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The blooms of many hydrangea cultivars can be red or blue, with the color depending on the soil pH. This
dependence reflects the availability of Al3+ to the plant under acidic conditions, as Al3+ changes the color of the
anthocyanin pigment in hydrangea sepals from red to blue. A chemical model, Al3+ and delphinidin in acidic
ethanol, was developed to understand the spectral characteristics and bluing of the hydrangea sepals.
Delphinidin as its flavylium cation leads to red solutions in the model system. In the presence of Al3+, the Al3+

removes H+ ions from delphinidin, transforming delphinidin's flavylium cation to its blue quinoidal base anion
which complexes with the Al3+. To further stabilize this complex, a second flavylium cation stacks on top of the
complexed quinoidal base anion, creating a bathochromic shift of the cation's spectral signature and
accentuating the blue color. This Al3+-delphinidin entity forms in adequate concentration for bluing only if
there is a sufficient excess of Al3+, the exact excess being a function of pH and concentration. The role of Al3+ in
bluing is not just to form a primary complex with delphinidin, but also to create a template for the stacking of
delphinidin (or possibily co-pigments).
+1 540 464 7261.
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1. Perspective

1.1. Red vs. blue hydrangea sepals

Hydrangeas are common household shrubs, renowned for their
colorful and bountiful floral inflorescences. These inflorescences
consist of relatively few fertile flowers surrounded by a large mass
of sterile “flowers” called sepals (sepals being modified leaves) [1].
The sepal color for many hydrangeas is sensitive to soil pH, with red-
pink sepals for hydrangea grown in basic soils and blue-purple sepals
when grown in acidic soils [2,3]. Hydrangeas are unique with respect
to their inflorescences being in situ color indicators of soil acidity or
pH [4].

Hydrangeas are also unique in that their red and blue sepal colors
are generated from the same anthocyanin [5]. The principal red
pigment in hydrangea sepals is the anthocyanin, delphinidin-3-
glucoside [5–9]. This anthocyanin can react with aluminum (as Al3+)
to form a blue complex [5,8–10], which may be intensified in color by
the presence of co-pigments in the sepals [9–14]. As Al3+ is
incorporated into hydrangea shrubs in acidic soils but not in basic
soils, the soil pH (and, thus, the sepal color) is merely tracking the
availability of aluminum [15].

Evidently, the hydrangea shrub has evolved into one of the few
plants that can tolerate relatively high concentrations of Al3+ in the soil.
In the presence of acidic soils, the root system of the hydrangea secretes
citric acid into the soil [16]. The citric acid reacts with Al3+ in the soil to
form a complex, which is then readily absorbed into the roots. In
essence, this organic acid complex of Al3+ detoxifies aluminum for the
shrub [17–19]. The Al3+ as the citric acid complex is then transported
through the plant, to be eventually concentrated in the vacuoles of the
sepals where it manifests itself as the blue Al3+ complex with the
resident anthocyanin pigment. In basic soils, Al3+ is not available for
plant uptake, probably precipitating in the soil as Al(OH)3. Accordingly,
the color of the anthocyanin remains red in these sepals.

1.2. The chemical mechanism for bluing

Others have previously studied and identified key features of the
complex that causes the bluing in hydrangea sepals [5,8,20–23]. Fig. 1
shows the chemical structure of the red flavylium cation of
delphinidin-3-glucoside, as well as the aluminum complex that
transforms the delphinidin-3-glucoside to the blue quinoidal base
anion. Others have also identified co-pigments, such as chlorogenic
acid, that are integral to the stabilization of this complex [12,13].
However, bluing has been attributed principally to the blue anionic
form of the quinoidal base of delphinidin-3-glucoside acting as a
ligand for the Al3+ complex [5,20,24–26].

1.3. Objectives

The goals of this study are threefold: {1} to provide a spectral
characterization of the Al3+-anthocyanin complex that is central to
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Fig. 1. Delphinidin-3-glucoside as its red flavylium cation form (top) and as one
resonance structure of its blue quinoidal base anionic form complexed with Al3+

(bottom).

