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The origin of the substantial stabilization of the color of the natural anthocyanin malvidin-3-glucosyl chloride
(Oenin) in aqueous micellar SDS solutions has been elucidated by employing laser flash photolysis and pH-
jump techniques to determine all four rate constants involved in the-aeise and hydration reactions of
Oenin. These rate data show that the pronounced stabilizing effect of SDS micelles on the color of aqueous
solutions of oenin, as measured by the shift in the bleaching constént) (fstom moderately acid to near-
neutral pH, cannot be attributed just to the difference in local pH between the aqueous and micellar phases.
Thus, the major contribution to the SDS-induced shift in the -abiase equilibrium constant arises from the
large decrease in the deprotonation rate constant in SDS midejles( x 1P s~1) with respect to waterkj

= 5.0 x 1¢° s1). Although the hydration rate constant also decreases in SDS midelles4.6 x 10 3s™?!

versusk, = 8.5 x 1072 s7tin water), the major contribution to the observed shift in the hydration equilibrium
constant comes from the back reactiénp(= 7.1 x 1® I'‘mol1-s™1 in SDS versuk_p = 34 I'mol st in

water). The present results conclusively demonstrate that color stabilization by anionic SDS micelles involves
significant preferential stabilization of the cationic form of oenin with respect to the neutral base, hemiacetal
and E-chalcone forms, resulting in profound changes in the energetics of deprotonation and hydration, the

two key equilibria that affect color.

Introduction [-mol~1-s71) are large and, depending on the pH, the acid
base equilibrium (K, = 3.7) is typically established in thes
Anthocyanins are natural, water-soluble pigments responsibleto subus time rangé?® The rate constants for hydratiok, (=
for the color of many fruits and flower petals. Although these 8.5 x 1072 s71) and dehydrationk(r, = 34 I-mol~1-s71) are
compounds are potentially interesting as natural colorant addi- much smaller than those for proton transfer and the hydration
tives in foods, this application requires improvement of both equilibrium state (K, = 2.6) is approached much more slowly

their chemical and their photochemical stabifity. (several second$y Although the subsequent tautomerization
The structural changes that anthocyanins undergo in aqueouso theE-chalcone is fagt(complete within a second), chalcone
solution in the pH range between 2 and 5 are compiéxenin, isomerization is slowk; = 4.5 x 10°s! andk_; = 3.8 x

or malvidin 3-glucoside, is a representative, naturally occurring 104 s~1)"8 and several hours are required to attain the global
anthocyanin that is found, for example, in European casts of equilibrium state following an increase of the pH of the solution.
red grapes. Deprotonation of the red flavylium cation form, In the case of oenin, the concentration of the flavylium cation
AHT, of oenin can lead to a blue quinonoidal base, A (Scheme is controlled by the hydration equilibrium and, since tlig, 5
1). On the other hand, hydration of the flavylium cation results only 2.6, aqueous solutions of oenin rapidly lose their color
in the formation of two colorless diastereoisomeric hemiacetals, even at relatively acidic pH values 8).
B, that can subsequently open to tkechalcone, €, and Several strategies have been propdsteat color stabilization
Z-chalcone, g, forms87 At pH 2, the colored flavylium cation  at higher pHs. These include: (i) self-association of the colored
is the predominant species present in aqueous solutions of oeninflavylium cations or anhydrobasés;'° (ii) intermolecular
At pH values above ca. 4, however, the colorless hemiacetal copigmentation, involving association between the colored form
and chalcone forms dominate, resulting in bleaching. and an appropriate colorless molecule (copigmé&hd);(iii)

For oenin, the kinetics of the major reaction pathways intramolecular copigmentation, as occurs in anthocyanins pos-
involving the flavylium cation have been studied in aqueous sessing cinnamoyl residues covalently linked to the glucosyl

solution#8-10 The rate constants for deprotonation of Akky moieties?2725 and (iv) incorporation of anthocyanins in ag-
= 5 x 10° s7Y) and for protonation of Ak, = 2.5 x 10% gregates of amphiphilic molecules, in cyclodextrins or in
polyelectrolyteg5-28 (The authors acknowledge one of the

T Instituto de Tecnologia Qmica e Biolwica. referees for calling attention to ref 28.) Most of these color
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decrease in the equilibrium constant for hydratin, which
is the controlling factor for color loss.

In this work, we demonstrate that incorporation of antho-
cyanins into anionic sodium dodecyl sulfate (SDS) micelles
results in pronounced color stabilization (to our knowledge, the
strongest yet found). A comprehensive study of the modification
of the reactivity of oenin in the presence of micellar SDS permits
identification of the origin of the color stabilization of oenin
by the anionic micelles.

