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Anthocyanins constitute the major red and purple pigments in plants. In this work, it is shown that the red
flavylium cation of anthocyanins forms ground-state charge transfer complexes with several naturally occurring
electron donors, such as flavones (e.g., quercitrin) and even benzoic and cinnamic acid derivatives. Excitation
of these charge transfer complexes results in efficient static fluorescence quenching due to fast electron transfer
from the copigment to the flavylium cation. The complete inhibition of the fluorescence of the excited base
form of anthocyanin implies that the rate constant for electron transfer is substantially larger than that for
deprotonation (ca. 1011 s-1). The high efficiency of electron transfer results from the high oxidizing power in
the excited state of the red form of anthocyanins. In uncomplexed anthocyanins, ultrafast proton transfer
efficiently dissipates the absorbed light energy. Although ultrafast electron transfer could play a similar role
in flavylium cation-polyphenol complexes, it may also serve as a source of free radicals if recombination is
not 100% efficient, which might eventually be important for understanding the role in vivo of anthocyanin-
polyphenol complexes.

Introduction

Anthocyanins impart most of the red and purple colors found
in plants.1,2 The red color is due to the flavylium cation, AH+,
(Chart 1), while purple is normally associated with the
conjugated quinonoidal form, A, or complexes of AH+ with
other polyphenols or metal ions. Electronic excitation of AH+

in aqueous solution results in ultrafast proton transfer to water
in 5-25 ps.4,5 The two strong absorption bands of AH+ at ca.
500 and 300 nm are complementary to the absorption spectrum
of chlorophyll, and ultrafast excited-state proton transfer (ESPT)
of AH+ may provide an efficient dissipation channel for excess
absorption of solar energy.

In aqueous solution, AH+ is stable only at pH< 2. At higher
pH values, deprotonation and hydration of AH+ produce,
respectively, a blue-colored quinoidal base, A, and a colorless
hemiacetal, B, which in turn tautomerizes to give two isomeric
chalcones, CE and CZ (Scheme 1).6-9

Because the value ofKh for hydration of AH+ is normally
ca. 10- to 100-fold larger thanKa, and the pKa’s of anthocyanins
are in the range 4-5, aqueous solutions of anthocyanins
typically start losing their color at pH> 2.

The AH+ form of anthocyanins forms stable complexes with
a great number of other natural polyphenols, such as hydroxyl
derivatives of benzoic or cinnamic acids and flavones,10-13 in
which hydration of AH+ is disfavored. Consequently, in the
presence of such compounds (e.g., in plant vacuoles14) antho-
cyanins retain their red color at pH> 2. Additionally, AH+

can be stabilized by self-aggregation or by complexation with
the CZ form.15

The present work reports a detailed study of complexes
between AH+ and several natural phenols in both the ground
and excited states. We provide evidence that AH+ cations are
exceptionally good electron acceptors, leading to ultrafast elec-
tron transfer from the polyphenol to the excited state of AH+.

Experimental Section

Materials. The anthocyanin pelargonidin-3,5-diglucoside
(pelargonin) was purchased from Extrasynthe´se and used
without further purification. The synthetic anthocyanin 4-methyl-
7-methoxyflavylium chloride (MMF) was synthesized and
purified as described previously.4 The polyphenolic compounds,
protocatechuic acid (Aldrich, 97%), quercitrin (Extrasynthe´se,
HPLC grade), isoquercitrin (Extrasynthe´se, HPLC grade), gallic
acid (Aldrich, 97%), ferulic acid (Aldrich, 99%), and caffeic
acid (Sigma, HPLC grade) were used as received. Water was
twice distilled and deionized (Elgastat UHQ PS). Methanol G
Chromasolv (Riedel-de-Hae¨n) and acetonitrile UV grade (Fluka)
were used as received.

Measurements.The pH was measured at 20°C with a Crison
micropH 2002. UV-vis absorption spectra were recorded on a
Beckman DU-70 spectrophotometer.

