct + H2O " Ct� + H3O+ KCt/Ct� (12)

A similar simplification can be done, eqn (13)

CBþH2OÐ CB� þH3O
þ K

00
a global equilibrium (13)

From eqn (13) and substituting the species of CB and CB� in
terms of AH+, the following relation is obtained, eqn (14)

K
00
a ¼

KA=A�Ka þ KB=B�Kh þ KCc=Cc�KhKi þ KCt=Ct�KhKtKi

K
0
a

(14)

The fact that this complex system can be simplified con-
sidering AH+ in equilibrium with its conjugated forms CB and
CB� is a breakthrough that allows for the simplification of the

mathematical treatment. Both pK
0
a and pK

00
a can be experimen-

tally obtained similarly to a simple diprotic acid corresponding
to the pH of two inflection points when the absorbance is
represented as a function of pH.

If the equilibrium constants are known, it is straightforward
to calculate the mole fractions of all species considering that
the flavylium cation is a diprotic acid. See Appendix 1 for more
details.

wAHþ ¼
½Hþ�2
D

; wA ¼
Ka½Hþ�

D
; wB ¼

Kh½Hþ�
D

wCc ¼
KhKt½Hþ�

D
; wCt ¼

KhKtKi½Hþ�
D

And for the anionic species

wA� ¼
KA=A�Ka

D
; wB� ¼

KB=B�Kh

D
; wCc� ¼

KCc=Cc�KhKt

D
;

wCt� ¼
KCt=Ct�KhKtKi

D

D ¼ ½Hþ�2 þ K
0
a½Hþ� þ K

0
aK

00
a (15)

In anthocyanins and many other flavylium derived multi-
states of species the isomerization is by far the slowest process
of the kinetics and a pseudo-equilibrium can be defined as
a transient state obtained before significant formation of trans-
chalcone, eqn (1)–(3) and (5)–(7), and the respective pseudo-
equilibrium constants are defined by eqn (16)–(19).

AH+ + H2O " CB^ + H3O+ K^a (16)

CB^ = [A] + [B] + [Cc] (17)

CB^ + H2O " CB^� + H3O+ K^^a (18)

CB^� = [A�] + [B�] + [Cc�] (19)

The mole fractions of the species at the pseudo equilibrium
use the same set of equations as the equilibrium removing the
contributions of trans-chalcone and substituting D in eqn (15)
by D^ in eqn (20).

D^ = [H+]2 + K^a[H+] + K^aK^^a (20)

3. How to calculate all equilibrium
constants. Reverse pH jumps: a new
paradigm
3.1. Stopped flow measurements

The most accurate method to achieve the equilibrium con-
stants of the system is based on reverse pH jumps (defined by

Fig. 1 (a) Kinetic trace obtained by stopped flow upon a reverse pH jump
from equilibrated solutions of kuromanin at pH = 5.1 to pH = 1.0. The
graph shows the three observed amplitudes and their assignment. (b) Mole
fraction distribution at the pseudo-equilibrium.
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the addition of acid back to pH r 1 of equilibrated or pseud-
equilibrated solutions at higher pH values)14 monitored by
stopped flow.15 In Fig. 1a the trace of a typical reverse pH jump
is shown. Three amplitudes are observed. The first is due to the
flavylium cation absorption resulting from the conversion of all
quinoidal bases (neutral and anionic) during the mixing time of
the stopped flow together with some flavylium that, depending
on the pH, can be at the equilibrium prior to the pH jump for
lower pH values. The amplitude of the faster kinetic step results
from the conversion of hemiketal into the flavylium cation,
because at pH r 1 the hydration/dehydration is faster than the
tautomerization, due to the change of the kinetic regime.14,16

Finally the last amplitude corresponds to the formation of more
flavylium cations from cis-chalcone via hemiketal. Normalization
of these amplitudes to unity gives directly the mole fraction
distribution of the three species at the pseudo-equilibrium as
shown in Fig. 1b.

3.2. Reverse pH jumps at longer timescales

The mole fractions of Ct + Ct� can be calculated by following
the reverse pH jump through a standard spectrophotometer, as
shown in Fig. 2a. Extending to a series of pH jumps, the mole
fraction distribution of Ct and its anionic form are calculated,
Fig. 2b, and the mole fractions of AH+, A + A�, B + B� and Cc +
Cc� are recalculated for the equilibrium, discounting those of
Ct and Ct�, Fig. 3. In Table 1 the equilibrium constants of

cyanidin-3-O-glucoside (kuromanin) are shown. It should be
emphasized that the constants regarding the anionic species
have a higher uncertainty because of the propagation of errors
law (they depend on the equilibrium constants of the neutral
species) and due to the instability of the simpler anthocyanins
at higher pH values, affecting more particularly the determina-
tion of the mole fractions of Ct.

4. How to simplify the complexity

Considering that in the stopped flow measurements CB^ and
CB�^ are decomposed in terms of their components quinoidal
bases, hemiketals and cis-chalcones, neutral and anionic,15 the
mole fraction of the three amplitudes of the stopped flow data
can be written as in eqn (21)–(23)

wAHþ þ wA þ wA� ¼
½Hþ�2 þ a0K â½Hþ� þ a1K âK^ â

D^ (21)

where a0 and a1 are the parameters to adjust the respective
curve in Fig. 1b.

Identically for the hemiketal and cis-chalcone

wB þ wB� ¼
b0K â½Hþ� þ b1K âK^ â

D^ (22)

wCc þ wCc� ¼
c0K â½Hþ� þ c1K âK^ â

D^ (23)

with D^ defined by eqn (20).
The fittings adjust the parameters an, bn and cn (n = 0, 1) and

K^a and K^^a. These last two constants should be equal within
the experimental error to those calculated from the two inflec-
tion points of the absorbance versus pH at the pseudo-
equilibrium.

On the other hand, these mole factions can be written in
terms of the respective equilibrium constants, removing the Ct
contribution in the mole fractions of eqn (15).

wAHþ þ wA þ wA� ¼
½Hþ�2 þ Ka½Hþ� þ KA=A�Ka

D^ (24)

wB þ wB� ¼
Kh½Hþ� þ KB=B�Kh

D^ (25)

wCc þ wCc� ¼
KhKt½Hþ� þ KCc=Cc�KhKt

D^ (26)

Comparing eqn (21) with eqn (24), eqn (22) with eqn (25) and
(23) with eqn (26) the following important relations are obtained:

Fig. 2 (a) Kinetic trace obtained by a standard spectrophotomter upon a
reverse pH jump from equilibrated solutions of kuromanin at pH = 5.1 to
pH = 1.0. (b) Mole fraction distribution of trans-chalcone at the
equilibrium.

Table 1 Equilibrium constants of kuromain. Estimated error 5%

pK^a pK^^a pK
0
a pK

00
a pKa Kh/M Kt Ki

2.75 6.95 2.7 6.9 3.8 1.2 � 10�3 0.36 0.49

pKA/A�
a pKB/B�

a pKCc/Cc�
a pKCt/Ct�

a

6.15 7.8 6.8 6.5

a Estimated error 10%.

Perspective PCCP

Pu
bl

is
he

d 
on

 2
8 

Se
pt

em
be

r 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
A

th
en

s 
on

 1
1/

5/
20

21
 7

:3
8:

33
 P

M
. 

View Article Online

https://doi.org/10.1039/d1cp03034e


24084 |  Phys. Chem. Chem. Phys., 2021, 23, 24080–24101 This journal is © the Owner Societies 2021

For the neutral species

Ka ¼ a0K â; Kh ¼ b0K â; KhKt ¼ c0K â (27)

For the anionic species

KA=A� ¼
a1K âK^ â

Ka
; KB=B� ¼

b1K âK^ â

Kh
; KCc=Cc� ¼

c1K âK^ â

KhKt

(28)

These equations allow for calculation of all equilibrium constants
involving AH+, A, B and Cc. See Appendix 1 for more details.

The reverse pH jumps monitored using a standard spectro-
photometer, as in Fig. 2b, give the mole fraction distribution of Ct
and Ct�. Similarly, the mole fractions of Fig. 2a can be expressed
in terms of the parameters d0 and d1, eqn (29), or as in eqn (30).

wCt þ wCt� ¼
d0K

0
a½Hþ� þ d1K

0
aK
00
a

D
(29)

wCt þ wCt� ¼
KhKtKi½Hþ� þ KCt=Ct�KhKtKi

D
(30)

Comparing eqn (29) with eqn (30)

Ki ¼
d0K

0
a

KhKt
; KCt=Ct� ¼

d1K
0
aK

00
a

KhKtKi
(31)

From the two equations in eqn (31) Ki and KCt/Ct� can be
calculated. In conclusion, all equilibrium constants of kuroma-
nin (or any other flavylium multistate of species exhibiting a
high cis–trans isomerization rate) can be calculated by means of
this procedure. In Table 1 all equilibrium constants of kuro-
manin are presented.

Moreover, from the data of Table 1 the mole fraction
distribution of all species can be represented as in Fig. 3.

The knowledge of the equilibrium constants and the mole
fraction distribution of anthocyanins is crucial information to
rationalize the properties of these natural dyes mentioned in the
introduction. Moreover, it is indispensable to understand the
strategies used by nature to fix the colours. It will be the starting
point of this perspective article to rationalize the strategies used
by nature to fix the beautiful colours that paint the world.