Fig. 2. Delphinidin, as the core portion of delphinidin-3-glucoside, in its flavylium
cationic form (top) and one resonance form of its quinoidal base anion (bottom).
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bluing in a model chemical system, {2} to develop a molecular
mechanism for the formation and stabilization of the complex in the
model system, and {3} to apply this understanding to explain certain
aspects of the bluing of hydrangea sepals in the presence of Al3+. The
impact of metal ions in initiating color changes in floral pigments is
greatly underappreciated [27–29]. Understanding the fundamentals
of this bluing chemistry in hydrangea sepals may allow the design of
novel chromophores (for example, ones that may produce yellow or
orange sepals in hydrangea) in floral pigments using metal ions other
than Al3+.

2. Experimental

2.1. Model chemical system

Although delphinidin-3-glucoside is the primary pigment in
hydrangea sepals, this study employed the core delphinidin molecule
as the model colorant. As only the delphinidin portion of the pigment
is involved in complexation with Al3+, the attached sugar was
assumed not to contribute significantly to the basic chemical
mechanism for any color change [24,26,31–33]. Fig. 2 shows the
structure of the red flavylium cation (Df(red)

+ ) of delphinidin.
Transformation to the blue quinoidal base anion (Dq(blue)

− ) of
delphinidin, also shown in Fig. 2, is pH dependent and requires the
transfer of two hydrogen ions (H+).

The solvent system is acidified ethanol, defined as 0.04 vol.% HCl in
absolute ethanol. The acid stabilized delphinidin's red flavylium
cation in the model system, much like the default coloration in
hydrangea sepals is red. Use of ethanol as the solvent instead of an
aqueous buffer further stabilized the flavylium cation, eliminating
possible competing hydrolysis reactions that would eventually lead to
near-colorless chalcones [33–36].

This model organic-based system was developed to characterize
and understand the fundamental bluing reaction, not to replicate the
bluing in the complex chemical medley of the natural sepal. Although
the chemical mechanism for bluing was assumed to be analogous in
both the simple and complex systems, some characteristics of the Al3+-
delphinidin complex in this model system may not be the same as in
aqueous solutions. Nevertheless, substitution of just delphinidin for
delphinidin-3-glucoside and of acidic ethanol for an aqueous buffer in
this model has allowed the focus to be on color changes resulting from
core anthocyanidin interactions with Al3+.

2.2. Chemicals and Instrumentation

Aluminum chloride (AlCl3∙6H2O), hydrochloric acid (HCl), and
absolute ethanol (C2H5OH) were reagent grade and used as received.
Research-grade delphinidin chloride was used as received from
Indofine Chemical Company. Solutions were prepared by standard
gravimetric and volumetric procedures. Spectra were measured on a
Shimadzu 3100 UV/vis/NIR spectrophotometer operating in the
visible region with acidified ethanol as the reference.

2.3. Delphinidin in acidified ethanol

The visible spectrum of delphinidin in acidified ethanol is shown in
Fig. 3. Delphinidin solutions have an intense red coloration even at
micro-molar concentrations. The spectrum is characterized by an
asymmetric absorption peak with a maximum at 559 nm. The
absorbing species is delphinidin as its red flavylium cation.

Fig. 3 also shows that the absorbance of the flavylium cation of
delphinidin obeys Beer's Law over a wide concentration range. The
experimental molar absorptivity of 33,100 L mol−1 cm−1 is in general
agreement with prior studies [37].

3. Results

3.1. Nature of the primary Al3+–delphinidin complex

Upon adding Al3+ to delphinidin solution in acidified ethanol, an
absorbance attributed to the Al3+–delphinidin complex arises at
about 616 nm. The solution's spectrum is exemplified in Fig. 4 for
equimolar concentrations (19 μM) of Al3+ and delphinidin. The
spectrum of the complex is resolved by subtracting the appropriately
scaled flavylium cation spectrum (as shown in Fig. 3) from the Al3+–
delphinidin spectrum. As identified in prior studies [26,38], the
complex's characteristic absorbance at 616 nm is attributed to
delphinidin as its blue quinoidal base anion. Thus, the 616 nm peak
is caused not by the complex with Al3+ per se, but by the change in
structural form of the delphinidin. Fig. 4 illustrates that the peak at
616 nm only contributed less than 10% of the total solution's
absorbance, one still dominated by the flavylium cation at these
concentrations. Accordingly, the solution characterized in Fig. 4 is still
red.