Cyclic voltammetric (CV) measurements were carried out on
an AUTOLAB PGSTAT12 potentiostat. The three-electrode
system, used in the common triangular configuration, consisted
of an Hg suspended drop working electrode (or Pt electrode in
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the case of the prototocatechuic acid measurements), a saturated
calomel electrode (SCE) (or Ag/AgCl/3.0 M KCl, in the case
of pelargonin) reference electrode, and a platinum wire as an
auxiliary electrode. The suspended drop Hg electrode was used,
because anthocyanins strongly adsorb to carbon and Pt elec-
trodes. The measurements were performed over a range of
potentials from-1.0 to -0.1 V in the case of MMF and
pelargonin and 0 to 2.0 V in the case of protocatechuic acid,
with a potential sweep rate of 200 mV/s. The compounds were
dissolved in 5 mL of a solution of 0.1 Mtert-butylammonium
perchlorate in acetonitrile (MeCN) (100µL of 0.5 M HClO4

was added to the anthocyanin solutions in order to guarantee
that all of the anthocyanin was in the flavylium cation form).
The CV of the supporting electrolyte solution was recorded first,
and then, the anthocyanin was added and a new voltammogram
recorded. The concentration of anthocyanin was in the range
0.1-1 mΜ in the voltammetric measurements and the proto-
catechuic acid was∼10 mM.

Fluorescence emission and excitation spectra were measured
using a SPEX Fluorolog 212I spectrofluorimeter. All spectra
were collected in the S/R mode and corrected for optics, detector
wavelength dependence (emission spectra), and lamp intensity
wavelength dependence (excitation spectra). Fluorescence was
collected in right-angle geometry.

Time-resolved fluorescence measurements were carried out
using the single-photon counting technique as described.16 The
experimental instrumental response function for all excitation
wavelengths was in the 38-42 ps range. Alternate collection
of pulse profile and sample decays was performed (103 counts
at the maximum per cycle) until about 5 000-10 000 counts
had been collected at the maximum of the fluorescence signal.
Fluorescence decays were deconvoluted on a PC using George
Striker’s program.17

Semiempirical Calculations.Theoretical calculations were
carried out on a personal computer usingHyperChemversion
5.0 software from Hypercube. Molecular geometries were first
calculated using the MM+ molecular mechanics method and
then optimized using the semiempirical AM1 method at the UHF
level. The enthalpies of formation were obtained from single-
point AM1 calculations at the optimized geometries. Theoretical
gas-phase electron affinities (EAs) of the flavylium cation were
calculated from the enthalpies of formation of AH+ and of its
radical AH•

Similarly, the adiabatic gas-phase ionization potentials (IPs)
of the polyphenolic electron donors were calculated from the

enthalpies of formation of the donor∆Hf(D) and of its radical
cation∆Hf(D•+) (see Table 1)

Results

Fluorescence Quenching of MMF by Phenols.Figure 1
shows absorption and fluorescence spectra (λexc ) 425 nm,
isosbestic excitation) of aqueous solutions (pH 1.94, HClO4)
of the synthetic model MMF in the presence of different
concentrations of protocatechuic acid (PCA, Chart 2).

MMF neither hydrates nor deprotonates in water and, hence,
exists only in the flavylium cation form.4 The absorption spectra
exhibit alterations, upon increasing the concentration of PCA,
that are indicative of complex formation (Figure 1a). Addition-
ally, strong fluorescence quenching of MMF by PCA is observed
(Figure 1b). The steady-state Stern-Volmer plot (I0/I vs [PCA])
is shown in Figure 2.

SCHEME 1

TABLE 1: Calculated Ionization Potential, IP, of Natural
Copigments and Equilibrium Constant, KC, for
Complexation (Copigmentation) of Pelargonin (Pelargonidin
3,5-diglucoside) and MMF (With Dynamic Quenching
Correction) at pH 0.25

copigment IP/eV

KC pelargonin
(ERed) -0.346 V
vs SCE, MeCN)

KC MMF
(ERed) -0.320 V
vs SCE, MeCN)

quercitrin 7.63 1737 1230
isoquercitrin 7.80 1050 734
ferulic acid 8.21 256 214
caffeic acid 8.32 237 186
gallic acid 8.61 87 102
protocatechuic acid 8.76 68 78a

a Determined at pH) 1.94.

