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In the present research, the copigmentations of malvidin-3-O-glucoside with five hydroxybenzoic cofac-
tors (p-hydroxybenzoic acid, protocatechuic acid, gallic acid, vanillic acid, and syringic acid) were inves-
tigated. The influence of the concentration of these cofactors and the reaction temperature was
examined. The equilibrium constant (K), stoichiometric ratio (n) and the thermodynamic parameters
(DG�, DH�, DS�) related to the copigmentation were also reported here. Theoretical calculations were per-
formed to identify the relative arrangement between the pigment and cofactors in the copigmentation
complexes. Besides, the comparison of the relative binding free energies (DDGbinding) derived from the
theoretical calculations and experimental data were made, and the binding strength of these copigmen-
tation complexes was discussed with the interaction energies (DE). AIM analysis was also used to explore
the main driving forces contributing to the copigmentation. In the comparison of the five studied cofac-
tors, syringic acid had a stronger copigmentation effect than the other four phenolic acids investigated.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Anthocyanins have attracted great interests in the past several
decades due to their important roles as natural pigments that were
responsible for the colour of many beverages, especially in red wine,
as well as their numerous health promoting benefits (He & Giusti,
2010; Qin et al., 2009; Sancho & Pastore, 2012; Vauzour,
Rodriguez-Mateos, Corona, Oruna-Concha, & Spencer, 2010). The
colour exhibited by anthocyanins is strongly dependent on the pH
of their aqueous solution. At a low pH (<2.0), anthocyanins’ red col-
our appears because of their predominant flavylium cation. With
the increasing of pH, the other forms of anthocyanins (hemiketal,
chalcones, and quinonoidal bases) were generated in the equilib-
rium (Raymond Brouillard & Delaporte, 1977). When the pH is in
the range of 2.0–4.0, the anthocyanins exist as colourless hemiketals
(>70%) in tautomerism equilibrium with pale yellow cis-chalcone
and trans-chalcone forms. And at higher pH values, they are present
as quinoidal bases (neutral and anionic) (Brouillard, Mazza, Saad,
Albrecht-Gary, & Cheminat, 1989). Thus, at the normal pH of wine
(3.2–4.0) most of the anthocyanins are expected to exist as colour-
less hemiacetals in equilibrium with other forms. However, in
nature, coloured flavylium cation and quinonoidal forms of
anthocyanins are predominant in red wine, which suggests that
some stabilizing mechanisms may exist and improve chemical
and colourimetric stability of anthocyanins. Many studies have sug-
gested that the enhanced colour of the solutions could be ascribed to
the intermolecular interactions between the flavylium cation of
anthocyanin and the cofactor in copigmentation, which would sta-
bilize the flavylium cation chromophore (benzopyrylium) and block
its interactions with water molecules, thus keeping the colour with-
out loss (Goto, 1987; Santos-Buelga & de Freitas, 2009).