5. Overcoming the physical–chemical
limitations of anthocyanins to confer
colour
5.1. Anthocyanins by themselves are unable to give significant
colour in plants

The pH of the vacuoles where anthocyanins are located could
change considerably. It could be as low as 2.0 in citrus fruits17

or 7.7 in some flowers,18 but a pH of approximately 5 is often
observed.19 In Fig. 4 the limitations of two representative
anthocyanins are shown.

Inspection of Fig. 4 clearly shows that the domain of the red
colour of the flavylium cation is limited to very low pH values,
while the quinoidal base is a minor species at moderately acidic
pH values. It is worthy of note that the anionic quinoidal base
tends to be dominant for neutral or slightly basic pH values.
However, in this case the anthocyanins are not stable and
undergo degradation.20

5.2. Copigmentation: a simple way to increase the colour

Co-pigmentation is a term that accounts for the increasing
colour caused by colourless compounds, such as amino acids,
sugars and flavonoids.21 Goto proposed a unified mechanism
for co-pigmentation and self-association, which he called
molecular stacking theory.22–25 Therefore, the thermodynamic
driving forces for co-pigmentation and self-association were
considered by Goto to be the same: the hydrophobic aromatic
residues assemble in aqueous solutions.25 This theory was also
extended to polyacylated anthocyanins.23–25 It is known that
copigmentation has a high impact on food colour, and its
stability and intensity.26 For instance, at wine pH (3.2–3.8),
anthocyanins are predominantly present in their colourless
neutral forms; however, the intense red colour displayed by
young red wines is mainly due to the interaction of the
flavylium cation of anthocyanins with other wine components
including phenolic acids, flavanols and flavanones.27–29

Fig. 3 Mole fraction distribution of kuromanin at the equilibrium.

Fig. 4 (a) Mole fractions of the coloured forms of oenin and (b) the same
for cyanidin. In this case the blue colour is observed only for the dianionic
quinoidal base (not shown).
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The limitations of the copigmentation models and the
respective mathematical expressions were recently reported.30

Initially copigmentation studies were limited to copigmenta-
tion with the flavylium cation and later with the quinoidal
bases.30,31 However, a priori there is no reason to exclude the
existence of copigmentation with all species of the flavylium
based multistate of species shown in Scheme 2. Eqn (32)–(34)
describe these possible interactions.

For flavylium cation complexation

AH+ + CP " AH+CP KAH+CP (32)

for the neutral species

X + CP " XCP KXCP (33)

and for the anionic species

X� + CP " X�CP KX�CP (34)

with

X = AH+, A, B, Cc and Ct (35)

This complex system can be once more simplified to a diprotic
acid with eqn (32), (36) and (37)

CB + CP " CBCP KCBCP (36)

CB� + CP " CB�CP KCB�CP (37)

From the definition of eqn (36) and using the set of eqn (33),15

the equilibrium constant KCBCP is defined by eqn (38).

KCBCP ¼
½CBCP�
½CB�½CP�

¼ KACPKa þ KBCPKh þ KCcCPKhKt þ KCtCPKhKtKi

K
0
a

(38)

Proceeding similarly to eqn (37) and the set of eqn (34), the
equilibrium constant KCB�CP is defined by eqn (39).

As shown previously15 the system behaves again as a diprotic
acid with acidity constants given by eqn (40) and (41). See
Appendix 2 for more details.

K
0
aðCPÞ ¼

K
0
að1þ KCBCP½CP�Þ
1þ KAHþCP½CP�

(40)

K
00
aðCPÞ ¼

K
00
a 1þ KCB�CP½CP�ð Þ
1þ KCBCP½CP�

(41)

The mathematical model is valid for 1 : 1 copigmentation and
excess copigment concentration ([CP]) in comparison with
anthocyanin.

When reverse pH jumps are applied to study copigmenta-
tion, the pseudo equilibrium should be considered, the terms

regarding Ct removed, and K
0
a, eqn (40), and K

00
a , eqn (41),

substituted by K^a, eqn (42), and K^^a, eqn (43), respectively.

K âðCPÞ ¼
K âð1þ KCB^CP½CP�Þ

1þ KAHþCP½CP�
(42)

K^^aðCPÞ ¼
K^ âð1þ KCB�^CP½CP�Þ

1þ KCB^CP½CP�
(43)

As shown above, the terms regarding AH+ and A should be
written together.

wAHþ þ wAHþCP þ wA þ wACP þ wA� þ wACP�

¼
½Hþ�2 þ a0ðCPÞK âðCPÞ½Hþ� þ a1ðCPÞK âðCPÞK ^̂ aðCPÞ

D ĈP

(44)

D ĈP ¼ ½Hþ�2 þ K âðCPÞ½Hþ� þ K âðCPÞK ^̂ aðCPÞ

wB þ wBCP þ wB� þ wBCP�

¼
½Hþ�2 þ b0ðCPÞK âðCPÞ½Hþ� þ b1ðCPÞK âðCPÞK ^̂ aðCPÞ

D ĈP

(45)

wCc þ wCcCP þ wCc� þ wCcCP�

¼
½Hþ�2 þ c0ðCPÞK âðCPÞ½Hþ� þ c1ðCPÞK âðCPÞK ^̂ aðCPÞ

D ĈP

(46)

The copigmentation constants with all species of the multistate
are based on the determination of the coefficients an(CP), bn(CP),
cn(CP) with n = 0, 1. Comparing the mole fractions written
in terms of the coefficients an(CP), bn(CP), cn(CP) and those
based on the equilibrium constants allows for the definition
of the equalities shown in eqn (47).15 See Appendix 2 for more
details.

The expressions presented in eqn (47) allow for the deter-
mination of all copigmentation constants provided that the

KCB�CP ¼
½CB�CP�
½CB��½CP� ¼

KA�CPKA=A�Ka þ KB�CPKB=B�Kh þ KCc�CPKCc=Cc�KhKt þ KCt�CPKCt=Ct�KhKtKi

K
0
aK

00
a

(39)

a0ðCPÞK 1̂ ¼
Ka þ KACPKa½CP�
1þ KAHþCP½CP�

;

a1ðCPÞK 1̂K 2̂ ¼
KA=A�Ka þ AACP=ACP�KACPKa½CP�

1þ KAHþCP½CP�
;

b0ðCPÞK 1̂ ¼
Kh þ KBCPKh½CP�
1þ KAHþCP½CP�

;

b1ðCPÞK 1̂K 2̂ ¼
KB=B�Kh þ KBCP=BCP�KBCPKh½CP�

1þ KAHþCP½CP�
;

c0ðCPÞK 1̂ ¼
KhKt þ KCcCPKhKt½CP�

1þ KAHþCP½CP�
;

c1ðCPÞK 1̂K 2̂ ¼
KCc=Cc�KhKt þ KCcCP=CcCP�KCcCPKhKt½CP�

1þ KAHþCP½CP�
(47)
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constants Ka, Kh and Kt were determined in the absence of the
copigment, and KAH+CP is calculated from UV-vis measurements
at pH = 1, eqn (48)

Al ¼
A0 þ AfKAHþCP½CP�
1þ KAHþCP½CP�

(48)

where A0 is the absorbance in the absence of the copigment,
and Af the absorbance of the plateau. If the plateau is not
achieved the fitting of Af and KAH+CP should be made.

The mole fractions of the trans-chalcones are obtained from
the reverse pH jumps in the presence of the copigment moni-
tored by a standard spectrophotometer.

d0ðCPÞK
0
aðCPÞ ¼

KhKtKi þ KCtCPKhKtKi½CP�
1þ KAHþCP½CP�

(49)

d1ðCPÞK
0
aðCPÞK

00
aðCPÞ ¼

KCt=Ct�KhKt þ KCtCP=CtCP�KCtCPKhKtKi½CP�
1þ KAHþCP½CP�

(50)

The model was tested with the compound 40-hydroxy-
flavylium and oenin with caffeine.15

Differently from the simpler anthocyanins such as oenin or
kuromanin, 40-hydroxyflavylium is stable in basic medium. The
equilibrium is difficult to attain (needs high temperature)
and occurs between the flavylium cation and trans-chalcones.
However, the pseudo equilibrium is constituted of similar mole
fractions of B, Cc and Ct, Fig. 5a, a convenient situation to

account for the copigmentation constants with these forms.
The results are shown in Fig. 5, Tables 2 and 3.

Due to the existence of a single hydroxy substitution the
anionic quinoidal base of this compound is not available.
Another characteristic is that anionic hemiketal is a minor
species, with anionic cis-chalcone the dominant, Fig. 5a. The
copigmentation with the neutral quinoidal base and caffeine is
very efficient and very significant with the chalcones.

The model was also applied to the complexation of oenin
with caffeine, Fig. 6.

The oenin copigmentation with caffeine is illustrative of the
potential of copigmentation to confer colour to anthocyanins as
well as to identify the respective limitations. Calculation of the
mole fraction of the trans-chalcones was carried out by a reverse
pH jump followed by a standard spectrophotometer. The time
to reach the equilibrium is relatively long in the case of oenin
especially at higher pH values. Moreover, is precisely at these
pH values that common anthocyanins are more unstable.
Consequently, there is higher uncertainty at higher pH values
as indicated by the yellow band in the graphics. Nevertheless,
the difference between pseudo equilibrium and equilibrium
is small.