IP ) ∆Hf (D
•+) - ∆Hf (D) (2)

CHART 2

EA ) ∆Hf (AH•) - ∆Hf (AH+) (1)
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The fluorescence decay of MMF in the absence of PCA is
single-exponential with a lifetime equal toτ0 ) 4.67 ns. Upon
addition of PCA, single-exponential fits are still acceptable (see
text to follow), and the decay time decreases down toτ ) 2.80
ns at 3.03× 10-2 M PCA. The transient-state Stern-Volmer
plot (τ0/τ vs [PCA]), is also shown in Figure 2. The presence
of static fluorescence quenching, due to direct excitation of
ground-state complexes, is evident from the upward curvature
of the steady-state plot and the much larger values ofI0/I as
compared to those ofτ0/τ (I0/I ) 9.32 andτ0/τ ) 1.67 at the
highest PCA concentration, 3.03× 10-2 M).

As shown in Figure 3, the quenching is dominated by static
fluorescence quenching of complexed MMF. The excitation
spectra of MMF are identical in the presence and absence of
PCA, despite the fact that the absorption spectra of the solutions
are red-shifted in the presence of PCA (see Figure 1a). This
means that only the uncomplexed MMF contributes significantly
to the fluorescence emission.

Because static quenching indicates the presence of a process
or processes that occur in a time range that is shorter than the
time resolution of the equipment, we have searched for fast
components in the fluorescence decay of the 3.03× 10-2 M
solution, using 1.214 ps/channel resolution. Even with this time
resolution, no evidence for such an ultrafast component was
observed.

Absorption and fluorescence data of MMF in the presence
of the polyphenols quercitrin, isoquercitrin, ferulic acid, caffeic
acid, and gallic acid (Chart 2) show a pattern similar to that
observed in the presence of PCA: ground-state complex
formation, as evidenced by the absorption spectra, and strong
static quenching of the fluorescence. For these polyphenols,
however, curvature was not observed in theI0/I Stern-Volmer
plots over the concentration range permitted by the much lower
water solubility of these compounds (Figure 4). At these low
concentrations, dynamic quenching was negligible for quercitrin
and isoquercitrin (τ0/τ ≈ 1 at 0.09 and 0.11 mM, respectively)
andτ0/τ is much less thanI0/I for ferulic acid (τ0/τ ) 1.05 vs
I0/I ) 1.44 at 2.06 mM) and caffeic acid (τ0/τ ) 1.06 vsI0/I )
1.35 at 1.75 mM).

Figure 1. (part a) Absorption spectra of MMF (6.3× 10-6 M) in
aqueous solution at pH 1.94 as a function of the concentration of
protocatechuic acid at 25°C: (1) 0 M, (2) 5.0 mM, (3) 10.0 mM, (4)
15.1 mM, (5) 20.1 mM, (6) 25.1 mM, (7) 30.0 mM. (part b)
Fluorescence spectra of the same solutions resulting from isosbestic
excitation at 425 nm.

Figure 2. Steady-state (B) and time-resolved (9) Stern-Volmer plots
of MMF in the presence of PCA, in water at pH 1.94, and at 25°C.
The solid lines represent fits of theI0/I andτ0/τ data with eqs 6 and 4,
respectively.

Figure 3. Fluorescence excitation spectra of MMF in aqueous solution
at pH 1.94: (1) no copigment, (2) in the presence of 30 mM PCA.
The spectra are identical.