The copigmentation results in an increase of absorbance in the
visible range (hyperchromic shift) and a positive shift of the wave-
length of the maximum absorbance (bathochromic shift), making
the changes of colour tendency and intensity detectable (Malaj,
De Simone, Quartarolo, & Russo, 2013; Teixeira et al., 2013).
Besides, such as the ionic strength, pH, solvent, temperature, the
presence of metal salts (Asen, Stewart, & Norris, 1972; Raymond
Brouillard & Dangles, 1994; Mistry, Cai, Lilley, & Haslam, 1991),
the molecular structures of anthocyanins and cofactors are also
important for the copigmentation (Sousa et al., 2014). In addition,
as a special case, another copigmentation mechanism caused by
anthocyanins themselves when their concentrations were higher
than 1 mM was also reported, which was named as self-association
(Boulton, 2001). Self-associations of anthocyanins were observed
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to take place during wine aging and it was assumed that they
might partially contribute to the colour of aged wines (Rein,
2005). Because the copigmentation is essentially of noncovalent
interactions (e.g., hydrogen bond, van der Waals interaction), the
proton donors, acceptors, and the aromatic rings of them are also
crucial for the formations of these interactions. For instance in
some previous reports, the flavonols (quercetin and rutin) exhib-
ited a strong copigmentation effect, while the flavan-3-ols (epicat-
echin and catechin) were relatively weaker (Lambert, Asenstorfer,
Williamson, Iland, & Jones, 2011). The phenolic acids, like sinapic
acid and ferulic acid, had strong copigmentation with colour
enhancement and bathochromic shift (Markovic, Petranovic, &
Baranac, 2000; Sun, Cao, Bai, Liao, & Hu, 2010), and some of them
were evaluated as external polyphenolic cofactors which could
enhance and stabilize anthocyanins’ colour in red wine
(Aleixandre-Tudó et al., 2013; Bloomfield, Heatherbell, & Pour
Nikfardjam, 2003; Schwarz, Picazo-Bacete, Winterhalter, &
Hermosín-Gutiérrez, 2005). These compounds mentioned above
normally contain one or more phenolic rings, and the p–p interac-
tion between the aromatic rings of these phenols and anthocyanins
served as a driving force of the copigmentation. Additionally, the
hydroxyl or carbonyl O group linking to the phenolic ring might
also interact with anthocyanin to form hydrogen bond or charge
transfer interactions. Obviously, the cofactors containing phenolic
ring and hydroxyl or carbonyl O group would be implicated in
the intermolecular interactions, leading to a strong copigmentation
with anthocyanin.

Hydroxybenzoic acids are characterized by their C6–C1 skele-
tons, which are one class of the most representative phenolic acids
found in both of grapes and wines. Because of their significant roles
in enhancing and stabilizing red wine colour, great interests were
focused on their abilities as cofactors (Malaj et al., 2013). Therefore,
to understand the detailed abilities of different hydroxybenzoic
acids in red wine as cofactors of anthocyanin are quite important.
In this research, the intermolecular copigmentation between the
anthocyanin, malvidin-3-O-glucoside (M3OG), and five different
hydroxybenzoic cofactors [p-hydroxybenzoic acid (pHA), proto-
catechuic acid (PA), gallic acid (GA), vanillic acid (VA), and syringic
acid (SA)] (Fig. S1, Supplementary Material) were evaluated by
determination of their respective spectral and thermodynamic
parameters. Meanwhile, the effects of the cofactor’s concentration
and temperature in reactions were examined, and the interaction
strengths of these copigmentation complexes were also compared
and discussed with theoretical calculations.
2. Materials and methods

2.1. Materials

The anthocyanin, M3OG was purchased from Phyto Lab GmbH
& Co. (Vestenbergsgreuth, Germany), while the chemicals of pHA,
PA, GA, VA, and SA were supplied by Sigma–Aldrich (St. Louis,
MO, USA). Deionised water (<18 MW resistance) was obtained
from a Milli-Q Element water purification system (Millipore, Bed-
ford, MA, USA). All the other chemicals were obtained from
Sigma–Aldrich, unless noted specially.
2.2. Preparation of model wine solutions

The model wine solutions were prepared as following: tartaric
acid (5 g/L) with 12% ethanol at pH 3.6, and the ionic strength
was adjusted to 0.2 M by the addition of NaCl (Nonier Bourden
et al., 2008). For assessing the effect of molar ratio on the copig-
mentation, five cofactors’ solutions (pHA/M3OG, PA/M3OG, GA/
M3OG, VA/M3OG, SA/M3OG) were prepared by mixing 0.20 mM
anthocyanin with an aliquot of cofactor solution to obtain the pig-
ment/cofactor molar ratio of 1:0, 1:1, 1:10, 1:20, 1:40, 1:80, 1:100
at 20 �C. The influence of temperature was evaluated with molar
ratio of 1:40 at 10, 15, 20, 25, and 30 �C. All of these solutions were
prepared in triplicate, and they were stored in darkness to equili-
brate for 30 min. Then their absorption spectra were recorded by
using a UV–Visible spectrophotometer (Shimadzu UV-2450, Shi-
madzu Corporation, Kyoto, Japan). Visible absorption spectra
(400–700 nm) of solutions were recorded periodically at constant
the interval (Dk = 1 nm), by using 1 cm path length glass cells.
The experiments were based on the reported method (Brouillard
et al., 1989) with some modifications.