Experimental Section

ReagentsHPLC grade malvidin-3-glucosyl chloride (Oenin),
malvidin-3,5-diglucosyl chloride, (Malvin), cyanidin-3-glucosyl
chloride (Kuromanin) and cyanidin-3,5-diglucosyl chloride
(Cyanin) were purchased from ExtrasyrgheSodium dodecyl
sulfate (SDS), polyoxyethylene[10]dodecyl etherkEzo), Triton
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the resultant mixture measured 10 s after mixing. The spectra
obtained at later times were analyzed by subtraction of the initial
spectrum after normalization.

Mole fractions of the acid, base, hemiacetal and chalcone
forms in 0.10 M aqueous SDS solutions were calculated as
follows. Using the spectrum of the flavylium cation, AH
measured at pH= 2.65 Ema(536) = 27 000 tmol~t-cm™1),
the spectrum of the base form, Aef(546) = 15400
[-mol~t-cm™ ande(610)= 7200 tmol~-1-cm™1), was obtained
by global decomposition of the spectra measuret=at0 in
solutions with final pH values of 5.11, 5.78, 6.17, and 6.60,
where only AH" and A are present. These spectra were
subsequently employed to obtain the mole fractions offAH
and A at longer times and in the final equilibrated solutions.
Thus, for each pH, the spectrum measureti=at0 (only AH"
and A present) was normalized and subtracted from the spectra

X-100 (TX100) and sodium phosphate and chloride, p.a., from measured at later times to obtain the contribution to the
Sigma and sodium 1,2-bis-(2-ethylhexyl)-1-sulfosuccinate (AOT), absorption from the hemiacetal B, and chalcones C, products
p.a., from Fluka, were used without further purification in the as a function of time. At times shorter than ca. 360 s, the

equilibrium measurements. Ultrapure bioreagent grade SDSproducts are B enaxz7e) = 19 600 tmol~t-cm™%) and the

from Mallinckrodt Baker, Inc., was employed for all kinetics

E-chalcone, € (€max@asy= 13 000 tmol~t-cm™). At longer

measurements. Organic solvents were spectroscopic or HPLCtimes, the absorption of th&-chalcone, @ (eémaxasoy= 13 000

grade from Merck.
Sample Preparation. Aqueous solutions were prepared in
either Elgastat or Millipore Milli-Q quality water. Sodium

[-mol~1:cm™), can be detected. The values of the molar
extinction coefficients of the hemiacetal and chalcones, which
are identical to those obtained previously from coupledNMR

phosphate buffer (typically 10 mM) was employed to maintain and UV-vis absorption dad3°in water, were then used to
the required pH and ionic strength. Titrations were performed determine the mole fractions of B,e@nd G at equilibrium.
by mixing solutions in which all of the components exceptthe  Flash photolysis experiments were carried out with an
pH were the same. The final pH was measured using an ORION Edinburgh Analytical Instruments LP900 laser flash photolysis
720A pH meter with a combined RedRod electrode. Aqueous system equipped with a Surelite 1-10 Nd:YAG laser for
micellar SDS solutions and AOT lamellar phases were obtained excitation and a 450 W high pressure xenon lamp for monitoring
by direct dissolution of the desired amount of surfactant in water transient absorption. The second harmonic (532 nm) of the Nd:
(containing the appropriate amount of added salt). Oenin YAG laser was used for excitation, and 10 laser shots were
containing solutions where prepared by placing the surfactant averaged to obtain the transient absorption decays, the solution
solution in contact with a dried film of oenin obtained by being stirred between each laser shot. The standard exponential
evaporation of the desired amount of an oenin stock solution decay routines of the LP900 system software were employed
in methanol. to analyze the decays of the transient and obtain the lifetimes
Measurements.The pH-jump experiments were performed of the excited species. Lifetimes shorter than 30 ns were
on a Hewlett-Packard 8452A Diode Array Spectrometer. Solu- deconvoluted using the pulse shape of the laser (obtained by
tions were prepared either by adding %D of a 6.8 mM monitoring the Raman scattering of the laser pulse in water in
solution of oenin in methanol to 2.00 mL of a 0.10 M solution the fluorescence mode, i.e., with the monitoring beam shutter
of SDS buffered at the desired pH (final concentration of oenin closed). Lifetimes longer than 30 ns were obtained from direct
17 uM) or by adding 2.00 mL of the buffered SDS solution to fits of the decay (from the maximum of the laser pulse on)
a dried film of oenin in the cuvette. The moment of mixing without deconvolution. In all cases, a single exponential
was taken as time zero and the initial absorption spectrum of adequately described the decay. Transient absorption spectra
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chloride (Oenin) at 20C. as a function of the aqueous phase pH in
(a) water and ) 0.1 M SDS,