Job's Method (method of continuous variation) was used to study
the stoichiometry of the Al3+–delphinidin complex. The resolved



Fig. 3. The visible spectrum of 38 μM delphinidin, as its flavylium cation, in acidic
ethanol (top). Beer's Law relationship of the delphinidin absorbance peak at 559 nm
(bottom).

Fig. 5. Job's Method analysis of the Al3+-delphinidin complex. The absorbance of the
616 nm peak (due to complexed delphinidin) is plotted as a function of the delphinidin
mole fraction. Delphinidin mole fraction is defined as the moles of delphinidin divided
by the total moles of delphinidin and Al3+. Equimolar (38 μM) solutions of delphinidin
and Al3+ were mixed in varying proportions in acidic ethanol.
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“complex” absorbance at 616 nm was monitored as a function of the
relative molar concentration of delphinidin (with respect to Al3+), as
shown in Fig. 5. The plot indicates a 1:1 molar stoichiometric complex
of delphinidin and Al3+, which is in agreement with previous studies
of this complex and of complexes of Al3+ with analogous molecules
[5,20,21,26,38].

The “complex” absorbance at 616 nm is representative of the
quinoidal base anion of delphinidin. In order for delphinidin to change
from the flavylium cation to the quinoidal base anion, the delphinidin
must lose twohydrogen ions. Thus, the role ofAl3+ in the formationof the
primary Al3+–delphinidin complex must be two-fold: first to extract H+

ions from the flavylium cation Df(red)
+ so that delphinidin is converted to

its quinoidal base anion Dq(blue)
− , and second to simultaneously stabilize
Fig. 4. Resolution of the visible spectrum (solid line) of a solution of 19 μM delphinidin
and 19 μM Al3+ in acidic ethanol. Underlying components are attributed to the
flavylium cation (dashed line) and quinoidal base anion, or complexed, (dotted line)
forms of delphinidin.
the quinoidal base anion in the [Dq(blue)AlCl4]2− complex. This process is
illustrated by the following chemical equation:

D
þ
fðredÞ þ ½AlCl6�3−⇌½DqðblueÞAlCl4�2− þ 2H

þ þ 2Cl
− ð1Þ

This equation assumes that Al3+ exists initially as a chloro-
complex in the acidified ethanol; but the assumption is not critical for
this study. It is likely that the ethanol (as the solvent) also contributes
to the solvation sphere of Al3+. The chloro-complex is used for
simplicity in Eq. (1).

At a total concentration range of about 30 to 50 μM (for
delphinidin and Al3+), the complex peak at 616 nm is always small
with respect to the entire spectral signature. The system remains red;
evidently, the equilibrium constant for Eq. (1) is such that significant
amounts of the blue quinoidal base anion (and, consequently, the
complex) are not formed at this concentration.

3.2. The bluing of delphinidin by excess aluminum

The primary experimental strategy to form higher concentrations
of the blue complex (that is, shift Eq. (1) to the products) was to
increase the concentration of Al3+ (according to Le Châtelier's
principle) from that used in the Job's Method study. In essence, a
solution of 6200 μM Al3+ was added in varying amounts to
delphinidin solutions, keeping delphinidin concentration approxi-
mately constant at 30–38 μM (and in a second study, delphinidin was
kept constant at ≈16 µM). As Al3+ was systematically added to the
delphinidin solution in ever increasing concentrations, the initially
red solution turned purple, then eventually blue. A factor of thirty
molar excess of Al3+ over delphinidin was required in this system to
generate a visually pure blue, an excess that was in general agreement
with other studies [9,39].

The spectral features of the Al3+–delphinidin system in acidic
ethanol are shown in Fig. 6, which consists of a series of three spectra
of varying Al3+ concentration but constant delphinidin concentration.
Two aspects of the spectra are immediately obvious with increasing
Al3+ concentration: first the flavylium cation absorbance systemat-
ically shifts from 559 nm to 589 nm as it becomes less of a contributor
to the total spectrum, and second the complex or quinoidal base anion
component remains at 616 nm but increases in absorbance. The two
contributions to the measured spectrum were resolved by successive
approximations. The absorbance and shape of the flavylium cation
spectrum was scaled (in absorbance) and shifted (in wavelength)
such that when it was subtracted from the experimental spectrum, a
symmetric quinoidal base anion spectrum was generated. In a sense,
the flavylium cation peak is kept the same in terms of asymmetric



Fig. 6. Visible spectra of solutions of delphinidin and Al3+ in acidic ethanol. 16 μM
delphinidin and 60 μM Al3+ (top), 16 μM delphinidin and 200 μM Al3+ (middle), and
16 μM delphinidin and 480 μM Al3+ (bottom) in acidic ethanol. Spectra (solid lines)
were resolved into flavylium cation (dashed lines) and quinoidal base anion (dotted
lines) contributions.