2.3. Thermodynamic data determination

The values of equilibrium constant (K), Gibbs free energy (DG�),
enthalpy change (DH�), and entropy change (DS�) of the copigmen-
tation reaction were determined by the Eqs. (1)�(4) (Brouillard
et al., 1989; Lambert et al., 2011).

ln
A� A0

A0

� �
¼ ln K þ n ln ½CP�0 ð1Þ

DG0 ¼ �RT � ln K ð2Þ

DG0 ¼ DH0 � TDS0 ð3Þ

ln
A� A0

A0

� �
¼ DH

RT
þ DS0

R
þ n ln ½CP�0 ð4Þ

Among them, A0 was the maximum visible absorbance at
k = 520 nm for M3OG in the absence of the cofactors, and A was
the absorbance at k520 of M3OG in the presence of the cofactors.
K was the equilibrium constant for the reaction of the copigmenta-
tion, and it was expressed as [AH(CP)n

+]/([AH+][CP]n]) (Malaj et al.,
2013). And, n was the stoichiometric ratio between the anthocya-
nin and the cofactor. [CP]0 represented the concentration of cofac-
tor added to the anthocyanin solution, R was the gas constant
(8.314 J/mol K), and T was the temperature in Kelvin.

2.4. Molecular dynamic simulations

To evaluate the interactions between the pigment (M3OG) and
cofactors (pHA, PA, GA, VA and SA), the starting geometries of these
molecules were optimized by using Hyperchem 7.0 package
(Hypercube Inc., USA) via molecular mechanics (MM) force field.
Then five interaction models for the pigment and cofactors were
constructed, and the geometries of these complexes were also opti-
mized via MM force field. The geometries of molecules and com-
plexes were further optimized by using the M062X functional
(Zhao & Truhlar, 2006, 2008) with the 6–31G (d, p) basis set,
because of the accuracy of the M062X functional in treating non-
covalent interactions and the less computational cost, which were
implemented in the Gaussian 09 package (Frisch et al., 2009). The
integral equation formalism polarizable continuum model (IEF-
PCM) method was also used to consider the solvent effect.

The binding Gibbs free energy (DGbinding) and interaction energy
(DE) for the copigmentation complex were calculated via the fol-
lowing equations:

DGbinding ¼ Gcomplex � Gcopi � Gpi ð5Þ

DE ¼ Ecomplex � Ecopi � Epi ð6Þ

For Eq. (5), Gcomplex, Gcopi, and Gpi were the Gibbs free energies of
the copigmentation complex, the cofactor, and the pigment,
respectively. The similar binding modes were observed due to
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the similar structures of the cofactors, and therefore, the relative
binding free energies (DDGbinding) were calculated relative to the
most stable copigmentation complex. For Eq. (6), Ecomplex, Ecopi,
and Epi denoted the total energy of the copigmentation complex
and the energies of the cofactor and pigment, respectively.
3. Results and discussion

3.1. Spectral characteristics of M3OG with cofactors

The ability of the phenolic acid to act as cofactors was surveyed
in 12% ethanol–water solution at pH 3.6. To avoid the self-associa-
tion effect, a suitable concentration of M3OG (2.0 � l0�4 M) was
used. Generally, there was no considerable absorbance of the phe-
nolic acids in the visible part of the spectrum (Kelebek, Selli,
Canbas, & Cabaroglu, 2009). Thus, the increase of the absorbance
reflected a strong interaction between the pigment and cofactor,
and such variation can be measured by the values of hyperchromic
and bathochromic shifts in the maximum absorbance (Brouillard
et al., 1989), in which their values were reported as (A � A0)/A0

and Dkmax = kmax � k520, respectively.
As shown in Fig. 1(a–e), continuous increases of absorbance