Figure 4. Steady-state Stern-Volmer plots of MMF in the presence
of (1) quercitrin, (2) isoquercitrin, (3) ferulic acid, (4) caffeic acid,
and (5) gallic acid in water at pH 0.25.
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Fluorescence Quenching of Pelargonin by Phenols.Ab-
sorption and emission spectra of pH 0.25 (HClO4) aqueous
solutions of the natural anthocyanin pelargonin (PLG) in the
presence of different concentrations of ferulic acid (FRA) are
shown in Figure 5. Pelargonin undergoes all the reactions shown
in Scheme 1, but only the AH+ form exists at pH 0.25 in the
ground state. Ground-state complex formation between the AH+

form of PLG and FRA is also evident from the changes in the
absorption spectra upon increasing the FRA concentration
(Figure 5a).

The fluorescence spectrum of PLG (λexc ) 510 nm, isosbestic
point) is shown in Figure 5b. The spectrum has been shown to
be composed of two strongly overlapped emission bands: one
corresponding to the excited flavylium cation (AH+)* and the
other to the excited base A* formed via adiabatic deprotonation
of (AH+)*.5 Addition of FRA results in strong fluorescence
quenching, as observed with MMF. The normalized excitation
spectra (not shown) of these solutions (λem ) 580 nm) are
independent of [FRA] and identical to the absorption spectrum
of PLG in the absence of FRA. This is in contrast to the
absorption spectra of the same solutions, which do show [FRA]-
dependent changes, indicating that the complex between FRA
and the AH+ form of PLG does not contribute to the fluores-
cence at 580 nm.

The fluorescence decays of PLG in water, measured at several
emission wavelengths and pH values, are double exponential
due to the fast proton transfer from the excited AH+ cation to
water.5 The preexponential factor of the shorter decay time (ca.
20 ps at pH 1) is positive at the onset of the emission band
(decay of excited AH+) and negative at wavelengths longer than
530 nm (formation of the excited conjugate base A*). The

preexponential coefficient of the longer time (124 ps at pH 1)
is positive at all wavelengths and represents the decay of A*.5

At the band maximum (580 nm), the base form is responsible
for essentially all of the fluorescence.

In contrast to the fluorescence quantum yields, the fluores-
cence decay of PLG in water at pH 0.25 is independent of the
presence of FRA (i.e., dynamic quenching is not observed even
at the highest [FRA] of 2.15× 10-3 M) (Figure 6). This is not
a particularly surprising result, because the longer decay time
of pelargonin (τ1 ) 124 ps) is very short (see Discussion).
Therefore, the observed fluorescence quenching (Figure 5b) is
entirely static in nature and the steady-state Stern-Volmer plot
is linear (Figure 7a). Entirely analogous observations were made
for PLG in the presence of quercitrin, isoquercitrin, ferulic acid,
caffeic acid, and gallic acid (Figure 7b).

The fact that the fluorescence of the base form at 580 nm
exhibits static quenching implies that the rate constant for
nonradiative deactivation of the excited AH+-FRA complex
is greater thankd for the excited-state deprotonation of the
flavylium cation of PLG (kd ) 4.3 × 1010 s-1).5

Redox Properties of Anthocyanins and Polyphenols. Cyclic
voltammograms of the AH+ form of MMF and PLG were
measured in acidified MeCN, as described in the Experimental
Section. Irreversible reduction waves were observed (Figure 8a-
b) at slightly negative potentials (voltage peaks at-0.32 and
-0.29 V against SCE, respectively). In both cases, after some
time, a second reduction peak appeared at somewhat more
negative potentials (ca.-640 mV), the intensity of which
increased with time at the expense of the first peak. Repetition
of the voltammogram with a fresh Hg drop reproducibly yielded
the first peak. These results are consistent with the assignment
of the peak at ca.-640 mV to time-dependent adsorption onto
the drop surface. The range of values observed by us for several
anthocyanins (-0.29 to-0.40 V against SCE) is in accord with
polarographic data reported in the literature18,19 for other
flavylium cations, confirming that the AH+ form of anthocyanins
is quite readily reduced.

Figure 5. (part a) Absorption spectra of pelargonin in aqueous solution
at pH 0.25, as a function of the concentration of ferulic acid at 25°C:
(1) no copigment, (2) 0.36 mM, (3) 0.71 mM, (4) 1.07 mM, (5) 1.43
mM, (6) 1.78 mM, (7) 2.14 mM. (part b) Fluorescence spectra of the
same solutions (λexc ) 510 nm, isosbestic excitation).