Copigmentation is able to increase the pH domain of the
flavylim cation and also increase the mole fraction distribution
of the quinoidal base. There is a tendency for the anionic
quinoidal base to be the dominant species at higher pH values,
but copigmentation does not seem to be very efficient to
prevent degradation, while there is a lack of studies relating
copigmentation with anthocyanin stabilization.

5.3. Acylated anthocyanins

The sugars of anthocyanins can be acylated with cinnamic
acids (e.g., caffeic, coumaric, ferulic, and sinapic acids)
or aliphatic acids (e.g., acetic, malic, oxalic, and succinic
acids).11 This opens the possibility of intramolecular copig-
mentation involving these acylated residues and the core of the
flavylium cation.

Fig. 5 (a) Mole fraction distribution of 40-hydroxyflavylium and (b) the
same in the presence of caffeine 0.058 M. ( ) AH+ + A + A�; ( ) B + B�;
( / ) Cc + Cc�.

Table 2 Equilibrium constants of 40-hydroxyflavylium. Kh is given in M units. Estimated error 10%

pK
0
a pK

00
a pK

00 0
a pK^a pK^^a pK^^^a pKa Kh (M) Kt Ki

3.3a 8.1 9.25 4.4 8.6 9.5 4.8 1.4 � 10�5 0.88 37a

pKB/B� pKB�/B2� pKCc/Cc� pKCc�/Cc2� pKCt/Ct� pKCt�/Ct2�

8.95 9.8 8.1 9.5 8.1 9.5

a Approximate values.

Table 3 Co-pigmentation constants (M�1) of the model compound
40-hydroxyflavylium with caffeine

KAH+CP KACP KBCP KB�CP KCcCP KCc�CP KCtCP
a KCt�CP

a

18 134 13 9 42 44 47 94

a Measured at the equilibrium; the estimated error for neutral species is
10% but for anionic it is higher (not estimated)
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A beautiful example of this type of compound was studied by
Kondo et al.,32 Scheme 3, who reported the structure of antho-
cyanin extracted from the flowers of morning glory (Ipomoea
tricolor). They observed that it is the same anthocyanin that
gives the purple colour to the buds and the blue colour to the
flowers and early associated the extended pH domain of the

colour with the p-stacking interaction of the acylated residues
with the flavylium core, Scheme 4.18,23

The power of physical chemistry in the comprehension of
these systems is stressed when the mole fraction distribution of
pigment 3 of Scheme 3 is presented (Fig. 7). The mole fraction
distribution of the species was calculated as described above.
In this case it is indispensable to extend the study at higher pH
values, which is possible in this compound at least for the
pseudo-equilibrium, because the intermolecular copigmenta-
tion not only increases the mole fraction distribution of the
quinoidal base and its anionic form, but also increases their
stability.33

Considering that hydration of the quinoidal base does not
take place in acidic medium, a breakthrough discovered by
Brouillard and Dubois,34 the disappearance of the coloured
species, the flavylium cation and quinoidal base, takes place
from the hydration of the flavylium cation, eqn (2). The effect of
the intramolecular copigmentation is also observed in the
kinetic process. The rate constants kh and k�h, see eqn (2),
increase and decrease, respectively, from pigment 1 to pigment
2 to pigment 3, i.e. with the number of acylated units.

In Scheme 4 the sketch illustrates the effect of the tri-
acylated sugar that surrounds the flavylium core protecting it
from hydration.

The representation of the mole fraction distribution
reported in Fig. 7 also explains how the same anthocyanins
could give the purple colour to buds and blue to flowers. At
approximately pH = 7, relatively small changes in pH could lead
to large colour changes from purple to blue. Vacuolar pH
measurements of morning glory petals in the abaxial epidermis
have shown that the purplish red buds, purple flowers and blue
open flowers were at pH = 6.6, 6.9, and 7.7, respectively.18

Moreover, the spectra of pigment 3 in aqueous solutions at pH
values of 7.68 and 6.37 corresponded to the reflective spectra of
the open petal and bud, respectively.18

The effect of the number of acylated units is explained in the
energy level diagram of Scheme 5.

In Scheme 5 the energy level diagram of pigment 3 was
compared with previous work by Dangles et al.,36 where the
hydration constants Kh(1 + Kt) were reported for the anthocyanins

Fig. 6 (a) Mole fraction distribution of oenin at the pseudo-equilibrium;
(b) the same in the presence of caffeine 0.058 M; (c) the same as (a) at the
equilibrium; and (d) the same as (b) at the equilibrium. In (a) and (b) the
representation refers to the three amplitudes observed in the reverse pH
jumps monitored by stopped flow. The mole fractions inside the yellow
band have more uncertainty, in particular at the equilibrium.

Scheme 3 Acylated anthocyanin extract from the flowers of morning glory (Ipomoea tricolor) and related derivatives. The same anthocyanin, pigment 3,
gives the purple colour to the buds and the blue colour to the flowers.
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extracted from another morning glory variety, the flower of
Pharbitis Ipomoea nil (a pelargonidin derivative), Scheme 6.

Inspection of Scheme 5 clearly shows that the energy level
diagram of the quinoidal base is only slightly affected by the
acylated units. However, there is a dramatic destabilization of
hemiketal with the number of acylated units. It is worthy of
note that only for three acylated units the quinoidal base
becomes more stable than hemiketal. The destabilization of
hemiketal is also observed by the values of the hydration rate
constants shown in Fig. 7. An increasing number of acylated
units decreases the hydration and increases the dehydration
constants.

5.4. Metal interaction

Polyphenols bearing a catechol unit are known to efficiently
coordinate metals and have been used as sequestering agents

for very toxic metals such as Be2+37 and Zr4+ 38 or to complex
Al3+ in the case of quercetin,39 isoquercitrin,40 luteolin,41 and
caffeic acid.42 In particular, studies of aluminium complexes
with catechol and hydroxyflavones were reported.43,44 Antho-
cyanins and related compounds possessing a catechol unit are
also able to complex metal oxides, for example titanium dioxide
in Dye Sensitized Solar Cells (DSSCs) functioning in this way as
light absorbers.45

In anthocyanins and related compounds metal complexa-
tion is achieved very efficiently through the chelate catechol
unit in ring B, as in cyanidin, delphinidin and petunidin. In
synthetic flavylium compounds the catechol unit can also be
inserted in ring A. It is the case of 4-methyl-7,8-dihydroxy-
flavylium, Scheme 7.

5.4.1. Complexation with aluminium. In principle the
catechol unit can form 1 : 1, 1 : 2 and 1 : 3 (metal : ligand)

Scheme 4 Sketch representing the intramolecular copigmentation in polyacylated anthocyanins; CPK models of heavenly blue anthocyanin adapted
from ref. 23 and 32. Copyright r 2019 American Chemical Society.

Fig. 7 (a) Mole fraction distribution of the blue anthocyanin (Ipomoea tricolor) including the anionic forms and (b) rate constants of hydration (kh) and
dehydration (k-h).

Scheme 5 (a) Quinoidal base and hemiketal energy level diagram constructed with the equilibrium constants reported by Mendoza et al.35 and (b) the
same as (a) using the data reported by Dangles et al.36 In both energy level diagrams, B actually corresponds to B + Cc. This notation was required to
accurately compare both diagrams due to the fact that the apparent hydration constants reported by Dangles et al.36 correspond to Kh(1 + Kt).
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complexes as observed in the case of Al3+and caffeic acid.42

Using a large excess of aluminium the formation of the 1 : 1
complex is favourable.

In the case of aluminum cations in water, the primary
hydration shell consists of six water molecules in octahedral
coordination. These water molecules are polarized due to the
high charge of the metal and a pH increase can give rise to the
loss of protons, eqn (51)–(54).46

Al(H2O)6
3+ + H2O " Al(H2O)5(OH)2+ + H3O+ pKa1 = 4.95

(51)

Al(H2O)5(OH)2+ + H2O " Al(H2O)4(OH)2
+ + H3O+ pKa2 = 5.6

(52)

Al(H2O)4(OH)2
+ + H2O " Al(H2O)3(OH)3 + H3O+ pKa3 = 6.7

(53)

Al(H2O)3(OH)3 + H2O " Al(H2O)2(OH)4
� + H3O+ pKa4 = 5.6

(54)

The mole fraction distribution of aluminum species in water is
shown in Fig. 8.46

5.4.1.1. Catechol complexation with aluminium43. Previous
work using potentiometric and conductometric methods
indicates that the complexation of catechol with aluminium
takes place between the fully deprotonated form of the ligand
and Al3+.43

K ¼ ½AlðCatecholÞþ�½Hþ�2
½Al3þ�½H2ðCatecholÞ�

; K1 ¼
K

Ka1Ka2
(55)

H2CatecholþH2OÐ
Ka1

HCatechol� þH3O
þ pKa1 ¼ 9:4443

(56)

HCatechol� þH2OÐ
Ka2

Catechol2� þH3O
þ pKa2 ¼ 12:843

(57)

Al3þ þ Catechol2� Ð
K1

Al Catecholð Þ2� logK1 ¼ 16:2443

(58)

In conclusion the interaction of the fully deprotonated form of
catechol exhibits an extremely strong association constant and
the equilibrium is established between the fully protonated
form of catechol (H2Catechol) and the complex (Al(Catechol)2�)
and consequently the concentrations of the species HCatechol�

and Catechol2� are neglected.