with the increasing concentrations of the cofactors in the solutions
were observed, indicating strong intermolecular interactions
between the pigments and the cofactors, which was responsible
for the colouration of these solutions. The relatively strongest
copigmentations for the complexes of M3OG and the five phenolic
acids (pHA, PA, GA, VA and SA) were observed at the 1:100 M ratio,
showing that the higher concentrations of the cofactors usually
appeared stronger effects in the copigmentations. Among these
cofactors, the greatest magnitude of copigmentation was induced
by SA, exhibiting the greater hyperchromic shifts of 2.0–125.8%
at the molar ratio from 1:1 to 1:100 (Table S1, Supplementary
Material). Whereas copigmentations of the pHA and PA with
M3OG were weaker, which represented the colour enhancements
of 1.0–30.0% and 1.0–49.2%, respectively. The GA and VA were also
relatively good cofactors, and their interactions with M3OG
increased the visible absorption by 75.8% and 85.9% at the
1:100 M ratio, respectively. Besides the hyperchromic shift, the
bathochromic shifts also increased with the increasing concentra-
tions of cofactors in solution, as shown in Table S1. These results
suggested that both the hyperchromic and bathochromic shifts
were strongly influenced by the highest concentration of these
cofactors.

AHþ $ AþHþ ð7Þ

AHþ þH2O$ ðBþ CEÞ þHþ ð8Þ

AHþ þ nCP$ AHðCPÞþn ð9Þ

The hyperchromic and bathochromic shifts could be ascribed
to a displacement of the hydration equilibrium, which were
illustrated by Eqs. 7–9. The formation of the complexes between
colourless phenolic acids and the flavylium cations of malvidin-
3-O-glucoside would lead to the equilibrium of the anthocyanins
toward the formation of flavylium ions, which could enhanced
the red colour intensities of the solutions. While another conse-
quence associated with copigmentation was a bathochromic shift,
which was an increase of the solution’s kmax (Schwarz et al., 2005;
Álvarez, Aleixandre, García, Lizama, & Aleixandre-Tudó, 2008).

Among the five analyzed cofactors, the different hyperchromic
and bathochromic shifts observed in Table S1 might be related to
the substituent groups linked to the hydroxybenzoic acid mole-
cules. Compared to pHA, PA and GA possessed more hydroxyl
groups, so the larger hyperchromic and bathochromic shifts were
observed for their copigmentations with M3OG. Because the meth-
oxyl group had a larger size than the hydroxyl group, the copig-
mentation of VA or SA with M3OG resulted in the larger
hyperchromic and bathochromic shifts. These findings might be
caused by more hydrogen bonds formed between anthocyanins
and the cofactors containing more hydroxyl or methoxyl groups
(Malaj et al., 2013; Sun et al., 2010) and more lubricity (Rein,
2005). However, such mechanism still needed our further supports
with the thermodynamic studies.

3.2. Thermodynamic data for the copigmentation

From the viewpoint of thermodynamics, the consequences
raised from the interaction of anthocyanins with different cofac-
tors could provide information on the energy changes of copig-
mentation and the inherent mechanism. The equilibrium
constant (K) for the copigmentation reaction gave out the strength
between the cofactor and the anthocyanin. In this study, lnK was
the intercept of the plot of ln[(A � A0)/A0] vs ln[CP]0 (Fig. 1f). With
regards to the different cofactors, the ln[(A � A0)/A0] vs ln[CP]0

plots displayed straight lines with good correlation coefficients
(R2 > 0.95). The values of equilibrium constants K determined by
this method also followed the order of pHA/M3OG < PA/
M3OG < GA/M3OG < VA/M3OG < SA/M3OG (Table 1). This was
consistent with the tendency of bathochromic shift discussed
above. The K values of VA/M3OG and SA/M3OG were similar to
those in the previous work (Malaj et al., 2013). As suggested by
Malaj et al. (2013), the K value was an important indicator of the
strength of the association pigment-cofactor complex, so a large
value meant a strong binding between them. It could be expected
that the binding strengths for the copigmentation reactions were
the same as the order of K values. Of course, these results should
be related to the structural features because the cofactors with
more hydroxyl or methoxyl groups might form more hydrogen
bonds with M3OG to showing stronger interactions, which was
agreed with some previous findings (Teixeira et al., 2013). The stoi-
chiometric constant (n) determined by the plots of ln[(A � A0)/A0]
vs ln[CP]0, describing the association between the cofactors and
the researched anthocyanins. The copigmentation complexes
showed that the n values approached to 1.0 (Table 1), indicating
that the copigmentation between the pigment and the cofactor
were as an 1:1 association, which were in agreement with some
previous findings (Lambert et al., 2011; Malaj et al., 2013; Sun
et al., 2010).

