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The reaction of copigmentation of malvidin 3,5-diglucoside and tannic acid of
the ester type was studied. The interactions of these molecules were observed via
UV-VIS absorption spectroscopy. It was established that the pH of the medium, the
concentration of the copigmentating molecules, and the temperature affect the copig-
mentation process. The calculated equilibrium constant of the reaction of pH 3.00 is K
=226.9, and at pH 3.65 it is K =277.0. The change of the Gibbs free energy in pH 3.00
buffer is AG = —13.4 kJ/mol, and in pH 3.65 buffer it is AG = —-13.9 kJ/mol. The
stoichiometric ratio of the components in the copigment is 1:1, at both pH values. It is
evident from the calculated values of the thermodynamic functions that the process is
thermodynamically favorable in the lower temperature range. Temperature appears as
the basic parameter of the thermodynamic feasability of the process, since the copig-
mentation process is exothermic (AHpn=3.00 = — 41.6 kJ/mol and AHpH=3.65 = — 41.6
kJ/mol) and proceeds with a decrease in entropy (ASpu=3.00 = — 94.4 J/mol K and
ASpH=3.65 = -92.7 J/mol K).
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Copigmentation is considered to be one of the more important factors of
stabilization of the flavylium chromophore under in vivo conditions. It is possible
to define it as a phenomenon that makes the color of anthocyanes deeper, more
intensive and more stable, being a consequence of the interaction of anthocyanes
with a range of organic compounds.

Our previous investigations dealt with the process of copigmentation of the
anthocyan molecule, malvidin 3,5-diglucoside (malvin in the subsequent text), with
variously substituted flavone compounds. '~ In the present work, tannic acid of the
ester type (see structure Scheme 1) was chosen as the copigmentating molecule.

The literature describes the role of tannins in the composition of plant tissue®?

where they are present to varying degrees, depending on the plant species and the
stage of its maturity. The fact that anthocyans are present in the same natural
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Scheme 1. Structural formulae of the compounds.

environments, i.e., plants and fruits, indicates the possibility of their interaction with
copigment formation. The objective of the present work was to investigate the
equilibrium of the copigmentation reaction of the molecules investigated in vitro,
and determine the factors that affect the reaction, while defining its thermodynamic
parameters.

EXPERIMENTAL

The substances used in the present work were malvidin 3,5 diglucoside (97%, Fluka Bio-
chemica) and tannic acid (95%, Aldrich Co.). The spectrophotometric measurements were carried out
on a Pye Unicam SP8-100 UV-VIS spectrophotometer. The temperature was measured by a Pye
Unicam Temperature Cell Controller, which is an integral part of the spectrophotometer. The meas-
urements were performed in the temperature range from 20 °C to 50 °C (£2 °C). Quartz cuvettes of 1
cm optical path were used for recording the spectra. The methodology of recording the spectra was
the same for all measurements. Each spectrum was recorded 30 s after the preparation of the solution.
The copigmentation reaction of the molecules under study was followed in buffer solutions at pH 3.00
and pH 3.65.

The pH vlaues were chosen on the basis of our earlier studies,2 as well as according to available
literature data.’ Namely, it is known that the process of copigmentation occurs primarily in moderately
acidic media under in vivo conditions. For this reason we studied the reaction in solutions whose pH
values were close to those of natural fruit juices.

Buffer solutions of constant ionic strength (0.02 M) were obtained by mixing 0.02 M sodium
acetate (p.a., Merck) and 0.06 M phosphoric acid (85%, BDH Poole England). The ionic strength of
the solution was adjusted by adding 0.02 M sodium hydroxide (p.a., Merck). The reference solutions
in the spectrophotometric measurements were pure buffer solutions of the corresponding pH values.

Measurements of the pH were carried out on an Iskra MA 5730 pH meter with a combined

clectrode, at 298 K. The standard buffer solution for calibration was a solution of potassium biphthalate
(p-a., Merck).
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RESULTS

The process of copigmentation of the above mentioned molecules was fol-
lowed at two pH values, in buffer solutions of pH 3.00 and pH 3.65. Figure 1 shows
the absorption spectra of malvin and tannic acid at pH 3.00 (the absorption spectrum
of malvin at pH 3.65 is given in a previous papers.! As pointied out earlier, malvin
is present in the used buffer solutions in its cationic form.! It is evident from Fig.
1 that tannic acid does not absorb in the visible range of the spectrum, but only in
the UV, in which an intense band at 280 nm appears.

1. MALVIN
2.TANNIC ACID

I |
400 ' 500 A,nm

Fig. 1. Absorption spectra of malvin and tannic acid in buffer solution. pH 3.00.

The copigmentation process at the used pH values was followed at a constant
malvin concentration of 1x10™* M. The absorption spectra of malvin and the copig-
ments formed at varying mole ratios and pH are presented in Fig. 2. The batochromic
shift of the fundamental absorption maximum of the malvin cationic form, with a slight
hyperchromic effect, is the principal proof of copigment formation at the given pH
values. From the batochromic shift, it can be concluded that the optimal mole ratio of
the components in the copigment is 1:15 at both pH values and the given malvin
concentration (AA = 14.0 nm at pH 3.00, AA = 13.0 nm at the pH 3.65).