Figure 1. (a) Absorption spectra of malvidin 3-glucosyl! chloride (2
x 1075 M): Curve 1, equilibrated solution in water at pH1.1; Curve
2, equilibrated solution in 0.1 M SDS at pH 2.64; Curve 3, 10 s
after dissolution in water at pH 5.6; Curve 4, 10 s after dissolution in
0.1 M SDS at pH=6.17; Curve 5, 10 s after dissolution in 0.1 M SDS Figure 2, parts a and b, shows the pH dependence of the mole
at pH= 10. (b) Absorption spectra of malvidin 3-glucosyl chloride as  fractions of each form in water and 0.10 M SDS solutions,
a function of pH in 0.10 M SDS, at 2TC. Curves 5 correspond to  respectively. Operationally, it is convenient to define an apparent
ﬁ:vs I|2ure;"lzlcza?;m?)rtl3 ' tﬁélltljiﬁgnSoigg?bZ\feS tagdh?rméclz'ta?g?ldcthfctt?aelcone bleaching constantK, defined as the pH value at which half
fomfs respecti\’/ely. q ’ of the total oenin is present in the form of Akand half as the

' other forms (A, B, and C). Thus defined, the apparent bleaching
constant for oenin is found to increase frokyp = 2.5 in water
to pK12=5.4in 0.10 M SDS. Figure 2b also provides estimates
of the apparent (expressed in terms of the pH in the intermicellar
aqueous phase rather than the local pH at the micelle surface)
ionization and hydration constantsKp= 6 and K, = 6.0,

Equilibria in Microheterogeneous Media. Figure 1a shows  respectively.

the absorption spectra of the flavylium cation form, Atof For comparison, we investigated briefly the stabilization of
malvidin 3-glucoside (oenin) in water at pH 1.1 and in 0.10 the AH" form of several other naturally occurring anthocyanins
M aqueous SDS at pH 2.64. The red-shift of the S>$; by SDS and of oenin by other types of interfaces, including
transition of AH" upon going from water (519 nm) to SDS (536 anionic lamellar phases and micelles of nonionic surfactants.
nm) is indicative of incorporation of the cationic chromophore Figure 3 shows the pH dependence, in water and in aqueous
into the anionic detergent micelles. Upon raising the pH to 7 micellar SDS, of the mole fractions of the AHorm of three
(Figure 1b), the absorption band of Atat 536 nm is replaced  other naturally occurring anthocyanins: malvin, kuromanin and
by those of the base A (shoulder at 610 nm), the hemiacetals Bcyanin (diglucosylated malvidin chloride and mono- and diglu-
(276 nm), and the chalcones C (360 nm). At pHs above 7, the cosylated cyanidin chloride, respectively). In all cases, incor-
ionized form of the base A is also observed (the spectrum of poration into the SDS micelle stabilizes the AHorm. The
A~, obtained 10 s after adding oenin to a pH 10 SDS solution, increase in K1/, with respect to waterApKy,, is smaller for
is shown in Figure 1a). The absorption spectra of A in water the diglucosylated anthocyanins than for the monoglucosides
and in SDS, obtained by spectral decomposition (see theand is smaller for the cyanidin derivatives than for the malvidin

were determined point-by-point and, in all cases, the lifetime
of the transient showed no significant variation with wavelength.

Results

Experimental Section) are also shown in Figure 1a. derivatives (Table 1). AOT/water lamellar phases, containing
The data in SDS reveal three major differences with respect up to 10% AOT by weight, also stabilize the AHorm of oenin
to water. First, the onset of bleaching of the Afbrm (which (pK12 ca. 4), though to a lesser extent than SDS. In contrast, in

occurs at pHx 3 in water) is shifted to much higher pH values micellar solutions of the nonionic surfactantgE;o and TX-

in the presence of SDS. Second, the absorption bands of thel00 (0.20 M detergent) the value oKp, decreases by ca. 0.6
base A, can be clearly observed in equilibrated SDS solutions, pH units relative to water.

whereas in water in the absence of SDS only absorption bands Laser Flash Photolysis ExperimentsWe have previously

due to the colorless hemiacetal, B, and chalcone forms C, canemployed laser flash photolysis to measure the ground-state rate
be observed at equilibrium. Finally, the absorption due to the constants for deprotonation of the acid form and reprotonation
Z-chalcone (350 nm) at basic pH is much more intense in of the base form of oenin in waté?. This method takes
micellar SDS than in water (see also Figure 5b). advantage of the enhanced acidity of the singlet excited state
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(Kuromanin), and ¢ cyanidin 3,5-diglucosyl chloride (Cyanin), in . 0 . o
water @) and in 0.10 M aqueous SDS solutior)(at 20°C as a AS_ pre\(lously_ ShOWHx_ th? amd—ba_se eqUIIIt_)rlum Qf antho-
function of the aqueous phase pH. cyanins (including oenin) in water is established in the sub-

microsecond time range, i.e., ca. 6 orders of magnitude faster
of oenin, which results in ultrafast adiabatic deprotonation of than the hydration, tautomerization or isomerization reactions.
excited AH" followed by subnanosecond decay of excited A Consequently, the aciebase equilibrium is kinetically un-
to its ground state. Thus 5 nslaser pulse in effect instanta- coupled from these other, much slower equilibria. Therefore,
neously perturbs the ground-state adihse equilibrium toward  in the sub-microsecond time range, only the adidse kinetics
the base. The kinetics of relaxation back to equilibrium in the Need be considered. Conversely, when the other reactions are
ground state can then be followed with nanosecond time followed on the time scale of seconds to hours, the"Atpair

resolution by monitoring either the disappearance of A or the can be treated kinetically as a single species. N
recovery of AH'. Under our nanosecond laser flash photolysis conditions, the