The variations of Gibbs free energies (DG�) were negative for all
the copigmentation complexes (Table 1), suggesting that the pro-
cesses of M3OG with the five cofactors (pHA, PA, GA, VA and SA)
were spontaneous. It was found that SA/M3OG had the highest
negative DG� value (�9.73 kJ/mol), followed by VA/M3OG
(�8.86 kJ/mol), GA/M3OG (�7.57 kJ/mol), PA/M3OG (�6.65 kJ/
mol) and pHA/M3OG (�6.19 kJ/mol). Obviously, the copigmenta-
tion process of methoxylated benzoic acids with M3OG was ther-
modynamic more favourable than those of hydroxylation benzoic
acids, showing that SA and VA were the most efficient cofactors,
followed by GA, PA, and pHA.

Furthermore, the influence of the temperatures on the copig-
mentation was also examined. As shown in Fig. 2(a–e), a progres-
sive increase of absorbance (hyperchromic shift) and a shift of the
maximum wavelength absorbance toward higher values of the
spectrum (bathochromic shift) were observed when the tempera-
tures increased from 10 to 20 �C. But a decrease of hypochromic
and hypsochromic shift were seen when the temperatures
increased from 20 to 30 �C. The bathochromic and hyperchromic
shifts toward higher values observed for the copigmentation
complexes could be attributed to the spontaneous processes of the
conversions from the reactants to products, as reflected by the



Fig. 1. Visible spectra of free M3OG (1:0) and the pigment/cofactor solutions at different molar ratios (a–e); (f) plots of ln[(A � A0)/A0] vs ln[CP]0 for the copigmentation
reactions of M3OG with pHA, PA, GA, VA and SA. The intercept was the lnK value, and the slope was the stoichiometric ratio (n) of the respective copigmentation reaction.

Table 1
Thermodynamic properties of the copigmentaion processes for M3OG with five cofactors.a

Cofactor K (mol�1L) n DG�b (kJ mol�1) DH�c (kJ mol�1) DS�d (kJ mol�1)

pHA 12.68 0.904 �6.19 �10.67 �15.29
PA 15.30 0.869 �6.65 �13.49 �23.37
GA 22.39 0.931 �7.57 �16.91 �31.87
VA 37.98 0.983 �8.86 �19.72 �37.06
SA 54.38 0.945 �9.73 �21.09 �38.75

a Molar ratio of 1:40, T = 293 K.
b DG� is determined by the Eq. (2): DG� = �RT � lnK.
c DH� is determined by the slope of the plot of ln[(A � A0)/A0] vs (1/T).
d DS� is determined by the Eq. (3): DG� = DH� � TDS�.
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Fig. 2. Visible spectra of the pigment/cofactor solutions (1:40 M ratio) at the temperature ranging from 10 to 30 �C (a–e); (f) plots of ln[(A � A0)/A0] vs (1/T) for the
copigmentation reactions of M3OG with pHA, PA, GA, VA and SA.
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negative DG� values (Table 1), while their shifts toward lower values
meant that the pigment-cofactor copigmentation complex was
destroyed and reversed with the further increase of temperature.