Scheme 6 Acylated anthocyanin extracted from another morning glory
variety, the flower of Pharbitis Ipomoea nil (a pelargonidin derivative) and
respective derivatives.

Scheme 7 Natural and synthetic flavylium compounds possessing a very
appropriate chelate unit (two adjacent hydroxy substituents) to bind metals
(R5 = H, monoglucosides; R5 = OGlc diglucosides).

Fig. 8 (a) Mole fraction distribution of Al(III) in water and (b) concentrations of monomeric hydrolysis products of Al(III) in equilibrium with the amorphous
hydroxides, at zero ionic strength and 25 1C. Adapted from ref. 46.
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5.4.1.2. 4-Methyl-7,8-dihydroxyflavylium. 4-Methyl-7,8-di-
hydroxyflavylium, as other flavylium cations possessing an alkyl
substituent in position 4, does not hydrate in water and only
the flavylium cation and quinoidal base are present in all the
pH range. 4-Alkylflavylium compounds are excellent models to
study the effect of metal complexation in achieving colour
particularly with anionic quinoidal bases.47

In Fig. 9 the spectral modification of the compound
4-methyl-7,8-dihydroxyflavylium is shown. The existence of
two acid base equilibria with acidity constants pKa = 4.0 and
pKA/A� = 6.8 is clear.

5.4.1.3. Complexation of aluminium with 4-methyl-7,8-
dihydroxyflavylium48,49. The spectral variations as a function
of pH are shown in Fig. 10. The existence of isosbestic points
indicates an equilibrium between the flavylium cation and an
aluminium complex.

Theory. The system can be accounted for by means of
eqn (59)–(61).

AH+ + H2O " A + H3O+ Ka proton transfer (59)

A + H2O " A� + H3O+ KA/A� proton transfer (60)

A� þAl3þ Ð Al3þA� KCPðA�Þ ¼
½Al3þA��
½Al3þ�½A�� complexation

(61)

As shown in Appendix 3 the concentration of the flavylium
cation is given by a quadratic equation, eqn (62)

gb½AHþ�2 þ ðabþ gC0ðAlÞ � gC0ðanthoÞÞ½AHþ� � aC0ðanthoÞ ¼ 0

(62)

with a, b, and g defined by eqn (63)–(65), respectively

a ¼ 1þ Ka1

½Hþ� þ
Ka1Ka2

½Hþ�2 þ
Ka1Ka2Ka3

½Hþ�3 þ Ka1Ka2Ka3Ka4

½Hþ�4 (63)

Fig. 9 (a) Spectral variations corresponding to the acid–base equilibrium between AH+ and A (pKa = 4.0); (b) the same for the equilibrium between A and
A� (pKA/A� = 6.8); and (c) the mole fraction distribution of the species of 4-methyl, 7,8-dihydroxyflavylium.

Fig. 10 (a) Spectral variations of the compound 4-methyl, 7,8-dihydroxyflavylium 5 � 10�5 M in the presence of aluminum chloride 5 � 10�2 M for the
following pH values: 0.45; 1.2; 1.66; 2.4; 2.88; and 3.6. (b) pH dependence of the absorbance at 430 nm of the compound 4-methyl, 7,8-
dihydroxyflavylium. Fitting was achieved by means of eqn (67) for c1 = 0.398, c4 = 0.05, Al3+ = 0.2 M (orange) and aluminum chloride 0.02 M (black).
(c) Mole fraction distribution of the flavylium cation and the Al3+A� complex, for aluminum chloride 0.2 M.
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b ¼ 1þ Ka

½Hþ� þ
KA=A�Ka

½Hþ�2 (64)

g ¼ KCPðA�Þ
KA=A�Ka

½Hþ�2 (65)

C0(Al) and C0(antho) are respectively the total concentrations of
the metal and anthocyanin.

All parameters in eqn (58) except KCP(A�) are known (calcu-
lated in the absence of the metal) and a fitting of the experi-
mental data only needs to adjust this constant, which allows for
the determination of the mole fraction distribution of the
complex. Moreover, once the mole fraction of the free flavylium
cation is calculated (by fitting, see below) the mole fractions of
all the other species A, B, Cc and Ct through eqn (1)–(4) and A�,
B�, Cc� and Ct� by means of eqn (9)–(12) are obtained. A final
verification can be done because the sum of all the mole
fractions involving anthocyanins should be equal to unity.

The variation of the absorbance at longer wavelengths versus
pH is accounted for by means of eqn (66)

Al ¼ eAHþ ½AHþ� þ eA½A� þ eA� ½A�� þ eAl3þA� ½Al3þA�� (66)

which can be written as in eqn (67)

Al ¼ c1wAHþ þ c2wA þ c3wA� þ c4wAl3þA�

c1 ¼ eAHþC0ðAnthoÞ; c2 ¼ eAC0ðAnthoÞ;

c3 ¼ eA�C0ðAnthoÞ; c4 ¼ eAHþA�C0ðAnthoÞ

(67)

where e stands for the mole absorption coefficient of the
flavylium cation, quinoidal base, anionic quinoidal base and
the 1 : 1 complex Al3+A�, the species that absorb light at longer
wavelengths, and w is the respective mole fraction. (In the case

of very high complexation constants the mole fractions of A and
A� can be neglected.) For more details see Appendix 3.

The fitting of the data reported in Fig. 10 was achieved by
means of eqn (67) using the quadratic eqn (62), to calculate the
free flavylium cation and metal, and consequently all the
species absorbing in the visible, for the parameters c1 = 0.398,
c2 = c3 = 0, c4 = 0.05, at 430 nm, and KCP = 2 � 108 M�1 and for a
total concentration of the compound of 5 � 10�5 M, indepen-
dently of the metal concentration in excess.

Simplification of the system. It is straightforward to prove
that when the complexation constant is very high the mole
fraction of the free A and A� can be neglected (as in the case of
catechol described above) and eqn (68) can be used.

Al = c1wAH+ + c4wA�Al(III) (68)

The fitting reported in Fig. 10 was achieved for pKa = 4, pKA/A� =
6.8 and KCP = 2 � 108 M�1, Table 4, and c1 = 0.385 and c4 = 0.05,
the same parameters reported above. This approximation was
previously reported.47

5.4.1.4. 7,8-Dihydroxyflavylium in the absence of the metal.
The absorption spectra of the compound 7,8-
dihydroxyflavylium taken 10 ms after direct pH jumps from
pH = 1.0 monitored by stopped flow are shown in Fig. 11.

Presentation of the absorbance at 542 nm versus pH allows
for the determination of pKa = 3.8 and pKA/A� = 9.7. In Fig. 12
the spectral variations at the equilibrium are shown. The
quinoidal base almost disappears. It is a small shoulder of
the spectrum at pH = 4.4. The equilibrium species at this pH
value is the trans-chalcone as observed for other flavylium
compounds bearing a hydroxyl substituent in position 7. For
pH 4 4.4 the isosbestic points are not formed indicating as
expected that more than one species is formed. The titration
curves reported in Fig. 12c show that three acid base constants

are observed pK
0
a ¼ 2:4; pK

00
a ¼ 6:6; and pK

00 0
a ¼ 9:4. The situa-

tion can be summarized in eqn (69) and (70).

AH+ " A " A� 10 ms after direct pH jump (69)

Table 4 4-Methyl-7,8-dihydroxyflavylium in the absence and presence of
the metal

pKa pKA/A� log KCP(A�)

4.0 6.8 8.3

Fig. 11 Spectral variations of the compound 7,8-dihydroxyflavylium taken 10 ms after direct pH jumps from equilibrated solutions at pH = 1 to (a) 1.24 o
pH o 7.38 and (b) 7.38 o pH o 11.1 and (c) the titration curve at 542 nm allowing for the determination of pKa = 3.8 and pKA/A� = 9.7.
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AHþ Ð
K
0
a

A minorð Þ þ CtÐ
K
00
a

Ct� Ð
K
00 0
a

Ct2�

equilibrium
(70)

The ratio Ka

�
K
0
a ¼ 0:022 gives the mole fraction of A in CB and

the other component is Ct.
Moreover, the ratio wCt ¼

KhKtKi

K
0
a

¼ 0:978 in Fig. 12 leads to

the product of the constants KhKtKi = 8.7 � 10�3.
On the other hand, K

00
a , eqn (71), and K

00 0
a , eqn (73), can be

simplified to eqn (72) and (74)

K
00
a ¼

KA=A�Ka þ KB=B�Kh þ KCc=Cc�KhKt þ KCt=Ct�KhKtKi

K
0
a

(71)

K
00
a ¼

KA=A�Ka þ KCt=Ct�KhKtKi

K
0
a

(72)

allowing for calculation of KCt/Ct�KhKtKi = 2.23 � 10�9 M2and
pKCt/Ct� = 6.6

K
00 0
a ¼

KCt�=Ct2�KCt=Ct�KhKtKi

K
0
aK

00
a

¼ 3:98� 10�10 M (74)

There is no A2� in this compound for structural reasons and
CB2� is equal to Ct2�.