In the present work, this technique was employed to transients exhibit first-order decay kinefieand the reciprocal

investigate the kinetics of the ground-state adidse equilib-  Of the transient decay time, 7+ kobs is a simple function of
rium of oenin in micellar SDS. Figure 4a shows the differential the forward ki) and back reactionkf) rate constants (eq 1)
absorption spectrum of the transient generated upon flash

photolysis (532 nm laser pulse) of a solution of oenin in 0.10 Kobs = Kg T+ kp[H+] (1)

M SDS at an intermicellar aqueous phase pH of 5.54. In addition

to the depletion of AFt centered at 530 nm, a positive transient Figure 4b shows a plot of the reciprocal decay titkgs for
absorption signal is observed at ca. 610 nm, where A is known reprotonation of the base form of oenin, A, generated by the
to absorb in micellar SDS (Figure 1a). The decay time of the laser pulse, as a function of the measured proton activity in the
absorption at 600 nnm, is equal to the recovery time of AH intermicellar aqueous phase, TH. As found in water in the

at 500 nm and both increase with increasing pH. On this basis, absence of micelles, the plot is linear. The intercept and the
the absorption band at 610 nm is assigned to the base form, A,slope of this plot provide the values kf = 2.0 1.3) x 1P

and its decay is assigned to the relaxation of A back to"AH s ! andk, = 1.79 & 0.09) x 10! l.mol~%.s ™. The value ok,

via protonation, as observed in wat€r. is obtained with acceptable accuracy, but Kyevalue has a
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Figure 5. (a) Absorption spectra of malvidin 3-glucosyl chloride
(Oenin) at 20°C as a function of time after dissolution in a 0.10 M
SDS solution buffered at pH 5.78b) The same absorption spectra
after subtraction of the flavylium (AH and base (A) contributions.
Curves -6 correspond to times of 10, 30, 60, 120, 600, and 10 800
s, respectively.

TABLE 1: Bleaching Constants, Ky, of Malvidin-3-glucosyl
Chloride (Oenin), Malvidin-3,5-diglucosyl Chloride (Malvin),
Cyanidin-3-glucosyl Chloride (Kuromanin), and
Cyanidin-3,5-diglucosyl Chloride (Cyanin) in Water and 0.10
M Aqueous SDS Solutions, at 20C

pPK/2
water SDS,0.1 M ApKijz
Oenin 25 54 2.9
Malvin 1.8 34 1.6
Kuromanin 29 5.3 2.4
Cyanin 2.1 3.3 1.2
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Figure 6. (a) Time dependence of the absorbance of malvidin
3-glucosyl chloride (Oenin) at 536 nm after dissolution at°£0in
0.10 M SDS solution buffered at pH 6.01. The solid curve represents
the best-fit to a double exponential functiob) (/ariation of r; ands

72 (eq 2 and Table 2) as a function of the final proton activity in the
intermicellar aqueous phase in 0.10 M SDS solution.

TABLE 2: pH-Jumps of Malvidin-3-glucosyl Chloride
(Oenin) in 0.10 M Aqueous SDS Solutions, at 20C. Final
pH, Decay-times ¢, ), Normalized Preexponential
Coefficients (a, ap) and Constant Term (&, from Double
Exponential Best-Fits of the Absorbance Decays at 536 nm
after pH-jumps

much larger error. Nevertheless, from these two values, one can
calculate an apparenkKgin SDS of 6.0, a value in good agree-
ment with that estimated from equilibrium data (Figure 2b).

pH 7ls T4/s a a ao

5.15 21.7 13800 0.059 0.219 0.722
5.42 39.5 9750 0.156 0.218 0.626
5.70 76.3 6760 0.301 0.214 0.448
5.78 80.3 6300 0.337 0.217 0.446
6.01 134 4690 0.403 0.202 0.395
6.55 244 5120 0.459 0.218 0.322
7.09 628 6120 0.507 0.245 0.248

pH-Jump Experiments. Figure 5a shows the initial absorp-
tion spectrum, registered 10 s after addition of oenin gV
final) to a 0.10 M SDS solution buffered at pH 5.78, together
with spectra at subsequent times up te 10* s. The absorption
bands of AH (536 nm) and A (610 nm) decrease with time,
being replaced in the initial phase of reaction (ca—360 s)
by the hemiacetal and the-chalcone absorptions at 275 and

345 nm, respectively (Figure 5b). During the slower phase of

the reaction (beyond ca. 360 s), tBehalcone absorption can
be observed at 360 nm (Figure 5b). The WK absorbance
ratio is independent of time, indicating that Akand A are
always in equilibrium, consistent with the knows time scale
of proton transfer.