Figure 6. Fluorescence decays of pelargonin in aqueous solution at
pH 0.25 in the presence of 2.15 mM ferulic acid, measured at the onset
(λem1 ) 510 nm, curve 2) and the tail (λem2 ) 650 nm, curve 3) of the
emission band. Curve 1 is the instrument response at 3 ps/channel.
Results of global analysis of the decays with a sum of two exponentials
(decay times,τ’s; preexponential coefficients,a’s; weighted residuals,
WRs, and autocorrelation functions, ACs) are also shown. The shortest
time (20 ps) appears as decay time at 510 nm and as rise time at 650
nm.
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Accurate determination of one-electron oxidation potentials
for polyphenols by CV is usually a complex task. In water, the
complexity usually arises from the presence of multielectron
processes and the coupling of proton and electron transfer
processes.20 In organic solvents such as acetonitrile or dimethyl
sulfoxide, one-electron peaks can, however, be obtained, as
exemplified by the reduction of anthocyanins in acetonitrile
shown in Figure 8a-b and the oxidation of protocatechuic acid
shown in Figure 8c. An alternative approach for determining
one-electron oxidation potentials is to use pulse radiolysis to
promote electron transfer to an acceptor of known redox
potential. Several published values exist for polyphenols,21 but
unfortunately, most of the data are obtained in water at pH)
7, where hydroxybenzoic or hydroxycinnnamic acids exist
mainly as hydroxybenzoates or hydroxycinnnamates, respec-
tively. Nonetheless, literature values of the redox potentials of
ferulic acid (0.95 V vs SCE in MeCN)20 and caffeic acid (0.85
V vs SCE in DMSO)20 and our own value for the oxidation of
protocatechuic acid (1.34 V vs SCE in MeCN) show an excellent
linear correlation with calculated ionization potentials (see text
to follow).

For correlation purposes, theoretical gas-phase EAs of the
flavylium cation from AH+ of pelargonin and MMF were
calculated from the enthalpies of formation of AH+ and the
neutral radical AH• (see Experimental Section). The values are
nearly the same (within 0.1 eV of each other) for these two
anthocyanins and are extraordinarily large (EA(PLG)) 6.91
eV and EA(MMF) ) 6.83 eV), even when compared to gas-
phase EA values of good electron acceptors such as tetracya-
noethene (EA) 3.2 eV).22 We have also calculated theoretical
EAs by an analogous procedure for 23 related compounds for
which experimental EAs are available.22 Our calculated values

are systematically larger than the experimental ones by a mean
value of ca. 0.65 eV, with a deviation never greater than 1.15
eV (EA(exptl)) 1.06× EA(calcd)- 0.65( 0.3 eV). On this
basis, a lower limit value of 5.8 eV for the gas-phase EA of
AH+ may be set. This supports the electrochemical data in the
prediction that AH+ is an unusually good electron acceptor, even
in water, where EA should be reduced by an amount corre-
sponding to the free energy of transfer from the gas phase to
water (which can be estimated to be ca. 1.7 eV by the Born
approach, eq 3).

The calculated gas-phase EA values of the base (2.29 eV),
hemiacetal (1.42 eV), and chalcone (0.60 eV) forms of PLG
and other anthocyanins are much lower than that of the acid
form.

Gas-phase IPs of the polyphenols quercitrin, isoquercitrin,
ferulic acid, caffeic acid, gallic acid, and protocatechuic acid
were also estimated (Table 1) from the difference between the
calculated enthalpies of formation of the polyphenol radical
cation and the polyphenol itself, as described in the Experimental
Section. In the case of IPs, the agreement between the calculated
values (from formation enthalpies) and available experimental
gas-phase ionization energies (NIST database22) is much better
than in the case of EAs, with deviations always smaller than
0.5 eV. A similar observation has been made by other authors.23

The IP values range from 7.63 to 8.76 eV. The lowest values
were found for the flavones (e.g., quercitrin and isoquercitrin),
and are similar to the IP values of typical good electron donors
(e.g., triethylamine, 7.50 eV, orN-methylaniline, 7.33 eV).22

Intermediate values were obtained for the cinnamic acid
derivatives, and the benzoic acids were the poorest electron
donors considered.