The copigmentation reaction can be schematically presented in the following
way:

(AH)" +nCp « AH (Cp)," (D
where AH" — flavylium cation and Cp — copigmentating molecule (tannic acid, in
the present case).

The equilibrium constant of this reaction is given by Eq. (2):
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Fig. 2. Absorption spectra of malvin and copigment malvin-tannic acid, different mole ratios in
buffer solutions a) pH 3.00 and b) pH 3.65.

K=[AH (Cp), 1([(AH)'] [Cp"]) 2

The relationship between the copigmentation reaction equilibrium and the
spectroscopic properties that are directly determined is given by Eq. (3):

(4=40)/40 = Kr[Cp"] 3)

where (4-Ag)/A( — the relative change of the intensity of the copigment absorption
maximum vs. the malvin absorption maximum, K — the equilibrium constant of the
process, n —number of free copigmentating molecules that are bound to the flavylium
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cation, i.e., the stoichiometric ratio of the components in the copigment, [Cpg] — the
initial concentration of the copigmentating molecules (tannic acid) and » — a
parameter that represents the ratio of the completely copigmentated flavylium cation
absorption maximum intensity vs. the absorption maximum intensity of the cation
alone, (A/Ao).5

The logarithm form of Eq. (3), given by Eq. (4) is used to determine the
cquilibrium constant, K, and the value of n:

In [(A—Ao)/Ag] = In (K¥) + n 1n [Cpo) 4)

The dependence of n [(4—A40)/A¢] on the concentration of tannin, (In [(4-A¢)/Ao]=
=1(In [Cpo)) (Fig. 3), at the absorption maximum wavelength, is a straight line with
a slope equal to n, and an intercept of In (Kr). The stoichiometric ratio of the
components in the copigment is determined from the slope, while the equilibrium
constant is determined from the intercept.> The stoichiometric ratio of the compo-
nents in the copigment was 1:1 at the pH values investigated. The calculated values
of the constant were K = 226.9 at pH 3.00, and K = 277.0 at pH 3.65. The values of
the standard Gibbs energy, which were calculated from the known relation AG =
— RT'1n K, were found to be AG =-13.4 kJ/mol at pH 3.00, and AG =-13.9 kJ/mol
at pH 3.65.
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Fig. 3. Plot of In [(4—A0)/A0¢] as a
function of tannic acid concentra-
tion for different buffer solutions.

The stability of the copigment solution with time was also monitored, at a
temperature of 298 K using the mole ratios 1:5 and 1:15, at the studied pH values,
with respect to malvin solutions at the same pH values and the same temperature.
Although all the solutions were kept in the dark, measured after the same time
interval, and in the same manner, the intensity of the color decayed differently as a
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function of time. This was manifested by a hypochromic effect on the basic
absorption maxima of malvin and the copigments. The change of absorbance with
time for the solutions investigated is given in Fig. 4. It was established that malvin
is more stable at pH 3.00 than at pH 3.65. Malvin is also more stable than the
copigments formed, at both pH values. The stability of the copigment is greater at
pH 3.00 than at pH 3.65. The solutions with a mole ratio of 1:15 are more stable
than the ones with a mole ratio of 1:5.

The thermal stability of the system was also monitored. It was reported in a
previous paper? that malvin solutions insignificantly change with temperature, hence
only the thermal stability of the copigment solution was monitored in the present work.
Temperature effects were observed at all mole ratios of copigment formation, and at
both pH values. The changes in the absorption spectra of the copigment (1:15) as a
function of temperature, at both pH values, are presented in Figs. 5a and 5b. Increasing
the temperature to 50 °C evidently caused copigment degradation, manifested by a
hypsochromic shift of the band maxima (Amax25 °c = 530 nm, Amax 50 °c = 524 nm)
with a hypsochromic effect (Fig. 5a, curves 2-6, and Fig. 5b, curves 2-8). After an
abrupt decrease of temperature to 20 °C, the equilibrium shifts towards the product of
the process, i.e., the copigment (Fig. 5a, curve 7, and Fig. 5b, curve 9).

The values of the enthalpy change of the process (tan o = — AH/R) were
determined from the slope of a plot of In [(4-40)/A¢] as a function of reciprocal
temperature (Fig. 6). The enthalpy change is AH=—41.6 kJ/mol, at both pH values.
Entropy changes, AS, were calculated from the Gibbs-Helmholtz equation, and
found to be ASpH=3.00 = — 94.4 J/mol K and ASpH=3.65 = —92.7 J/mol K.
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Fig. 5. Change in the absorption spectra of the copigment malvin-tannic acid (mole ratio 1:15) with
temperature in different buffer solutions a) pH 3.00 and b) pH 3.65.

The thermodynamic properties of the copigmentation process (mole ratio
1:15) are given in Table L.