Giving KCt�/Ct2�KCt/Ct� = 9.95 � 10�16 M2 determination of
pKCt�/Ct2� = 9.4 is obtained.

This compound similarly to other 7-hydroxyflavylium deri-
vatives exhibits an equilibrium between AH+ and trans-
chalcones (Table 5).

5.4.1.5. 7,8-Dihydroxyflavylium in the presence of Al3+. The
question that is posed is if complexation takes place with A� or
if any other mono-anionic species, in particular Ct�, also have
significant complexation with the metal.

When a direct pH jump from a solution of 7,8-
dihydroxyflavylium in the presence of Al3+ 0.1 M to pH = 2.8
is performed the initial solutions become pink in a few seconds
and the absorption spectrum shown in Fig. 14a decreases
slightly with a first order kinetic process with rate constant
1.3 � 10�3 s�1. We interpret this process as the formation of a
very small fraction of Al3+Ct�. This interpretation was corrobo-
rated by the two experiments reported in Fig. 14c and d.
In Fig. 14c the spectral variations of 7,8-dihydroxyflavylium in
the absence of the metal upon a direct pH jump to pH = 6 are
shown. The initial spectra correspond to the quinoidal base
that evolves to a mixture of trans-chalcone and anionic trans-
chalcone (see Fig. 13). After addition of Al3+ (final concentration
0.1 M) to this equilibrated solution, the trans-chalcones give the

same complex as Fig. 14a. The rate constants of the kinetics are
the same within the experimental error and correspond to the
kinetics of the cis–trans isomerization. In conclusion, the com-
plexation of 7,8-dihydroxyflavylium occurs with the anionic
form of the anthocyanin model compound, similarly to
4-methyl-7,8-dihydroxyflavylium and anthocyanins.

In Fig. 15 the spectral variations of 7, 8 dihydroxyflavylium
in the presence of aluminium 0.1 M are shown. The spectral
variations are similar to those presented by 4-methyl-7,8-
dihydroxyflavylium in accordance with the formation of the
1 : 1 complex with the anionic quinoidal base.50

At higher pH values other spectral variations are observed
indicating that complexation with other forms of 7,8-dihydroxy-
flavylium may occur. The situation becomes more complex
because the hydroxyl species of the metal start to appear.

Fig. 12 Spectral variations of the compound 7,8-dihydroxyflavylium at the equilibrium (a) 11.1 o pH o 4.4 and (b) 4.4 o pH o 11.99 and (c) variation of
the absorbance of 7,8-dihydroxyflavylium at the equilibrium; pK

0
a ¼ 2:05; pK

00
a ¼ 6:6; pK

00 0
a ¼ 9:4.

Table 5 7,8-Dihydroxyflavylium in the absence of the metal

pKa pKA/A� pK
0
a pK

00
a pK

00 0
a

3.8 9.7 2.4 6.6 9.4

K
00 0
a ¼

KA�=A2�KA=A�Ka þ KB�=B2�KB=B�Kh þ KCc�=Cc2�KCc=Cc�KhKt þ KCt�=Ct2�KCt=Ct�KhKtKi

K
0
aK

00
a

(73)
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We restricted our investigation of the complexation with this
metal to pH o 4, to compare with the data reported for the
complexation of this metal in Hydrangea,50 see below.

Simplification of the system. In this case the mole fraction
distributions of the flavylium cation in equilibrium with the
A�Al3+ complex are given by eqn (75) and (76), respectively, and
the absorbance versus pH by eqn (77), see the appendix.

wAHþ ¼
½Hþ�2

½Hþ�2 þ K
0
a½Hþ� þ K

0
aK

00
a þ KaKA=A�KCPðA�Þ½Al3þ�

(75)

wA�AlðIIIÞ ¼
KaKA=A�KCP½Al3þ�

½Hþ�2 þ K
0
a½Hþ� þ K

0
aK

00
a þ KaKA=A�KCPðA�Þ½Al3þ�

(76)

Al = c0wAH+ + c3wA�Al(III) (77)

The colour of Hydrangea Macrophylla sepals (sterile ‘‘flowers’’,
i.e. modified leaves) has been an intriguing question. It can

assume a variety of red, purple and blue colours, depending on
many variables, in particular the acidity of the soils.49,50 Early it
was discovered that Al3+ plays an essential role and that it is the
same anthocyanin that confers colour, delphinidin-3-glucoside.
The presence of the copigments neochlorogenic acid, 5-O-p-
coumaroylquinic acid and chlorogenic acid was also observed.
The blue sepals occur when the soil is acid and in basic soils
only the red sepals are observed.50 This was rationalized by the
availability of Al3+, which in basic soils is not soluble in water.

Schreiber et al. reported on the Al(III)–delphinidin complex
in acidic ethanol (Scheme 8). According to these authors ‘‘A
quinoidal base anion of delphinidin forms a primary complex
with Al3, and further a flavylium cation of delphinidin associ-
ates (by charge transfer and p–p interaction) with the quinoidal
base anion’’.49

Fig. 13 Mole fraction distribution of the compound 7,8-
dihydroxyflavylium after 10 ms (dotted lines) and at the equilibrium (solid
lines).

Fig. 14 (a) Spectral variations after a direct pH jump from a solution containing 7,8-dihydroxyflavylium and [Al3+] = 0.1 M at pH = 1.0 to pH = 2.8.
(b) Trace of the absorption at 560 nm showing that the initial complex is basically the one of the equilibrium and only 4% of the other complex is formed
(kobs = 1.3 � 10�3 s�1). (c) Spectral variations of 7,8-dihydroxyflavylium (in the absence of the metal) upon a direct pH jump from pH = 1 to pH =
6 (kobs = 1.6 � 10�3 s�1). (d) Spectral variations after addition of Al3+ (final concentration 0.1 M, pH = 1.99, kobs = 1.5 � 10�3 s�1).

Fig. 15 (a) Spectral variations of 7,8-dihydroxyflavulium (1 � 10�4 M) in
the presence of Al3+ 0.05 M. (b) Fitting of the absorbance at 459 nm and
575 nm versus pH, achieved according to eqn (25) for a1 = 1.02 and a2 =
0.23 for 459 nm and a1 = 0.08 and a2 = 0.43 for 575 nm. The same
complexation constant log KCP(A�) = 10.3 was achieved with the complete
set of equations or through the simplified form, using the data of Table 2.
The value for the constant KCP(A�) corrects that previously reported in
reference47 (log KCP(A�) = 9.1).
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These results are in apparent contradiction with the job plot
reported by the same authors, who identified a 1 : 1 complex.

A complete study of the sepal colour of hydrangea has been
carried out by Yoshida and co-workers.48 These authors were
able to measure the vacuolar pH of the sepals and correlate
with the concentration of Al3+ in the presence of the copigment.
The colour is dependent on the pH and Al3+ concentration. The
appearance of the blue colour is not possible at lower pH values
and this is explained by the physical chemistry of the antho-
cyanin system. The interesting feature is that 1 : 1 equivalent is
enough for the appearance of the blue colour in accordance
with a very strong complexation constant. The results of
Yoshida and co-workers are compatible with an equilibrium
between the red flavylium cation and the blue Al3+ complex
(involving also acylquinic acids in a more complex supramole-
cular structure).50 Scheme 9(b) shows a diagram that explains
qualitatively the variety of colours observed in hydrangea as a
function of pH. When the metal is available (requiring acidic
soils) it is the pH tuning that controls the appearance of the
red, purple and blue colours.

5.5. Supramolecular structures (metaloanthocianins)

The molecular structure that is responsible for the blue colour
of Commelina communis is a beautiful example of supramole-
cular chemistry.25,32 The anthocyanin malonylawobanin, a
flavone flavocommelin and Mg(II) cations in a ratio 6 : 6 : 2,
respectively, self-assemble as shown in Scheme 10. The crystal

structure of the reconstructed supramolecule was reported51

and later the one having Cd(II)52 and it was revealed that both
structures are similar. Shiono et al.53 succeeded in preparing a
single crystal from natural Commelina, reporting the respective
crystal structure, which was identical to the reconstructed one.

The way in which nature was able to fix the blue colour in
Commelina communis is shown in Scheme 10. An anthocyanin, a
flavone and a metal ion in a 6 : 6 : 2 ratio are organized into two
parallel planes, each containing 3 anthocyanins, 3 flavones and
a metal ion that organizes the space.

The anthocyanin in this beautiful structure bears one acy-
lated unit in both sugars, profits from the intermolecular and
intramolecular copigmentation and uses the metal to link ring
C to the metal. In other words, all strategies that have been
reported above. If we consider that during the evolution of
plants the colour systems had a parallel evolution54 according
to our present knowledge this structure is at the top of the
evolution.

6. Conclusions

Nature used in ancient plants the multistates of auronidins
(liverworts) and 3-deoxyanthocyanins (mosses and ferns) but
none of these colour systems were able to get the blue observed
in angiosperms or possess a relatively rapid rate of interconver-
sion between the multistate species. Simpler anthocyanins have

Scheme 8 Representation of the Al(III)–delphinidin complex in acidic
ethanol. According to the authors, the flavylium cation stacks on top of
the quinoidal base, not next to the quinoidal base anion as shown in this
two-dimensional representation.49

Scheme 9 (a) Box colours as a function pH and Al3+ concentration. Adapted from ref. 50, with permission, copyright John Wiley and Sons. (b) The
qualitative mole fraction distribution of the red flavylium cation and blue aluminium complex may explain the appearance of the colours.