Fig. 7. Beer's Law plot for the resolved 616 nm absorbance peak attributed to the
quinoidal base anionic form of delphinidin complexed with Al3+.

Fig. 8. % complexed delphinidin, or % as quinoidal base anion, (top) and wavelength of
absorbance maximum for the flavylium cation as diamonds and for the blue quinoidal
base anion as squares (bottom) as a function of the delphinidin mole fraction.
Delphinidin mole fraction is defined in the caption for Fig. 5. Delphinidin concentration
is approximately constant at 25–38 μM.
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spectral shape and Beer's Law but allowed to vary in terms of
wavelength of maximum absorbance.

In order to ascertain whether the assumption that the shape-
absorbance characteristics of the flavylium cation remain constant
despite its wavelength shift, the concentration of the complexed
delphinidin (quinoidal base anion) was calculated by the following
equation:

½Al–D−
qðblueÞ� ¼ ½ΣD�–½Dþ

fðredÞ� ð2Þ

that is, by subtracting the flavylium cation concentration (determined
from its peak absorbance divided by its molar absorptivity, previously
determined to be 33,100 L mol−1 cm−1) from the initial or total
concentration of delphinidin. In other words, delphinidin must occur
in either of its two forms, with the quinoidal base anionic form
complexed with Al3+. Consequently, Fig. 7 shows the Beer's Law plot
for the complex peak at 616 nm. The linearity of the plot as well as the
reasonable molar absorptivity of 61,600 L mol−1 cm−1 for the
quinoidal base anionic form of delphinidin in the complex provide
credence to the basic assumptions of the spectral interpretation.
Subsequently, the percent of delphinidin complexed with Al3+, or in
essence the percent of delphinidin existing as the quinoidal base
anion, could then be calculated for each solution.

Fig. 8 then illustrates the two underlying and simultaneous causes
for the bluing of delphinidin solutions by Al3+. The percent of
complexed delphinidin (blue quinoidal base anion) steadily increases
with increasing relative Al3+ concentration until the complexed
delphinidin plateaus at about 50% of all delphinidin, once the Al3+ is
present in at least thirty-fold molar excess. Concurrent with this effect
is the bathochromic shifting of the flavylium cation peak by 30 nm
(559 to 589 nm). With increasing Al3+ concentration, the “red”
flavylium cation, in effect, becomes the “blue” flavylium cation.

In order to further investigate the bluing mechanism, the effect of
absolute concentration of both delphinidin and Al3+ on the bluing
was studied. Fig. 9 shows spectra of four samples at a constant Al3+:
delphinidin mole ratio of 50:1. At a concentration ratio of 50 μM to
1 μM, the solution is pink; whereas at 600 μM to 12 μM, it is blue. At
the intermediate concentrations, the solutions systematically change
from purple to blue. The spectra once again demonstrate the steadily
increasing proportion (albeit eventually hitting a plateau) of the blue
quinoidal base anionic complex at 616 nm, while the flavylium cation
component's absorbance shifts to higher wavelength. Such spectral
characteristics confirm the two underlying features of the delphinidin
bluing by Al3+. Analogous concentration effects have been used to



Fig. 9. Visible spectra of solutions of Al3+ and delphinidin with a constant mole ratio of
50:1 (Al3+:delphinidin) in acidic ethanol. Actual μM concentrations of 50:1 (short-
dashed line), 200:4 (solid line), 400:8 (dotted line), and 600:12 (long-dashed line)
label each spectrum.
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confirm self-association or π–π stacking of anthocyanidin components
in complexes [40–42]. This conclusion is also consistent with a limit of
50% of all delphinidin forming the quinoidial base anionic complex
with Al3+; evidently the other half remains as the flavylium cation
stacked on top of this primary complex.