TABLE I. Thermodynamic data for the process of copigmentation of malvin and tannic acid in buffer
solutions at pH 3.00 and pH 3.65 (7=298 K).

pH n K AG/kJ/mol K)  AH/(kJ/mol K) AS(J/mol K)
3.00 1 226.9 -13.4 —41.6 —94.4
3.65 1 277.0 —13.9 —41.6 —92.7
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DISCUSSION

The present work established that a copigmentation process exists between
malvidin 3,5-diglucoside and tannic acid in buffer solutions at pH 3.00 and pH 3.65.
From the results presented it is evident that the process under study, in the buffer
media given, is characterized by approximately the same values of the characteristic
parameters.

By following the stability of malvin solutions and copigment solutions with
time, at both pH values, the malvin solutions, and the copigment solutions were
found to have greater stability at the lower pH value, pH 3.00 (Fig. 4).

The proof of copigment formation is the batochromic shift of the fundamental
malvin absorption band, as a result of the increased delocalization of the Trelectron
system, i.e., the formation of copigments. At a constant malvin concentration (1 X
10~* M), the copigment was formed in solutions of various mole ratios (Fig. 2). The
mole ratio of components 1:15 (malvin: tannic acid) was found to be optimal, both
at pH 3.00 and pH 3.65, since the greatest batochromic shifts were observed with
this ratio (AAp=3.00 = 14 nm, AApH=3.65 = 13 nm).

dl41

As in systems previously studie the copigment was formed in the

stoichiometric ratio 1:1.

We believe that the differences in the values of the reaction equilibrium
constant, which is K =226.9 (T= 298 K) at pH 3.00 and K =277.0 (T=298 K) at
pH 3.65, are a consequence of a change in the flavylium cation concentration with
pH? (see Eq. (2)). At pH 3.00 (Fig. 2a, curve 1) the flavylium cation concentration
is higher than at pH 3.65 (Fig. 2b, curve 1). The calculated values of the thermody-
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namic function AG(AG < 0), which are approximately equal at both pH values (see
Table I), indicate the spontaneity of the copigmentation process.

It was established, as with previously studied systems, ! that increasing the
temperature, under the given conditions and mole ratio, causes the equilibrium of
the process to shift towards the initial reactants (Fig. 5a, curves 26, and Fig. 5b,
curve 2-8). On lowering the temperature the equilibrium of the process shifts in the
opposite direction, towards the copigment (Fig. 5a, curve 7 and Fig. 5b, curve 9).
Such a temperature effect is a consequence of copigment formation being an
exothermic process. The negative change of entropy, AS, as a measure of system
ordering is also proof of copigment formation, under the given conditions. The fact
that the thermodynamic functions AH and AS are both negative, AH < () and AS <0,
Table I, indicates that copigment formation is only possible at lower temperatures.

As for the structure of the copigments formed, we accept the assumptions of
other authors®7-!! that bonds are formed via hydrogen bonding, but we do not have
our own experimental proof of that till now.

The results of the investigation of the copigmentation process in vitro help to
define better malvin copigmentation with tannic acid i vivo. Since it is believed
that tannic acid plays an important role in the stabilization of the red wine color in
the maturing process,'? we assume that the results of our work will contribute to a
better understanding of this process under natural conditions.

n 3 B O N1

CITEKTPO®OTOMETPUJCKO UCITMTUBAILE PEAKHWIE KOITUTMEHTALIWJE
MAIJIBUHA U TAHMHCKE KMCEJIMHE

JEJIMCABETA M. BAPAHAILL, HAJTEXJIA A. TIETPAHOBWR u JACMUHA TUMUTPU'h MAPKOBU'R

Daxyaitieii 3a Qusuuky xemujy, Yrnusepsuitieii y beozpady, Citiyoeniticku itipz 16, 11000 Beozpao

Y oBOM pajly HICIUTHBAHA j€ peaknyja KONUTMeHTannje MaJIBUINH 3,5-TUTIyKo3uaa u
TAHUHCKE KUCEJIMHE €CTapcKor tuna. MHTepakiuje HaBeieHuX MOJIEKyIa npaheHe cy npeko
UV-VIS ancopniuonux cnekrapa. KoncraToBaHo je 1a Ha npouec konurmeHrangje yruue pH
cpejiuHe, KOHIICHTpanyja MOJIeKyla 1 Temneparypa. Ha OCHOBYy m3padyHaTHX BPERHOCTH
TEpPMOAANHAMIUYKUX (DPYHKIMjAa €BUACHTHO j€ Aa jé IPOLEC TEPMOAUHAMUYKU IIOBOJbAH Y
obyacTy HHXHX TeMmueparypa. Temneparypa ce jaB/ba KaO OCHOBHU IapaMeTap TePMOJHU-
HAMUYKE YCIOB/BEHOCTH MPOLECa IIOMITO je IpoLec konurmenranuje erzorepmas (AH < 0) u
ojBuja ce ca onajameM enrponuje (AS< 0).

(ITpumsbeno 9. peuem6pa 1998, pesupupano 20. anpuna 1999)
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