The enthalpy variation (DH) involved in the copigmentation
could be derived by the plot of ln[(A � A0)/A0] vs the reciprocal of
the temperature (1/T), in which DH could be determined by the
slope of �DH/R. The entropy variation (DS�) could be calculated
from the Gibbs–Helmholtz equation (DG� = DH� � TDS�). As seen
from Table 1, the DG� and DH� values were negative for all of these
complexes, indicating that theses copigmentations were spontane-
ous and thermodynamically favored. This finding was consistent
with some previous reports (Baranac, Petranovic, & Dimitric-
Markovic, 1996; Brouillard et al., 1989; Lambert et al., 2011;
Malaj et al., 2013; Markovic et al., 2000; Sun et al., 2010;
Teixeira et al., 2013). It was known that the enthalpy change was
a measure of the energy barrier that must be overcome by the
reacting molecules and related to the strength of the binding
(Mercali, Jaeschke, Tessaro, & Marczak, 2013). Therefore, the mag-
nitude of DH� suggested that the copigmentation were of low-
energy types, which might include the net desolvation which
released water molecules from the solvation shells to the bulk sol-
vent by the more hydrophobic cofactor compounds, increasing the
van der Waals’ force between these molecules and the formation of
hydrogen bonds and/or other low-energy interactions. In addition,
relatively small change of DH� also indicated low affinity of reac-
tants, because of large mole ratio (1:40) of the compounds applied
in the experiments. The negative DS� values indicated that the
copigmentation process was accompanied by entropy loss, and a
more stable and orderly structure forms. The negative entropy
change suggested that during the association process, both pig-
ments and cofactors underwent reorganization, and the hydropho-
bic effect did not compensate the loss of rotational and
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translational freedom in the anthocyanin and cofactor molecules
when they associated (Nave et al., 2012). The interaction between
M3OG and SA gave larger negative entropy than either PA (39.7%)
or pHA (60.5%), indicating that SA gave a more compact complex
with a greater degree of order than either PA or pHA. Generally,
it was widely accepted that the standard enthalpy DH� could be
considered as a quantitative indicator of the changes in intermo-
lecular bond energies during the binding, while the standard
entropy, DS�, was most likely a good indicator of the rearrange-
ments undergone by the solvent molecules during the same pro-
cess (Dangles & Brouillard, 1992). Therefore, we speculated that
these reactions were entropy driven with enthalpy contributions.
3.3. Experimental and theoretical investigations of five pigment/
cofactor complexes

To better understand the mechanism of copigmentation,
theoretical calculations were performed. The experimental and
Table 2
Experimental and theoretical binding free energies (DGbinding), relative binding free
energies (DDGbinding) and interaction energies (DE) for the five copigmentation
complexes. (All units are in kcal mol�1.)

Complex Experimental Theoretical

DGbinding DDGbinding
a DGbinding DDGbinding

b DE

pHA/M3OG �1.48 0.85 �1.30 2.81 �17.11
PA/M3OG �1.59 0.74 �2.08 2.03 �17.94
GA/M3OG �1.81 0.52 �2.15 1.96 �18.13
VA/M3OG �2.12 0.21 �3.77 0.34 �20.20
SA/M3OG �2.33 0.00 �4.11 0.00 �20.39

a Experimental values calculated from Table 1 using DDGbinding = RTln(KSA/KCPx).
b The binding free energies for the copigmentation complexes relative to SA/

M3OG.

Fig. 3. The optimized geometries of the five copigmentation complexes (a)
theoretical binding free energies (DGbinding), relative binding free
energies (DDGbinding) and interaction energies (DE) for the five
copigmentation complexes were summarized in Table 2. Great dif-
ferences between the experimental and theoretical DGbinding values
were observed from the results, which might be associated with
the situations of the experiment and the theoretical simulation
because the complexes in these two cases experienced different
environments. But the stabilities of these complexes had the same
tendency, that was, pHA/M3OG < PA/M3OG < GA/M3OG < VA/
M3OG < SA/M3OG. Compared to other complexes, the most nega-
tive DGbinding of the SA/M3OG complex revealed that the SA/
M3OG complex was thermodynamically more favourable than oth-
ers. Noticeably, the relative binding free energies (DDGbinding)
obtained at the M062X/6–31G (d, p) level of theory were in quali-
tative agreement with the experimental results, suggesting that
the theoretical method used could provide a useful understanding
for the interacting complex. Additionally, the interaction energies
(DE) for the five complexes showed the same tendency of their sta-
bilities as shown in DGbinding’s changing, which further confirmed
that the SA/M3OG complex is the most stable one.