Scheme 10 Sketch illustrating the supramolecular structure that gives
colour to Commelina communis. By courtesy of Prof. Yoshida.
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the colours that angiosperms exhibit but in minor fractions or
in unstable species. The appearance of the colour, in particular
blue, requires inter or intramolecular interactions respectively
with other natural compounds or by means of the acylated sugars.
The interaction with metals allows for the reorganization of the
space in supramolecular structures that not only complex and
stabilize the unstable anionic forms of the anthocyanins bearing a
catechol unit but also create the conditions for copigmentation as
in the case of the metaloanthocyanins that involve the anionic
quinoidal base and the flavone. The use of physical-chemistry
tools allows for determination of equilibrium and rate constants
leading to quantitative knowledge of the system. The pH depen-
dent mole fraction distributions of the several species in solution
are straightforwardly obtained from the equilibrium constants
provided that the appropriate models are available. In most cases
these systems have been described in a qualitative and pheno-
menological approach, which while necessary needs to be com-
plemented by the kinetics and thermodynamics of these systems,
as reported in this perspective article.

Conflicts of interest
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Appendix 1A: the complex multistate
simplified as a diprotic acid

Let us consider the extension of the equilibrium of antho-
cyanins and related compounds to the anionic species. The
extension to more acid base equilibria is straightforward.

First global acid base equilibrium

AH+ + H2O " A + H3O+ Ka proton transfer (78)

AH+ + 2H2O " B + H3O+ Kh hydration (79)

B " Cc Kt tautomerization (80)

Cc " Ct Ki isomerization (81)

Second global acid base equilibrium

A + H2O " A� + H3O+ KA/A� proton transfer (82)

B + H2O " B� + H3O+ KB/B� proton transfer (83)

Cc + H2O " Cc� + H3O+ KCc/Cc� proton transfer (84)

Ct + H2O " Ct� + H3O+ KCt/Ct� proton transfer (85)

Inspection of the multistate of reactions shows that, except for
the formation of B, Cc and Ct, all the other reactions are proton
transfers.

The mole fractions of all the species of the multistate are
straightforwardly calculated by a simple mass balance of the
species AH+, by using the equilibrium constants of eqn (78)–(85).

The mass balance gives

C0 = [AH+] + [A] + [B] + [Cc] + [Ct] + [A�] + [B�] + [Cc�] + [Ct�]
(86)

C0 ¼ ½AHþ� 1þ Ka

½Hþ� þ
Kh

½Hþ� þ
KhKt

½Hþ� þ
KhKtKi

½Hþ� þ
KA=A�Ka

½Hþ�2

�

þ
KB=B�Kh

½Hþ�2 þ
KCc=Cc�KhKt

½Hþ�2 þ
KCt=Ct�KhKtKi

½Hþ�2
(87)

From eqn (87) the mole fraction distribution of AH+ can be
calculated, eqn (88)

XAHþ ¼
½AHþ�
C0

¼ ½H
þ�2
D

(88)

where

D ¼ ½Hþ�2 þ Ka þ Kh þ KhKt þ KhKtKið Þ½Hþ�

þ KA=A�Ka þ KB=B�Kh þ KCc=Cc�KhKt þ KCt=Ct�KhKtKi

� �
By analogy with the general equation for a di-protic acid where

K
0
a and K

00
a are the first and second acidity constants, the mole

fraction of the fully protonated form is given by eqn (89)

XAHþ ¼
½Hþ�2

½Hþ�2 þ K
0
a½Hþ� þ K

0
aK

00
a

(89)

with

K
0
a ¼ Ka þ Kh þ KhKt þ KhKtKi (90)

K
0
aK

00
a ¼ KA=A�Ka þ KB=B�Kh þ KCc=Cc�KhKt þ KCt=Ct�KhKtKi

(91)

The complex equilibria from eqn (78)–(85) can thus be sum-
marized in eqn (92) and (93)

AHþ þH2OÐ CBþH3O
þ K

0
a (92)

CBþH2OÐ CB� þH3O
þ K

00
a (93)

where

[CB] = [A] + [B] + [Cc] + [Ct] (94)

[CB�] = [A�] + [B�] + [Cc�] + [Ct�] (95)

with K
0
a defined by eqn (90) and (92) and K

00
a by eqn (93) and

(96).

K
00
a ¼

KA=A�Ka þ KB=B�Kh þ KCc=Cc�KhKt þ KCt=Ct�KhKtKi

K
0
a

(96)

The mole fraction of the remaining species is now easy to
obtain from eqn (97)–(104)

XA ¼
Ka½Hþ�

½Hþ�2 þ K
0
a½Hþ� þ K

0
aK

00
a

¼ Ka½Hþ�
D

(97)

XB ¼
Kh½Hþ�

D
(98)

XCc ¼
KhKt½Hþ�

D
(99)
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XCt ¼
KhKtKi½Hþ�

D
(100)

XA� ¼
KaKA=A�

D
(101)

XB� ¼
KhKB=B�

D
(102)

XCc� ¼
KhKtKCc=Cc�

D
(103)

XCt� ¼
KhKtKiKCt=Ct�

D
(104)

On the other hand, eqn (92) and (93) show that the system

behaves as a diprotic acid with constants K
0
a and K

00
a . The

respective mole fractions are given by eqn (105)–(107)

XAHþ ¼
½Hþ�2
D

D ¼ ½Hþ�2 þ K
0
a½Hþ� þ K

0
aK

00
a

(105)

XCB ¼
K
0
a½Hþ�
D

(106)

XCB� ¼
K
0
aK

0
a

D
(107)

Pseudo equilibrium

All equations described above can be applied at the pseudo-
equilibrium. The pseudo equilibrium is reached when the
isomerization constant is by far the slowest step of the kinetics
towards the equilibrium.

AH+ + H2O " CB^ + H3O+ K^a (108)

CB^ + H2O " CB^� + H3O+ K^^a (109)

where

[CB^] = [A] + [B] + [Cc]+ [Ct] (110)

[CB^�] = [A�] + [B�]+ [Cc�] + [Ct�] (111)

The mole fractions of the pseudo equilibrium are given by the
same expression as the equilibrium making Ki = 0

with

K^a = Ka + Kh + KhKt (112)

K^aK^^a = KA/A�Ka + KB/B�Kh + KCc/Cc�KhKt (113)

and by consequence

K ^̂ a ¼
KA=A�Ka þ KB=B�Kh þ KCc=Cc�KhKt

K â
(114)

The mole fraction of the global diprotic acid at the pseudo-
equilibrium is given by

XAHþ ¼
½Hþ�2
D^ D^¼ ½Hþ�2 þ K â½Hþ� þ K âK ^̂ a (115)

XCB^ ¼
K â½Hþ�

D^ (116)

XCB^� ¼
K âK ^̂ a

D^ ð117Þ

Appendix 1B: reverse pH jumps

As shown in the main text, at the pseudo equilibrium (mutatis
mutandis for the equilibrium) the normalized mole fraction
distribution of the species A, B and Cc can be calculated
through reverse pH jumps. Fig. 5 of the main text shows a
simulation of these mole fractions for several pH values. In
other words, CB^ and CB^� can be decomposed into their
components. This means that for example the mole fraction
of CB can be written as follows,

XCB ¼
K â½Hþ�

D^ ¼ a0
K â½Hþ�

D^ þ b0
K â½Hþ�

D^ þ c0
K â½Hþ�

D^ ð118Þ

where a0, b0 and c0 are the normalized mole fractions
respectively of A, B and Cc

a0 + b0 + c0 = 1 (119)

The same for CB^�

XCB^� ¼
K âK ^̂ a½Hþ�

D^ ¼ a1
K âK ^̂ a½Hþ�

D^ þ b1
K âK ^̂ a½Hþ�

D^

þ c1
K âK ^̂ a½Hþ�

D^
ð120Þ

a1 + b1 + c1 = 1 (121)

The normalized mole fractions of each species and the respec-
tive ionized forms can be written

XA þ XA� ¼ a0
K â½Hþ�

D^ þ a1
K âK ^̂ a

D^ ð122Þ

XB þ XB� ¼ b0
K

^
a½Hþ�
D^ þ b1

K
^
aK

^ ^
a

D^ (123)

XCc þ XCc� ¼ c0
K â½Hþ�

D^ þ c1
K âK ^̂ a

D^ (124)

The mole fractions calculated in Appendix 1A can be re-written
as follows

XA þ XA� ¼
Ka½Hþ� þ KA=A�Ka

½Hþ�2 þ K^a½Hþ� þ K âK^ â
¼

Ka½Hþ� þ KA=A�Ka

D^

(125)

XB þ XB� ¼
Kh½Hþ� þ KB=B�Kh

D^ ð126Þ

XCc þ XCc� ¼
KhKt½Hþ� þ KCc=Cc�KhKt

D^ ð127Þ
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Comparing eqn (122)–(124) with eqn (125)–(127)

Ka ¼ a0K â; KA=A�Ka ¼ a1K âK ^̂ a;

KA�=A2�KA=A�Ka ¼ a2K ^̂ aK ^̂ aK ^̂ â

Kh ¼ b0K â; KB=B�Kh ¼ b1K âK ^̂ a;

KB�=B2�KB=B�Kh ¼ b2K âK ^̂ aKK ^̂ â

KhKt ¼ c0K â; KCc=CC�KhKt ¼ c1K âK ^̂ a;

KCc�=Cc2�KCc=Cc�KhKt ¼ c2K âK ^̂ aKK ^̂ â

This permits one to calculate all equilibrium constants, since
K^a, K^^a and K^^^a are calculated from the pseudo-
equilibrated absorption spectra. At any wavelength the absorp-
tion as a function of pH exhibits 2 inflection points corres-
ponding to the two pKas.