We propose to represent the chemical bluing mechanism for the
interaction of Al3+ with delphinidin by the following set of chemical
equations, incorporating Eq. (1) as one part in the final complex
formation:

D
þ
fðredÞ þ ½AlCl6�3−⇌½DqðblueÞAlCl4�2− þ 2H

þ þ 2Cl
− ð1Þ

D
þ
fðredÞ þ ½DqðblueÞAlCl4�2−⇌½Dþ

fðblueÞ�½DqðblueÞAlCl4�2− ð3Þ

The first or primary step is the formation of the stable complex of
Al3+ and delphinidin. The presence of Al3+ is the driving force for
delphinidin to lose hydrogen ions and transform from its red
flavylium cation (Df(red)

+ ) to its blue quinoidal base anion (Dq(blue)
− ).

The Al3+ also establishes the template to stabilize this quinoidal base
anion in a complex ion ([Dq(blue)AlCl4]2−). In the second and
simultaneous step, the complex associates with another red flavylium
cation of delphinidin by π–π stacking, accentuated by charge transfer
interaction [43], to complete the complex. The associated flavylium
cation (Df(blue)

+ ) has similar spectral characteristics as the free
flavylium cation, with the exception of the bathochromic shift in its
spectrum, which enhances the red to blue color change with the
addition of Al3+. Other metal-based floral chromophores likewise
employ the stacking of aromatic pigment constituents to generate
color [5,29,30,44,45], in particular the stacking of anthocyanin units
[46]. The Al3+-delphinidin interaction employs both complex forma-
tion (Eq. (1)) and stacking (Eq. (3)) for its color change.
Fig. 10. The visible spectrum of 38 μM delphinidin, as its flavylium cation, in acidic
ethanol (solid line), in ethanol with pH 2.72 (dashed line), and in pure ethanol (dotted
line).
3.3. Effect of solvent pH

Increasing the pH of the solvent enhances the bluing effects of
delphinidin by Al3+. The quinoidal base anion of delphinidin is
stabilized with respect to its flavylium cation form with increasing pH
in aqeuous systems [24–26]. In addition, Eq. (1) shows the
equilibrium should shift to form additional blue product with
increasing pH (or decreasing H+ concentration) according to Le
Châtelier's principle.
The pH of acidified ethanol (0.04 vol.% of HCl) was measured to be
0.9. Another solution of ethanol was also prepared to have a pH of 2.72
by mixing a few drops of HCl with sufficient ethanol. The pH of pure
ethanol was measured to be about 8.

Fig. 10 shows thevisible spectraof delphinidin in these three ethanolic
solutions. All solutions had a red color (although a slight purplish tint in
pure ethanol), with the spectral signature characteristic of delphinidin as
its flavylium cation. The wavelength of the absorbance maximum was
559 nm, independent of ethanol pH. However, the intensity of the
absorbance decreasedwith increasing ethanol pH; themolar absorptivity
of the flavylium cation decreased from 33,100 L mol−1 cm−1 in the
acidified ethanol, to 23,000 L mol−1 cm−1 in the ethanol with pH 2.72,
and to 11,200 L mol−1 cm−1 in ethanol. Beer's Law behavior of the
spectral absorbance in all solvents indicated the presence of delphinidin
entirely in its flavylium cationic form.

The Al3+-delphinidin solutions became blue at less of a molar Al3+

excess in slightly acidified ethanol (pH 2.72) and absolute ethanol
than was observed for acidified ethanol. Spectra were resolved in a
similar fashion for these solutions as done for acidified ethanol
previously. Once again, the flavylium cation peak shifts from 559 nm
to 590 nm (bathochromic shift of 31 nm), and the complex peak
steadily grows at about 610 nm. Fig. 11 compares the spectra of
ethanolic solutions containing about 62 μM Al3+ and 36 μM delphi-
nidin at the three acidities. Whereas the solution is purple in acidified
ethanol, the solutions are blue at the higher pHs. The blue complex
peak dominates at the higher pH, but still never totally eliminates the
flavylium cation peak.