Figure 7. Steady-state Stern-Volmer plots of pelargonin in aqueous
solution pH 0.25 in the presence of (part a) ferulic acid and (part b)
(1) quercitrin, (2) isoquercitrin, (3) caffeic acid, (4) gallic acid, and (5)
protocatechuic acid.

Figure 8. Cyclic voltammograms of (a) MMF (vs SCE), (b) pelargonin
(vs Ag/AgCl), and (c) protocatechuic acid (vs SCE) in acetonitrile at
25 °C.

EA(water)) EA(gas phase)- ε - 1
2ε

‚ e2

rAH+
(3)
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Discussion

Mechanism and Kinetics of Fluorescence Quenching of
MMF . The mechanism of mixed static and dynamic quenching
processes is shown in Scheme 2, whereKC represents the
equilibrium constant for ground-state complexation,kq is the
dynamic quenching rate constant,τ0 is the unquenched fluo-
rescence lifetime of the MMF cation,R ) 1/(1 + KC[PCA]) is
the mole fraction of uncomplexed MMF cation, andkstatic the
rate constant for static quenching in the complex.

The observation of single exponential decays means that the
quenching process is irreversible in practice. Under irreversibility
conditions, the transient-state Stern-Volmer plot (τ0/τ vs [PCA],
shown in Figure 2) obeys eq 4, from which the value ofkq )
4.6 × 109 M-1 s-1 is obtained for the bimolecular quenching
rate constant of MMF by PCA. This value is close to the
diffusion-controlled limit in water at 20°C (kdiff ) 6 × 109

M-1 s-1 from kdiff ) 8RT/3000η, whereη is the viscosity).24

Values close to the diffusion limit were also obtained for caffeic
and ferulic acids (kq ) 7.2 × 109 M-1 s-1 andkq ) 5.5 × 109

M-1 s-1, respectively).

The absence of an ultrafast component in the fluorescence
decays of MMF in the presence of PCA means that the static
process occurs on a time scale that is shorter than the resolution
of our apparatus (ca. 3 ps).16 We conclude, therefore, that the
static quenching must be faster than the reciprocal of our time
resolution, which places a lower limit of ca. 1011 s-1 on kstatic

in Scheme 2.
Scheme 2 predicts the following steady-state Stern-Volmer

relationship (eq 5)

However, when (I0/I)/(τ0/τ) is plotted against [PCA], an upward
curvature is still observed. This suggests that a second com-
plexation occurs. If the subsequent formation of a 1:2 complex
is included in Scheme 2, eq 6 is obtained

The plot of [(I0/I)/(τ0/τ) - 1]/[PCA] versus [PCA] is indeed
linear, yielding the value of the equilibrium constant of the 1:1
complex from the intercept (KC1 ) 78 M-1) and that of the 1:2
complex from the slope/intercept ratio (KC2 ) 28 M-1). The
value ofKC1 is only slightly smaller than the value ofKC ) 89
M-1 that is obtained when eq 6 (which neglects the formation
of the 1:2 complex) is fitted to the data in the low-concentration
range.

In the cases of quercitrin, isoquercitrin, gallic acid, ferulic
acid, and caffeic acid, which are much less water soluble than
PCA, the polyphenol concentrations were never high enough
to produce a significant amount of 1:2 complex, and deviations
from eq 5 were not observed. The values of the equilibrium
constants for complexation of MMF by the polyphenols studied
here are collected in Table 1. Clearly, the determination ofKC

from eq 5 or 6 is straightforward and provides a new method
for the evaluation of the so-called copigmentation constants11,12

of anthocyanins without the approximations involved in the
usual absorption spectroscopic methods.11

Nature of the Ground-State Complexes of MMF with
Polyphenols and of the Static Quenching Process.Figure 9a
shows a plot of the logarithm ofKC values for the monocom-
plexation of MMF by the polyphenols versus the IP of the
polyphenol. The linearity of the plot indicates that the Gibbs
energy of complexation is directly proportional to the IP of the
polyphenol. This, together with the magnitude of IPPoly -
EAMMF (ranging from 0.81 eV for quercitrin to 1.98 eV for
PCA), strongly suggests a charge transfer nature for the MMF-
polyphenol ground-state complexes, with the polyphenol acting
as the electron donor and MMF as the electron acceptor.