Appendix 2: copigmentation constants
by reverse pH jumps (stopped flow)

Considering the flavylium cation and the neutral species

AH+ + H2O " A + H3O+ Kaproton transfer (128)

AH+ + H2O " B + H3O+ Kh hydration (129)

B " Cc Kt tautomerization (130)

This equation is reduced to

AH+ + H2O " CB^ + H3O+ K^a proton transfer
(131)

[CB^] = [A] + [B] + [Cc]

K^a = Ka + Kh + KhKt (132)

Considering the 1 : 1 complexation with neutral species

AH+ + CP " AH+CP KAH+CP complexation (133)

A + CP " ACP KACP complexation (134)

B + CP " BCP KBCP complexation (135)

Cc + CP " CcCP KCcCP complexation (136)

This complex set of equations can be reduced to eqn (131)
and (137)

CB^ + CP " CB^CP KCBCP complexation (137)

[CB^CP] = [ACP] + [BCP] + [CcCP]

K
CB

^
CP
¼ ½CB

^CP�
½CB^�½CP�

¼ ½ACP� þ ½BCP� þ ½CcCP�
½A�½CP� þ ½B�½CP� þ ½Cc�½CP� (138)

Simplifying

K
CB

^
CP
¼ ½CB

^
CP�

½CB^�½CP� ¼
KACPKa þ KBCPKh þ KCcCPKhKt

K^a
(139)

Considering the mono-ionized species, those that still have
some importance in anthocyanins (the higher ionized species
are not stable)

A + H2O " A� + H3O+ KA/A� proton transfer (140)

B + H2O " B� + H3O+ KB/B� proton transfer (141)

Cc + H2O " Cc� + H3O+ KCc/cc� proton transfer
(142)

Eqn (140)–(142) are reduced to eqn (143)

CB^ + H2O " CB^� + H3O+ KCB^/CB^� proton transfer
(143)

This constant can be written as in eqn (144)

K
CB

^
=CB �̂ ¼

ð½A�� þ ½B�� þ ½Cc��Þ½Hþ�
½CB^�

¼
KA=A�Ka þ KB=B�Kh þ KCc=Cc�KhKt

K â

(144)

Regarding the complexation of the ionized species

A� + CP " A�CP KACP complexation (145)

B� + CP " B�CP KBCP complexation (146)

Cc� + CP " Cc�CP KCcCP complexation (147)

can be reduced to

CB^� + CP " CB^�CP K(CB^�CP) (148)

K
CB �̂CP ¼

½CB �̂CP�
½CB �̂�½CP�

¼ ½A�CP� þ ½B�CP� þ ½Cc�CP�
½A��½CP� þ ½B��½CP� þ ½Cc��½CP� (149)

giving

Summarizing, the complex set of equations can be dramatically
simplified to a diprotic acid where three species can be involved in
complexation. The system is defined by two acid base constants
given by eqn (139) and (144), respectively, AH+/CB^ and CB^/CB^�,
and three complexation constants eqn (133), (139) and (150),
respectively, with the flavylium cation, CB^ and CB^�.

In order to get the mole fractions of all species mass balance
must be found

C0 ¼ ½AHþ�þ ½A�þ ½B�þ ½Cc�þ ½A��þ½B��þ ½Cc��þ ½AHþCP�

þ ½ACP�þ ½BCP�þ ½CcCP�þ ½A�CP�þ ½B�CP�þ ½Cc�CP�
(151)

KCB^�CP ¼
KACP=ACP�KA=A�Ka þ KBCP=BCP�KB=B�Kh þ KCcCP=CcCP�KCc=Cc�KhKt

KCB̂=CB^�K â
(150)
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From the set of equations above all species can be written in
terms of AH+

C0 ¼ AHþ½ � 1þ Ka

½Hþ�þ
Kh

½Hþ�þ
KhKt

½Hþ� þ
KA=A�Ka

½Hþ�2 þ
KB=B�Kh

½Hþ�2

�

þ
KCc=CC�KhKt

½Hþ�2 þKAHþCP½CP�þKACP
Ka

½Hþ�½CP�

þKBCP
Kh

½Hþ�½CP�þKCcCP
KhKt

½Hþ� ½CP�þ
KACP=ACP�KACPKa

½Hþ�2 ½CP�

þ
KBCP=BCP�KBCPKh

½Hþ�2 ½CP�þ
KCcCP=CcCP�KCcCPKhKt

½Hþ�2 ½CP�
�

(152)

or simplifying

C0¼ AHþ½ � 1þKAHþCP½CP�þ
K âþK1½CP�
½Hþ� þK2þK3½CP�

½Hþ�2

� �
(154)

with

K â ¼KaþKhþKhKt

K1¼KACPKaþKBCPKhþKCcCPKhKt

K2¼KA=A�KaþKB=B�KhþKCc=CC�KhKt

K3¼KACP=ACP�KACPKaþKBCP=BCP�KBCPKh

þKCcCP=CcCP�KCcCPKhKt

(155)

The mole fraction of AH+ can now be written

XAHþ ¼
½AHþ�
C0

¼ 1

1þKAHþCP½CP�ð ÞþK âþK1½CP�
½Hþ� þK2þK3½CP�

½Hþ�2

¼

1

ð1þKAHþCP½CP�Þ
½Hþ�2

½Hþ�2þ K âþK1½CP�
ð1þKAHþCP½CP�Þ

½Hþ�þ K2þK3½CP�
1þKAHþCP½CP�ð Þ

(156)

XAHþCP ¼
½AHþCP�

C0

¼

KAHþCP½CP�
ð1þKAHþCP½CP�Þ

½Hþ�2

½Hþ�2þ K âþK1½CP�
ð1þKAHþCP½CP�Þ

½Hþ�þ K2þK3½CP�
ð1þKAHþCP½CP�Þ

(157)

The sum of both mole fractions

XAHþ þXAHþCP¼
½Hþ�2

½Hþ�2þK âðCPÞ½Hþ�þK âðCPÞK^̂aðCPÞ
(158)

The values K^a(CP) and K^^a(CP) are obtained experimentally,
corresponding to the inflection points when the absorbance is

represented as a function of pH, as well as in the experiments of
the reverse pH jumps. The constant KAH+CP is calculated by
representing the absorption of the flavylium cation at pH = 1 as
a function of the co-pigment concentration.

The mole fraction of A and ACP and their ionized species is
obtained from the contributions

XAþXACPþXA� þXACP�

¼

KaþAACPKa½CP�
ð1þKAHþCP½CP�Þ

½Hþ�þ
KA=A�KaþKACP=ACP�KACPKa½CP�

ð1þKAHþCP½CP�Þ
½Hþ�2þK âðCPÞ½Hþ�þK âðCPÞK^ âðCPÞ

(159)

K â ¼Ka

K1¼KACPKa

K2¼KA=A�Ka

K3¼KACP=ACP�KACPKa

(160)

Identically for the hemiketal and cis-chalcones

XBþXBCPþXB� þXB�CP

¼

ðKhþKBCPKh½CP�Þ½Hþ�þKB=B�KhþKBCP=BCP�KBCPKh½CP�
1þKAHþCP½CP�ð Þ

½Hþ�2þK âðCPÞ½Hþ�þK âðCPÞK^ âðCPÞ

(161)

On the other hand, the reverse pH jumps in the presence of a

C0 ¼ AHþ½ � 1þ KAHþCP½CP� þ
Ka þ Kh þ KhKt þ KACPKa½CP� þ KBCPKh½CP� þ KCcCPKhKt½CP�

½Hþ�

�

þ
KA=A�Ka þ KB=B�Kh þ KCc=CC�KhKt þ KACP=ACP�KACPKa þ KBCP=BCP�KBCPKh þ KCcCP=CcCP�KCcCPKhKt

� �
½CP�

Hþ½ �2

! (153)

XCc þ XCcCP þ XCc� þ XCc�CP

¼

KhKt þ KCcCPKhKt½CP�ð Þ½Hþ� þ KCc=Cc�KhKt þ KCcCP=CcCP�KCcCPKhKt½CP�
1 þ KAHþCP½CP�ð Þ

½Hþ�2 þ K ^aðCPÞ½Hþ� þ K âðCPÞK aðCPÞ^̂

(162)
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co-pigment can be written for AH+, A, A� and their respective
co-pigments (in reverse pH jumps all these species appear as
the initial absorption), as follows:

XAHþ þXAHþCPþXAþXACPþXA� þXA�CP

¼
½Hþ�2þa0ðCPÞK âðCPÞ½Hþ�þa1ðCPÞK âðCPÞK^ âðCPÞ

½Hþ�2þK âðCPÞ½Hþ�þK âðCPÞK^ âðCPÞ

(163)

where a0(CP) and a1(CP) are respectively the mole fraction of A
plus ACP and A� plus ACP�.