The kinetic data for the disappearance of Athbsorbance

kinetic data obtained at a series of pHs are collected in Table
2. With increasing pH, the value of the shorter decay time,
increases, whereas the longer ong,initially decreases, goes
through a minimum around pH 6, and then increases (Figure
6b).

The kinetic analysis of the hydration-tautomerization-isomer-
ization multiequilibria of oenin in SDS is, a priori, more complex
than the acig-base equilibrium. Although there are four
kinetically coupled species and six rate constants, the fact that
the reactions occur on quite different time scales permits
considerable simplification. Thus, in the seconds-to-hours time
scale of the pH-jump experiments, the A#A pair can be

vs time) are nicely fit by the sum of two exponentials plus a considered as one single kinetic species, as evidenced by the
constant (the final absorbance when equilibrium is reestablishedfact that the [AH]/[A] ratio of oenin in SDS is independent of

at the new final pH), as shown in Figure 6a. Representative de-time after the pH-jump. In addition, previous work has shown
cay times and preexponential coefficients derived from fits of that the tautomerization reaction is considerably faster (sub-
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SCHEME 2
kh’ k,"
(A+H/AH) =— B/Cf =m—>= (g
ky'[H] ks

second range) than the hydration (minutes) and isomerization
reactions (hours)31-32Therefore, it is reasonable to assume that,
under our conditions, the hemiacetal and Eehalcone are
also in equilibrium, as indeed observed during the initial 300 s
after the pH-jump (Figure 5b). These conditions reduce the
kinetic scheme to a system with three species and four rate
constants (Scheme 2).

The time dependence of the concentration oftAsipredicted
to be a double exponential function of time plus a constant (see
Appendix), as experimentally found (eq 2)

[AHT ] =a,+ ae "+ ae '™ 2)

The reciprocal decay times, 1 = 1/t; 5, are related to the four
rate constants by eqs-5%

_ Sy/D*+ AkK_[H]

2,1 > 3)
S=k,+ Kk, [HT+k+k; (4)
D=k, +Kk,[H]—-k-k; 5)

The apparent hydration constakjt is related to the hydration
rate constanky, through the fraction of (A/AH) that is in the
form of AH* at each pH

[H']

[H]+ K, ©

Ky = Kn

whereKq, is the apparent acidity constant of AHih micellar
SDS.

The same applies to the apparent dehydration rate constant

k., that depends on the fraction of B/@ the form of B, and
isomerization rate constakf, which depends on the fraction
of B/Cg that is in the form of € (egs 7 and 8)

, 1
K., = k_hm )
Ky

The tautomerization equilibrium constahi, can be obtained
directly from the spectra of B andgdFigure 5b) during the
first 300 s of reaction by using the experimentally determined
extinction coefficients of B (19 600mol~t-cm™ at 275 nm)
and G (13 000 tmol~t-cm™! at 345 nm). The value of 0.22
found here forK; in micellar SDS is very close to that
determined previously in wateK({ = 0.26)2°

The data analysis was carried out as follows. It can be shown
(from egs A8-A10 and A14-A15 of the Appendix) thak;, is
a function of the normalized preexponential coefficieatsand
ay, and the reciprocal decay times, and 1,

Ky = axd, + aydy )

Combining this equation with eq 6 indicates that a plot ol
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Figure 7. (a) Double reciprocal plot ok, as a function of [H]w (egs
6 and 9) for malvidin 3-glucosyl chloride (Oenin) in 0.10 M aqueous
SDS solution at 20C. (b) Plot of the data as S k; vs. [H]w.

TABLE 3: Kinetic Data for Oenin in Water and SDS
Micelles

SDS (0.1 M) water
ka/s™t 2x 10 5.0x 10°
ko/l-mol~t-s71 1.8x 104 2.5x 1010
pKa 6.0 3.7
kn/s™t 4.6x 108 8.5x 10722
k_n/l*mol~t-s71 7.1x 10° 3.4x 10t
pKn 6.2 2.6
K 0.66 0.59

aFrom refs 8 and 9.