Analogous to Fig. 7, Fig. 12 provides Beer's Law plots of the complex
peak (610–616 nm) for all ethanolic solutions. Evidently, delphinidin
occurs in the flavylium cation (free and/or associated) and quinoidal
base anion (complexed) forms irrespective of the ethanolic pH. Like the
molar absorptivity of theflavyliumcationpeak, themolar absorptivity of
the quinoidal base anion decreases near-identically with increasing
solvent pH; the molar absorptivity of the quinoidal base anion (or
complexed delphinidin) changes from 61,600 L mol−1 cm−1 in the
acidified ethanol, to 42,300 L mol−1 cm−1 in the ethanol with pH 2.72,
and to 14,700 L mol−1 cm−1 in ethanol. The solvent must play an
analogous role in the spectral characteristics of both types of delphinidin
absorbances.

Fig. 13 compares the percent complexed delphinidin and spectral
maxima as a function of the relative delphinidin concentration (with
respect to Al3+ concentration) for the three ethanol solvents of
varying pH. The percent complexed delphinidin always plateaus at
about 50–60% in excess Al3+, independent of ethanol pH; however,
less of a molar Al3+ excess is required to achieve the plataeu as the pH
increases. In addition, less of a molar Al3+ excess is required to



Fig. 11. Visible spectra of solutions of 35–38 μMdelphinidin and 62 μMAl3+ in acidified
ethanol (top), in slightly acidified ethanol of pH 2.72 (middle), and in ethanol (bottom).
Spectra (solid lines) were resolved into flavylium cation (dashed lines) and quinoidal
base anion (dotted lines) contributions.

Fig. 13. % complexed delphinidin, or % as quinoidal base anion, (top) and wavelength of
absorbance maximum for the flavylium cation as solid symbols and for the quinoidal
base anion as open symbols (bottom) as a function of the delphinidin mole fraction and
as a function of the solvent pH. Delphinidin mole fraction is defined in the caption for
Fig. 5. Delphinidin concentration is approximately constant at 25–38 μM. Top graph:
acidic ethanol (diamonds and dashed line), ethanol with pH of 2.72 (squares), and
ethanol (triangles). Bottom graph: flavylium cation in acidic ethanol (solid diamonds
and dashed line), ethanol with pH of 2.72 (solid squares), and ethanol (solid triangles);
quinoidal base anion in acidic ethanol (open diamonds and dotted line), ethanol with
pH of 2.72 (open squares), and ethanol (open triangles).
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achieve the full bathochromic shift of the flavylium cation as the pH
increases. This observation is consistent with Eqs. (1) and (3), the
mechanism in which the flavylium cation of delphinidin associates
with the quinoidal base anionic complex as it forms.
Fig. 12. Beer's Law plot for the resolved 616 nm absorbance peak attributed to the
quinoidal base anionic form of delphinidin complexed with Al3+ in acidified ethanol
(diamonds and solid line), in slightly acidified ethanol of pH 2.72 (squares and dashed
line), and in ethanol (triangles and dotted line).
4. Discussion

4.1. The chemical model for bluing — the role of Al3+

Aluminum as Al3+ complexing with delphinidin-3-glucoside is
well-known to be the root cause of bluing in hydrangea sepals [5,8–
10,23,47]. That is, the normally red flavylium cation of delphinidin-3-
glucoside transforms to the blue quinoidal base anionic form upon
complexation as shown in Eq. (1). However, this study describes an
additional chemical intricacy of the bluing mechanism. Concurrent to
the complexation, a second step of stacking or self-association occurs,
enhancing the bluing. The bathochromic shift of the flavylium cation
associating with the complex is a crucial part of the bluingmechanism
as shown in Eq. (3).

The role of Al3+ in the bluing, then, is to initiate the loss of the
hydrogen ions by the delphinidin to transform the flavylium cation to
the quinoidal base anion, then to complexwith the resulting quinoidal
base anion. Simultaneously, this Al3+-complex forms a template for
the stacked association with a second flavylium cation entity. A
pictorial representation of this blue complex, the product in Eq. (3), is
shown in Fig. 14.