Consequently

a0ðCPÞK âðCPÞ ¼
Ka þ AACPKa½CP�
1þ KAHþCP½CP�ð Þ (164)

a1ðCPÞK âðCPÞK ^̂ aðCPÞ ¼
KACP=ACP�KACPKa

1þ KAHþCP½CP�
(165)

Proceeding identically for the other species

XB þ XBCP þ XB� þ XB�CP

¼
b0ðCPÞK^aðCPÞ½Hþ� þ b1ðCPÞK âðCPÞK ^̂ aðCPÞ
½Hþ�2 þ K âðCPÞ½Hþ� þ K âðCPÞK ^̂ aðCPÞ

(166)

XCc þ XCcCP þ XCc� þ XCc�CP

¼
c0ðCPÞK âðCPÞ½Hþ� þ c1ðCPÞK âðCPÞK ^̂ aðCPÞ
½Hþ�2 þ K âðCPÞ½Hþ� þ K âðCPÞK ^̂ aðCPÞ

(167)

b0ðCPÞK âðCPÞ ¼
Kh þ ABCPKh½CP�
ð1þ KAHþCP½CP�Þ

(168)

b1ðCPÞK âðCPÞK ^̂ aðCPÞ ¼
KBCP=BCP�KBCPKh

1þ KAHþCP½CP�
(169)

c0ðCPÞK âðCPÞ ¼
KhKt þ KCcCPKhKt½CP�
ð1þ KAHþCP½CP�Þ

(170)

c1ðCPÞK âðCPÞK^ âðCPÞ ¼
KCcCP=CCCP�KCcCPKhKt

1þ KAHþCP½CP�
(171)

Summarizing, eqn (164), eqn (166) and eqn (168) give respec-
tively KACP, KBCP and KCcCP.

On the other hand, eqn (165), eqn (167) and eqn (169) give
respectively the ionization constant of the complexes KACP/ACP�,
KABCP/BCP�, and KCcCP/CcCP�.

It is easy to prove that

KACP=ACP� ¼
KACP�

KACP
KA=A� ;

KBCP=BCP� ¼
KBCP�

KBCP
KB=B� ;

KCcCP=CcCP� ¼
KCcCP�

KCcCP
KCc=Cc�

(172)

When the equilibrium is considered the contribution of trans-
chalcones should be added

XCt þ XCtCP þ XCt� þ XCt�CP

¼
d0ðCPÞK

0
aðCPÞ½Hþ� þ d1ðCPÞK

0
aðCPÞK

00
aðCPÞ

½Hþ�2 þ K
0
aðCPÞ½Hþ� þ K

0
aðCPÞK

00
aðCPÞ

(174)

d0ðCPÞK
0
aðCPÞ ¼

KhKtKi þ KCtCPKhKtKi½CP�
ð1þ KAHþCP½CP�Þ

(175)

d1ðCPÞK
0
aðCPÞK

00
aðCPÞ ¼

KCtCP=CtCP�KCcCPKhKtKi

1þ KAHþCP½CP�
(176)

Comparing eqn (173) with eqn (175)

d0ðCPÞK
0
aðCPÞ ¼

KhKtKi þ KCtCPKhKtKi½CP�
ð1þ KAHþCP½CP�Þ

(177)

d1ðCPÞK
0
aðCPÞK

00
aðCPÞ ¼

KCtCP=CtCP�KCtCPKhKtKi

1þ KAHþCP½CP�
(178)

and

KCtCP=CtCP� ¼
KCtCP�

KCtCP
KCt=Ct� (179)

Appendix 3: complexation with
aluminium
Theory

The system can be accounted for by means of eqn (180)–
(182).

AH+ + H2O " A + H3O+ Ka proton transfer (180)

A + H2O " A� + H3O+ KA/A� proton transfer (181)

A� þAl3þ Ð Al3þA�

KCPðA�Þ ¼
½Al3þA��
½Al3þ�½A�� complexation

(182)

XCt þ XCtCP þ XCt� þ XCt�CP ¼

ðKhKtKi þ KCtCPKhKtKi½CP�Þ½Hþ� þ KCt=Ct�KhKtKi þ KCtCP=CtCP�KCtCPKhKtKi½CP�
ð1þ KAHþCP½CP�Þ

½Hþ�2 þ K
0
aðCPÞ½Hþ� þ K

0
aðCPÞK

00
aðCPÞ

(173)
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The mass balance for the metal is given by eqn (183).

C0ðAlÞ ¼ Al3þ
� �

1þ Ka1

½Hþ� þ
Ka1Ka2

½Hþ�2 þ
Ka1Ka2Ka3

½Hþ�3

�

þ Ka1Ka2Ka3Ka4

Hþ½ �4
þ KCPðA�Þ

KA=A�Ka

½Hþ�2 ½AHþ�
! (183)

Introducing the parameter a

a ¼ 1þ Ka1

½Hþ� þ
Ka1Ka2

½Hþ�2 þ
Ka1Ka2Ka3

½Hþ�3 þ Ka1Ka2Ka3Ka4

½Hþ�4 (184)

The mass balance of the metal can be re-written as in eqn (185).

C0ðAlÞ ¼ Al3þ
� �

aþ KCPðA�Þ
KA=A�Ka

½Hþ�2 ½AHþ�
� �

(185)

The mass balance of the anthocyanin model is given by
eqn (186).

C0ðanthoÞ ¼ ½AHþ� 1þ Ka

½Hþ�þ
KA=A�Ka

½Hþ�2 þKCPðA�Þ
KA=A�Ka

½Hþ�2 ½Al3þ�
� �

(186)

Introducing the parameter b,

b¼ 1þ Ka

½Hþ�þ
KA=A�Ka

½Hþ�2 (187)

C0ðanthoÞ ¼ ½AHþ� bþKCPðA�Þ
KA=A�Ka

½Hþ�2 ½Al3þ�
� �

(188)

Introducing g

g¼KCPðA�Þ
KA=A�Ka

½Hþ�2 (189)

Two equations and two unknowns are obtained.

½Al3þ�¼
C0ðAlÞ

aþ g½AHþ� (190)

½AHþ�¼
C0ðanthoÞ

bþ g½Al3þ�ð Þ (191)

Substituting in eqn (191) the value of [Al3+], eqn (190)

½AHþ�¼
C0ðanthoÞ

bþ g
C0ðAlÞ

aþ g½AHþ�

� � (192)

A quadratic equation is obtained, eqn (193)

gb[AH+]2 + (ab + gC0(Al) � gC0(antho))[AH+] � aC0(antho) = 0
(193)

All parameters in eqn (193) except KCP(A�) are known and a
fitting of the experimental data only needs to adjust this
constant.

The variation of the absorbance at longer wavelengths versus
pH is accounted for by means of eqn (194)

Al = eAH+[AH+] + eA[A] + eA�[A�] + eAl3+A�[Al3A�] (194)

which can be written as in eqn (195)

Al ¼ c1wAHþ þ c2wA þ c3wA� þ c4wAl3þA�

c1 ¼ eAHþC0ðAnthoÞ; c2 ¼ eAC0ðAnthoÞ;

c3 ¼ eA�C0ðAnthoÞ; c4 ¼ eAHþA�C0ðAnthoÞ

(195)

where e stands for the mole absorption coefficient of the
flavylium cation, quinoidal base, anionic quinoidal base and
the 1 : 1 complex Al3+A�, the species that absorb light at longer
wavelengths, and w is the respective mole fraction. (In the case
of very high complexation constants the mole fractions of A and
A� can be neglected.)

The fitting of the data reported in Fig. 7 of the main text was
achieved by means of eqn (195) using the quadratic eqn (193),
to calculate the free flavylium cation and metal, and consequently
all the species absorbing in the visible, for the parameters
c1 = 0.398, c2 = c3 = 0, c4 = 0.05, at 430 nm, and KCP =
2 � 108 M�1 and for a total concentration of the compound of
5 � 10�5 M, independently of the metal concentration in excess.

Simplification of the system

It is straightforward to prove that when the complexation
constant is very high the mole fraction of the free A and A�

can be neglected (as in the case of catechol described above)
and the mass balance becomes

C0 ¼ ½AHþ� þ ½A�Al3þ� ¼ ½AHþ� 1þ
KaKA=A�KCP½Al3þ�

½Hþ�2

� �
(196)

wAHþ ¼
½Hþ�2

½Hþ�2 þ KaKA=A�KCP½Al3þ�
� �;

wA�Al3þ ¼
KaKA=A�KCP½Al3þ�

½Hþ�2 þ KaKA=A�KCP½Al3þ�
� �

(197)

Al = c0wAH+ + c3wA�Al3+ (198)

The fitting reported in Fig. 7 of the main text was achieved for
pKa = 4, pKA/A� = 6.8 and KCP = 2 � 108 M�1, Table 4, and
c0 = 0.385 and c3 = 0.05, the same parameters reported above.
This approximation was previously reported.47
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