+ aidy) vs 1/[H"]y, should be linear, as confirmed in Figure
7a. The reciprocal of the intercept provides a valu&.cf 4.6

(£ 0.6) x 103 s71 and the slope/intercept ratio a valuekaf,

= 6.3+ 0.3 (as compared to 6.0 derived from the absorption
spectral data). Because the sum of the reciprocal decay times
is equal to the sum of all of the rate constardts+ 1, = S
(egs 3 and 4), (S k) should be a linear function of [Hw, as
experimentally verified in Figure 7b. The slope provides the
value ofk_, = 5.8 (£ 0.2) x 10® I-mol~1-s71. Substitution of
this value, together witK; = 0.22, in eq 7 give& -, = 7.1 (£

0.3) x10® I'mol~*s % The value of 6.2+ 0.2 for K,
calculated from the ratio of the values kfandk_p, is also in
good agreement with the value of 6.0 estimated from equilibrium
data (Figure 2b). Finally, a rough estimate of the valuek; of
andk_; was obtained by fitting the variation of the decay times
71 andr, as a function of pH employing eqs-3 and the known
values of the other rate and equilibrium constants (Tabfé 3).
The best fit curves (Figure 6b), correspondingkip= 7 x
10% st andk-; = 3.8 x 107° s71, nicely reproduce the pH
dependence of bothy and,, including the minimum ofr;.
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Discussion flavylium cation,ky. Despite being independent of the local pH,
the value of this rate constadecreases 25-foldipon going
from water k3 = 5.0 x 10° s71) to the SDS micellar surface

(k, = 2 x 1P s1). Thus, it is the decrease &f, and not the

The pronounced red-shift of the flavylium absorption spec-
trum upon addition of SDS (Figure 1) clearly points to strong
interaction of the cationic form of the anthocyanin with the . . ; .
anionic micelle. It is also indicative of an environment less polar effective proton concentration at the micelle surface, that is the

than water, because a decrease of solvent polarity is known tom.ajor contributqr fo the stab!lization of the flavyligm cation
red-shift the first f,7%) absorption ban# (the electric dipole with respect to its base form in the presence of micellar SDS.
moment of oenin decreases upon going from the ground to the As to the Origin of this Stabilization, a Signiﬁcant contribution
lowest excited state). At the relatively high SDS concentration from changes in the properties of the medium at the micelle
employed in this work (0.10 M), there is no evidence for surface (e.g., local dielectric constant, water activity, etc.) can
significant partitioning of oenin or any of the forms between be ruled out on the basis of data for the model anthocyanin

the aqueous and micellar phases, i.e., for all practical purposes4-methyl-7-hydroxyflavylium chloride (HMF). For this com-

all forms are completely incorporated into the SDS micellar
phase.

The interaction of AH with SDS results in significant color
stabilization, i.e., to an increase of the bleaching constéqi,.p
The apparent bleaching constant is related to the equilibrium
constants of Scheme 1 by the relationship

PKyp = —log (K, + Ky + KK + K KiK)

For oenin in water, the observedKp, of 2.5 is largely
determined by the hydration constanK(p= 2.7), with only a
modest contribution from the acidity constanKfp= 3.7) of

the flavylium cation. The three-pH-unit increase i;p upon
going from water to SDS is due to the micelle-induced increase
of both the apparentiy, and the K, in the presence of SDS
(Table 3). The obvious interpretation for the increase in the
apparent values offy, and K, relative to water is the fact that
the local proton concentration, [, is much higher at the
negatively charged interface of the SDS mic#iié® than that

in the aqueous phase, Ti,. However, interpretations based

pound, which exhibits only the acitbase equilibrium in
aqueous solution without suffering significant hydration, the
deprotonation rate constark, decreases 50-fold upon going
from water to anionic SDS micelles, but is unchanged in cationic
CTAC micelles and even increases slightly in nonionic Triton
X-100 micelles.

If the observed shift in the apparenKpof oenin in SDS
cannot be attributed to either the local pH or a local medium
effect, it must be due to preferential stabilization of the flavylium
cation form of oenin relative to the neutral base due to the strong
interaction of the former with the negatively charged SDS
micelle. Because the hemiacetal and chalcone forms of oenin
are also neutral species, selective stabilization of the flavylium
cation relative to these should provoke a large shift in the pH-
dependent hydration equilibrium, yet leave the pH-indepen-
dent equilibrium constantl;, for the hemiacetal tde-chal-
cone tautomerization relatively unchanged. Indeed, the over-
all shift in the apparent hydration equilibrium constarkpps
even larger than that of the apparer,p whereasK; is
essentially unaffected by the presence of SDS (Table 3). The

solely on equilibrium data are dangerous and often erroneous.individual rate constants determined from the pH-jump experi-

lonic micelle-induced shifts of the apparettof weak acids
relative to water are typically attributed to two fact8fs(1)
micellar charge control of the effective proton concentration at

ments show that the shift iK, is only partially due to the
increase in the local pH at the SDS micelle surface with res-
pect to water. Thusk-s[H]w increases 1 60-fold, as com-

the micelle surface; (2) medium-induced changes in the intrinsic pared to the 7580-fold increase expected on the basis of an
pK, of the weak acid at the micellar surface, due to the lower increase in the local pH as the only factor responsible for the
effective dielectric constant at the micellar surface. This latter rate acceleration. Again, it is the pH-independent rate constant,
effect is often estimated by comparing the shift of the apparent ki, for hydration of the flavylium cation that decreases signifi-
pKa in the micelle of the ionic detergent of interest to that in a cantly (15-fold) upon going from water to the anionic micellar
micellar solution of an appropriate nonionic detergent micelle surface.
such as Triton-X100 or Brij 35. Our results show that equilib- In summary, the pronounced stabilizing effect of SDS
rium data are inadequate for understanding the origin of the micelles on the color of aqueous solutions of oenin, as measured
SDS-induced shift in the apparenpof oenin. by the shift in the bleaching constantg,) from moderately