From the fluorescence intensity and lifetime measurements,
the lower limit on the rate constant for static quenching of MMF
by PCA,kstatic, was estimated to beg 1011 s-1, while that for
dynamic quenching,kq, is diffusion-controlled (4.6× 109 M-1

s-1). Among processes known to occur at such a high rate,
electron transfer is the obvious choice, because alternative
processes, such as proton or energy transfer, can be excluded
in this system, because MMF has no acidic protons and absorbs
at longer wavelengths than PCA.

SCHEME 2

τ0

τ
) 1 + kqτ0 [PCA] (4)

I0

I
) (1 + kqτ0 [PCA])‚(1 + KC[PCA]) )

τ0

τ
‚(1 + KC[PCA]) (5)

I0

I
) (1 + kqτ0 [PCA])‚{1 + KC1[PCA]‚(1 + KC2[PCA])}

(6)

Figure 9. Correlation of the logarithm of the equilibrium constant for
complexation,KC, with the calculated ionization potential, IP, of the
polyphenol (quercitrin, isoquercitrin, gallic acid, ferulic acid, caffeic
acid, and protocatechuic acid) for (part a) MMF and (part b) pelargonin.
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The standard Gibbs free energy for excited-state electron
transfer in water∆G* can be evaluated from eq 7,25

where IP- EA is replaced byEox - Ered, the numeric difference
between the oxidation potential of the electron donor and the
reduction potential of the electron acceptor in a given solvent
(e.g., MeCN) and∆∆Gsolv is a correction for the difference
betweenEox - Ered in that solvent and in water (in eV).∆GCoul

represents the difference in the free energies of approximation
of the products (AH‚ and PCA+‚) and reactants (AH+ and PCA)
in water.Eoo ) 2.88 eV is the excitation energy of MMF in
water, taken from the onset of the emission spectrum (430 nm),
and∆G° ) -RT ln KC is the free energy of complex formation
in the ground state.

In the present case, both the reactants and products consist
of a cation plus a neutral species, and the redox potentials were
determined in a suitably polar solvent (CH3CN). Consequently,
both∆Gsolv and∆∆Gsolv can be safely assumed to be negligible.
Thus, for the MMF-PCA pair, we estimate the value of∆G*
to be ca.-1.14 eV (∆G* ) 1.34+ 0.29- 2.88+ 0.11). Taking
a value ofλ ) 1.6 eV26 for the repolarization energy in water,
the free energy of activation for electron transfer (eq 8)27 is
estimated to be ca. 0.033 eV. Assuming a value ofk°ET ) 1012

s-1 (equal to the reciprocal dielectric relaxation time of water),
the rate constant for electron transfer should be ca. 3× 1011

s-1 (eq 9), larger than the experimental lower limit of 1011 s-1.
Therefore, ultrafast electron transfer is the most plausible
mechanism for the static quenching of the fluorescence of MMF
by PCA (i.e.,kstatic ) kET).

Excited-State Electron Transfer and Ground-State Com-
plex Formation with PLG . The AH+ forms of PLG and all
natural anthocyanins are super photoacids.4,5 The excited-state
deprotonation rate constants of AH+ to water are on the order
of 0.4-2 × 1011 s-1 (4.3× 1010 s-1 in the case of PLG).5 Thus,
a bimolecular diffusion-controlled reaction can only compete
with deprotonation at quencher concentrations above 1 M. In
the case of PLG and FRA, the concentrations of FRA are less
than 2× 10-3 M, and the contribution of dynamic quenching
is completely negligible. Under these conditions, eq 5 reduces
to eq 10 and the steady-state Stern-Volmer plots for the
quenching of PLG fluorescence are linear with a slope equal to
KC, the equilibrium constant for complexation of PLG by the
polyphenol (Table 1).