The exact coloration of the Al3+–delphinidin system is controlled
by multiple variables. The intensity of the coloration, whether red or
blue, increases as the pH decreases (becomes more acidic). On the
other hand, bluing occurs with less of an excess of Al3+ as the pH
increases (becomes less acidic). In addition, both the intensity and the
coloration can be controlled by not only the molar ratio of Al3+ to
delphinidin, but also the absolute concentrations of the two
components.



Fig. 14. Pictorial representation of the Al3+-delphinidin complex in acidic ethanol. A
quinoidal base anion of delphinidin forms a primary complex with Al3+, and further a
flavylium cation of delphinidin associates (by charge transfer and π–π interaction) with
the quinoidal base anion. The resonance form of the quinoidal base anion is chosen to
emphasize its electronic interaction with the flavylium cation. The flavylium cation
stacks on top of the quinoidal base, not next to the quinoidal base anion as shown in this
two-dimensional representation.
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4.2. Application of mechanism to explain aspects of hydrangea bluing

This study emphasizes the key role that aluminum plays in the
bluing of hydrangea sepals insofar as the chemical model approx-
imates the natural system. Al3+ forms a blue complex with the
normally red delphinidin-3-glucoside pigment. Bluing only occurs
when Al3+ is in excess of the delphinidin pigment, but exact excesses
depend on variables such as pH and concentration.

Some hydrangea cultivars have sepals that are known to be easy to
blue, while others have sepals that are harder to blue [1]. Such
cultivars have been categorized by their delphinidin-3-glucoside
content [47]. In part, the ease of bluing may be related to the relative
pigment content; that is, it takes more Al3+ to blue the sepals of the
cultivars with higher delphinidin-3-glucoside contents. The chemical
model with its need for a molar excess of Al3+ over the pigment gives
credence to the fact that not all cultivars are equal in their bluing
ability.

Another component in the bluing of hydrangea sepals is the
presence of co-pigments. Co-pigments have been identified as
necessary in the stabilization of the Al3+-delphinidin complex
[5,11–13]. By application of the chemical mechanism for bluing
proposed in this study, the role of the co-pigment in the blue complex
may be much like the stacked flavylium cation. In the sepal where a
mix of delphinidin-3-glucoside, Al3+, and co-pigments all co-exist —
the co-pigment(s) may replace all or some of the delphinidin species
stacked on top of the [Al–Dq(blue)

− ] complex, accentuating the bluing
as well as stabilizing the complex. Similarly, Fe2+ stabilized an
anthocyanin complex with a co-pigment stacked on top of the
primary complex [48]. It remains to be identified whether a stable
complex can be formed in the vacuolar part of the hydrangea sepal
with just a stacked co-pigment and delphinidin-3-glucoside as its
quinoidal base anion (and the absence of Al3+, or the substitution of
some other metal ion for Al3+).

The bluing mechanism is just one part of the uniqueness of the
hydrangea shrub to change sepal color with soil pH, or rather Al3+

availability. A second part is the ability of the shrub to incorporate and
detoxify Al3+. Al3+ is absorbed through the roots and transported
throughout the shrub as a citrate complex. Accordingly, the formation
of the stable Al3+ complex with the pigment in the sepals requires the
exchange of ligands with the citrate complex in the cellular soup
containing other potential ligands such as sugars, protein, and
phosphates.

5. Conclusion

The fundamental chemical mechanism for the bluing of delphini-
din by Al3+ in acidic ethanol can be represented by a two-step
process. First, Al3+ extracts H+ ions from the normally red
delphinidin pigment as its flavylium cation to produce the blue
quinoidal base anion of delphinidin that complexes with the Al3+.
Second, this complex is stabilized by the π–π stacking of a second
delphinidin as a flavylium cation on top of the [Al3+–Dq(blue)

− ]
complex. The stacking interaction accentuates the bluing through a
bathochromic shift in spectral absorbance. According to this model, an
analogous blue complex is probably the source of the bluing
of hydrangea sepals initiated by the incorporation of Al3+ into the
sepal.

6. Abbreviations

Df(red)
+ delphinidin as the red flavylium cation

Dq(blue)
− delphinidin as the blue quinoidal base anion

[Al–Dq(blue)
− ]=[Dq(blue)AlCl4]2− blue complex formed by Al3+ and the

quinoidal base anion of delphinidin
Df
+
(blue) delphinidin as the blue flavylium cation (stacked on the

primary complex)
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