The flash photolysis technique employed in the present work acid to near-neutral pH, cannot be simplistically attributed to
permits determination of the individual rate constants for the either a local pH effect or to a change in local medium dielectric
ground-state acitlbase equilibrium of oenin at the SDS micellar  properties. The present results conclusively demonstrate that the
surface, the ratio of which determines the apparétf Fhe determining factor is instead the preferential stabilization of the
apparent rate constant for protonation of the base form of oenincationic form of oenin with respect to the neutral base,
in micellar SDS (1.8x 10" I-mol~*-s™) is larger than that  hemiacetal and-chalcone forms, which provokes profound
(2.5 x 101 I'mol~*-s™!) in water (see Table 3). Because the and concomitantchanges in the energetics of the two key

protonation of the base form of anthocyanins is diffusion- equilibria that affect color, deprotonation and hydration.
controlled in water and the magnitude of the apparent rate

constant in SDS is consistent with known values for entry of
counterionic species into ionic micelles, this suggests that Acknowledgment. This work was partially supported by
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Appendix Rearrangement of eqs A&14, results in eqs A15A21 for

The time dependence of the concentrations of AfAB/Cg the normalized ([AH]o = 1) preexponential coefficients

and G is ruled by the differential eq Al

e
, X O(le 72) (A15)
4 [[VAH T 7k K [HT] 0
[B/CH] = (ki —(K + k_[H ]) k.. X _
dt h ' (Y2 — Vo)
[C] 0o K —k, a, = % (A16)
[A/AH N
[BICel | (A1) (vo ~ 1)
[C,] a, = —p (A17)
The solutions of eq Al are double exponential functions Y= Vo
bO = T (A18)
[A/AH ] = a, + a,e "' + a,e ™ (A2)
_ - _ V2770
[B/Cg] = b, + b,e ™' + be ™ (A3) b=—"F5 (A19)
[Cl =cy+ cie ™ +ce™ (A4) -
' g b, =222 (A20)
in which the decay constanis and 4, are given by
kidi(v2 — 7o) + Kido(yo — v1) + AA:(v2 — vo)
S+4/D?+ 4Kk [H" P= , (A21)
- KkH ] (A5) ki, = )k, = 4)
' 2
ith References and Notes
Wi
(1) Brouillard, R. In.Anthocyanins as Food ColagrMarkakis, P., Ed.;
, Academic Press: New York, 1982; Chapter 1.
S=k,+ kK [HT+k+k (A6) (2) Brouillard, R.Phytochem1981, 20, 143.
(3) Brouillard, R.; Dubois, J.-EJ. Am. Chem. Sod 977, 99, 1359.
and (4) Brouillard, R..; Delaporte, B. Dubois, J.-E.Am. Chem. Sod¢978
100, 6202.
4 (5) Cheminat, A.; Brouillard, RTetrahedron Lett1986 27, 4457.
D=k,+k [JH]—k —k (A7) (6) Santos, H.; Turner, D. L.; Lima, J. C.; Figueiredo, P.; Pina, F.;
Macanita, A. L. Phytochem1993 33, 1227.
. . . 7) Brouillard, R.; L , JCan. J. Chem199(Q 68, 755.
The preexponential coefficients;{b;, andc;) are interrelated Esg B{gﬂh,g:d, R Di?gportg nBJ_ Am?rghen?_ S0d977 99, 8461.
by egs A8 through A1l (9) Brouillard, R.; lacobucci, G. A.; Sweeny, J. G.Am. Chem. Soc.
1982 104, 7585.
a =0 x bi (A8) (10) Ma@nita, A. L.; Moreira, P.; Lima, J. C.; Quina, F., Yihwa, C;