In Figure 9b, the values of logKC are plotted against the
ionization potential of the polyphenol. The plot is linear and
similar to that obtained for MMF, as expected from the similar
electron affinities and reduction potentials of the two antho-
cyanins. There are, in principle, two competitive paths for
quenching of the excited PLG-FRA complex: electron transfer
from FRA to PLG (kstatic) and deprotonation to water (kd ) 4.3
× 1010 s-1 in the absence of FRA)5 to give the base. As already
noted (vide supra), the efficient static fluorescence quenching

of the base form at 580 nm implies thatkstatic > kd. Indeed,
calculation of the standard free energy for the excited-state
electron transfer from eq 7, employing the valuesEox(FRA) )
0.95 V,20 Ered(PLG) ) -0.32 V, Eoo(PLG) ) 2.41 eV (515
nm), and∆G° ) -0.14 eV provides a value of∆G* ) -1.00
eV, compatible with an electron transfer rate constant in the
range of ca. 1× 1011 s-1, confirming thatkET . kd.

Chart 3 shows a gas-phase state diagram for the twelve
MMF-polyphenol and PLG-polyphenol complexes studied
here. In all cases, the charge transfer stateSCT energy is
substantially lower than the first singlet excited state of AH+.
Given the similarity of values of electron affinities and reduction
potentials of the cationic form (AH+) of most anthocyanins,
this conclusion is probably extensible to all flavylium salts.

Conclusions

The first conclusion of the present study is that both the
synthetic and natural anthocyanins MMF and PLG form ground-
state complexes with a number of natural polyphenols, with the
main driving force for complexation being charge transfer from
the polyphenol to the cationic form of the anthocyanin.

The second conclusion is that excitation of these anthocya-
nin-polyphenol charge transfer complexes leads to ultrafast
electron transfer from the copigment to the anthocyanin, with
a rate constant faster than 1011 s-1. As a consequence of its
high reduction potential, the excited singlet state of the flavylium
cation form of anthocyanins should be capable of oxidizing most
polyphenols, as well as biomolecules such as tyrosine (IP)
8.4 eV) and tryptophan (IP) 7.5 eV).

Why, then, does nature allow the presence of the potentially
deleterious consequences of this strong photooxidizing power
of the anthocyanins present in flowers, fruits, and, in some cases,
leaves upon absorption of solar radiation? Anthocyanins have
been implicated in the protection of plant tissues against an
excess of solar radiation,28 and in favor of this function are the
facts that the flavylium cation forms of natural anthocyanins
strongly absorb green light (ε500 nm≈ 4 × 104 M-1 cm-1), which
is not absorbed by chlorophyll, and are super-photoacids
(excited-state pKa < 0),4,5 with a quantum efficiency of proton
transfer to water greater than 0.99. Thus, in uncomplexed
anthocyanins, ultrafast proton transfer appears to be the major
pathway for fast nonradiative deactivation of the excited state.

In plant vacuoles, anthocyanins also often coexist with
polyphenols,14 and the persistence of the red color indicates that
the flavylium ion is complexed with these polyphenols. In
flavylium cation-polyphenol complexes, our results point to
ultrafast electron transfer, rather than proton transfer, as the
major primary process. This coexistence is a potential source
of free radicals if recombination is not 100% efficient and might

CHART 3

∆G* ) Eox - Ered + ∆∆Gsolv+ ∆GCoul - Eoo+ ∆G° (7)

∆G* )
(∆G* + λ)2

4λ
) 0.033 eV (8)

kET ) k°ET exp(-∆G*

RT ) (9)

I0

I
) 1 + KC[FRA] (10)
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eventually have implications for the in vivo role of anthocya-
nin-polyphenol complexes.
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