Fig. 3 showed the optimized geometries of the five copigmenta-
tion complexes. To understand the driving forces for the copigmen-
tation, atoms in molecules (AIM) (Bader, 1991) analysis was used
to identify the intermolecular interactions between the pigment
and cofactor, which was carried out at the M062X/6–31G(d, p)
level of theory. According to the AIM theory, the Laplacian value
52q (i.e.,52q = k1 + k2 + k3, where ki was an eigenvalue of the Hes-
sian matrix of the electron density q) and the electron density q
could be used to characterize the bond. The positive52q suggested
that the bond belonged to the ionic bond, hydrogen bond (HB) or
van der Waals (vdW) interaction. When one of the three eigen-
values were positive and the other two were negative, we denoted
it by (3,�1) and called it as the bond critical point (BCP). For BCP,
pHA/M3OG; (b) PA/M3OG; (c) GA/M3OG; (d) VA/M3OG; (e) SA/M3OG.



Table 3
The number (n) of the bond critical points (BCP), ring critical points (RCP), cage critical
point (CCP) between the cofactor and pigment in the complex and the classification.

Complex n BCP n RCP n CCP

pHA/M3OG 10 4 HBs 17 Close contacts 3 p–p interactions
6 vdWs

PA/M3OG 13 6 HBs 27 Close contacts 7 p–p interactions
7 vdWs

GA/M3OG 12 2 HBs 21 Close contacts 4 p–p interactions
10 vdWs

VA/M3OG 13 5 HBs 21 Close contacts 4 p–p interactions
8 vdWs

SA/M3OG 17 3 HBs 30 Close contacts 7 p–p interactions
14 vdWs
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three criteria were used in distinguishing the HB (Lipkowski,
Grabowski, Robinson, & Leszczynski, 2004), which meant there
existed a bond critical point, and the electron density q and its
Laplacian52q should be within the ranges of 0.002–0.035 and
0.024–0.139 a.u., respectively. When the electron density q was
about 10�3 a.u. and its 52q value was smaller than 0.024 a.u.,
the interaction between two atoms was usually classified as vdW
interaction (Zhou & Qiu, 2009). When one of the three eigenvalues
was negative and the other two were positive, it was denoted as
(3,+1) and was named as the ring critical point (RCP) which indi-
cated the existence of a ring structure. When the three were all
positive, it was denoted as (3,+3) and named as the cage critical
point (CCP), indicating the formation of a cage between several
rings. With regard to the intermolecular RCPs and CCPs, they might
be indicative of the close contact and the p–p interaction, respec-
tively. Both these two types’ interactions belonged to the vdW
interactions. Therefore, the intermolecular interactions between
the pigment and cofactor could be derived. As shown in Table 3,
HB and vdW interactions were the main driving forces for the for-
mation of these complexes. The carbonyl O atom and OH group in
the cofactors tended to form HBs with the anthocyanins, while the
vdW interactions raised from the close contacts between two
atoms and the p–p interactions between these units with p-aro-
matic rings. The above statistical data showed that the hydrogen
bond and van der Waals interactions contribute to the pigment-
cofactor copigmentation.

4. Conclusions

In this work, the copigmentation reactions between the pig-
ment (M3OG) and five cofactors (pHA, PA, GA, VA and SA) were
investigated. The results showed that the increasing concentration
of these cofactors led to an increase of the solutions’ absorbance
(hyperchromic and bathochromic shifts), because of their strong
intermolecular interactions. This was associated with the struc-
tures of the cofactors, because the cofactors containing more meth-
oxyl group or hydroxyl groups would interact with M3OG to form
more stable complexes, leading to the larger hyperchromic and
bathochromic shifts: SA/M3OG > VA/M3OG > GA/M3OG > PA/
M3OG > pHA/M3OG. Besides, the temperature also affected the
copigmentation. At lower temperature, ranging from 10 to 20 �C,
the hyperchromic and bathochromic shifts toward higher values
were observed, but they were reduced to lower values when the
temperature increased from 20 to 30 �C. Theoretical calculations
conformed that DDGbinding of the five copigmentation complexes
showed the tendency in good agreement to the experimental val-
ues, indicating that the theoretical method used in this research
was reliable in simulating their intermolecular interactions, which
were further confirmed by the interaction energies (DE). Besides,
AIM analysis also suggested that the hydrogen bonds and van
der Waals interactions serving as the main driving forces
contributing to the pigment-cofactor copigmentation. Therefore,
the copigmentation processes between M3OG and the five cofac-
tors were strongly dependent on their concentrations, structures,
and the reaction temperatures.
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