Vautier-Giongo, CJ. Phys. ChemA 2002 106, 1248.
(11) Goto, T.; Kondo, TAngew. Chem., Int. Ed. Engl991, 30, 17.
C=y xDb (A9) (12) Asen, S.; Stewart, R. N.; Norris, K. Rhytochem1972 11, 1139.
(13) Hoshino, T.; Matsumoto, U.; Harada, N.; Goto, Tletrahedron
Lett. 1981, 22, 3621.
K [H +] (14) Hoshino, T.; Matsumoto, U.; Harada, N. GotoPhytochem1981,
= (A10) 20, 1971.
k'h - ’1i (15) Hoshino, T.; Matsumoto, U.; Harada, N.; Goto, Tletrahedron
Lett. 1982 23, 433.
ki' (16) Hoshino, T.Phytochem1991, 30, 2049.
v, = (All) (17) Hoshino, T.Phytochem1992 31, 647.
! k_i — j,i (18) Nerdal, W.; Andersen, @. MPhytochem. Anall991 2, 263.
(19) Nerdal, W.; Andersen, @. M. 19%zhytochem. Anall992 3, 182.
o . (20) Mazza, G.; Brouillard, R. 198Food Chem1987, 27, 207.
and obey the initial conditions (21) Mistry, T. V.; Cai, Y.; Lilley, T. H.; Haslam, EJ. Chem. Soc.,
Perkin Trans.1991, 2, 1287.
3 (22) Dangles, O.; Saito, N.; Brouillard, R. Am Chem S0d.993 115,
+ 3125.
Z 4= [AH ]0 (A12) (23) Saito, N.; Tatsuzawa, F.; Nishiama, A.; Yokoi, M.; Shigihara, A.;
! Honda, T.Phytochem1995 38, 1027.
(24) Saito, N.; Tatsuzawa, F.; Yoda, K.; Yokoi, M.; Kasahara, K.; lida,
3 S.; Shigihara, A.; Toshio Honda, Phytochem1995 40, 1283.
Z bI (A13) (25) Figueiredo, P.; Elhabiri, M.; Saito N.; Brouillard, R.Am. Chem.
Soc.1996 118 4788.
(26) Mag@nita, A. L.; Pina, F.; Lima, J. Boletim de Biotecnoll997,
56, 4.
3 (27) Roque, A.; Pina, F.; Alves, S.; Ballardini, R.; Maestri, M.; Balzani,
z ¢=0 (A14) V. J. Mater. Chem1999 9, 2265.
T (28) Sadlowski, E., Ph.D. Thesis985 Colorado State University, USA.
(29) Houbiers, C.; Lima, J. C.; Maaita, A. L.; Santos, HJ. Phys.
where [AH'o is the initial concentration of the acid form and ~ Chem.1998 102 3578,

S . 30) Lima, J. C., Ph.D. Thesi4996 Instituto Superior Tenico/UTL,
ao, b, and ¢p are equal to the equilibrium concentrations of poﬁtugm 4996 P

AHT, B and C, respectively. (31) Pina, F.J. Chem. Soc., Faraday Trank99§ 94, 2109.



Color Stabilization of Anthocyanins J. Phys. Chem. A, Vol. 106, No. 24, 2002359

(32) McClelland, R. A.; Gedge, S. Am. Chem. S0d.98Q 102, 5838. Applied AspectsMittal, K. L., Fendler, E. J., Eds.; Plenum Press: New
(33) Although the sum oki + k-; can, in principle, be determined York, 1982; Volume 2, p 1125.
from the intercept of Figure 7b, the intercept is close to zero and the error ~ (36) Bunton, C. A.; Nome, F. J.; Quina, F. H.; Romsted, L.ASc.
so large that it provides only an indication of the order of magnitudé of ~ Chem. Res199], 24, 357.
+ K. (37) Assuming an average micellar aggregation numiigy, of 7538
(34) Since the selectivity coefficient for proton/sodium counterion less than 2% of the micelles should have a bound proton at an aqueous
exchange at the SDS micellar surface is essentially unity, the ratio of local phase pH of 5 (the midpoint of the data of Figure 4b), requiring that
concentrations of protons in the micellar and aqueous phases should beprotonation of the base occur by entry of a proton from the aqueous phase.
equal to that of sodiurf® Taking the degree of counterion dissociation of  Likewise, application of the Infelta-Tachiya equafidto the decay of the

the micelle to bex = 0.25 and the molar volume of SDS to Wg = 0.25 base produced by the nanosecond laser pulse leads to the conclusion that
l.mol~%, the local concentration of sodium ion at the micelle surface is found Kk, = kinki/(ki + k1), wherek,y andk 4 are the rate constants for entry
to be 3.0 M3%36 Using standard PPIE mass balance relationstipsthe and exit of the proton from the micelle ahg; the pseudo-unimolecular

concentration of sodium ion in the aqueous phase is estimated to be-0.035 rate constant for protonation of the base by the proton after entry into the
0.040 M. This corresponds to an 80-fold concentration of protons at the micelle.
micellar surface relative to the aqueous phase, corresponding to a shift in  (38) Quina, F. H.; Bales, B. L.; Nassar P. M.; Bonilha, J. BJShys.
the apparent i§; of 1.9 units relative to water. Chem 1995 99, 17 028.
(35) Quina, F. H.; Politi, M. J.; Cuccovia, |. M.; Martins-Franchetti, S. (39) Gehlen, M. H.; De Schryver, F. CChem. Re. 1993 93, 3,
M.; Chaimovich, H. In.Solution Behaior of Surfactants-Theoretical and 199.



