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electron transfer of catechin in tea
wine: the enhanced mechanism of anti-oxidative
capacity†

Yirong Xia,a Xintong Wang,a Hechen Sunb and Ximing Huang *a

Tea wine is a Chinese traditional alcoholic drink made by cereal and tea leaves. It is rich in tea polyphenols,

caffeine, amino acids, and protons and possesses various healthcare functions. In this work,

electrochemical methods, as well as density functional theory (DFT) calculations, were adopted to reveal

the proton-coupled electron-transfer process of catechin in tea wine. The electrochemical results

showed that the catechin preferred hydrogen-bonding with ethanol and formed molecular clusters.

Thus, the direct electron-transfer process of catechin changed to proton-coupled electron transfer. This

procedure reduced the energy barrier of the redox reaction and enhanced the anti-oxidative capacity.

Subsequently, DFT calculations were employed to explore the bond length, bond energy, and HOMO–

LUMO energy gap of catechin, which confirmed the above-mentioned mechanism. Our work offers

some positive value for the scientific promotion of traditional food and a greater understanding of the

health mechanisms in terms of chemistry.
1. Introduction

China has a long history of wine-drinking to dispel wind and
cold, as well as to prevent aspects of diseases effectively.1

Simultaneously, tea-drinking is also a Chinese traditional
custom due to its various healthcare functions promoted by
polyphenol, caffeine and the like in tea.2–5 On the basis of
tradition, Chinese people creatively began to make wine with
tea leaves and invented a new alcoholic drink: Chinese tea wine.
During the process of making tea wine, most of the nutritional
and functional components of the tea are dissolved in the wine,
such that the drink integrates the advantages of both tea and
wine, and has extremely high pharmacological and healthcare
functions.6–9

Since tea wine is made from tea, it is unquestionable that tea
polyphenol is one of the most important physiologically active
substances in this alcoholic drink,10,11 while catechin is one of
the most abundant compounds in tea polyphenols. Because of
the high anti-oxidative activity of catechin, it not only plays
a very positive role in eliminating free radicals, but also plays
a benecial health role in preventing some diseases, which has
aroused the great interest of researchers.12,13 For instance,
scientists have found that the administration of catechin would
reduce the lactate levels during exercise and bring
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a performance-enhancing effect.14 In addition, catechin has also
been found to reduce the capacity of bacterial pathogens and
forms the basis of a new approach for treating staphylococcal
infections.15 Furthermore, catechin has been proved to offer
some of neuroprotective effects against neural injuries and
neurodegenerative diseases and consequently, the molecular
mechanisms responsible for the neuroprotection in various
models have been well described.16 The above functions of
catechin can be attributed to its anti-oxidative capacity. It is
worth noting that these investigations about catechin are
usually conducted in the water phase. However, as to tea wine,
the solvent is not only water, but also part ethanol. Whether the
anti-oxidative capacity of catechin can be affected by the solvent
effect of ethanol is still unclear. Thus, this work focused on the
changes in the anti-oxidative capacity of catechin in a mixed
solvent of water and ethanol.

The solvent effect is a common physical phenomenon, which
has a huge impact on chemical properties, such as surface
structure and chiroptical properties.17–20 The weak interactions
between the solvent and solute molecules, such as hydrogen
bonds, will promote the formation of large molecular clusters
and change the chemical properties. Moreover, direct electron
transfer from the solute would oen be induced by a solvent
effect to change to proton-coupled electron transfer.21–24 As to
the tea wine, the catechin molecules are weakly polar, which
mean they would dissolve better in ethanol than water,25

according to the principle of like dissolves like. Structurally, the
catechin molecules possess ve hydroxyl groups, which offer
protons to form hydrogen bonds.26 Considering the molecular
polarity and structure of catechin, molecular clusters may be
RSC Adv., 2021, 11, 39985–39993 | 39985
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formed between catechin and ethanol by hydrogen bonds in tea
wine. In theory, the solvent effect between catechin and ethanol
would occur. However, how this affects the anti-oxidative
activity of catechin needs to be further explored by experiments.

Therefore, in this work, electrochemical methods, as well as
density functional theory (DFT) calculations, were adopted to
reveal the enhance mechanism of the anti-oxidative capacity in
tea wine. The use of DFT calculations could offer some infor-
mation about the optimized geometries, charge, electron energy,
andHOMO–LUMO energy gap, which can help to understand the
reactionmechanism and hence these have been widely employed
in lots of research.27–29 The cyclic voltammetry (CV) and scanning
electrochemical microscopy (SECM) results showed that the
catechin preferred hydrogen-bonding with ethanol to form
molecular clusters. Thus, the direct electron-transfer process of
catechin would change to proton-coupled electron transfer. This
procedure reduces the energy barrier of the redox reaction and
enhances the anti-oxidative capacity. Subsequently, DFT calcu-
lations were employed to interpret the HOMO–LUMO energy gap
of catechin and conrmed the above-mentioned mechanism.
This research would offer a positive value for the scientic
promotion of traditional food and a greater understanding of its
health mechanism in terms of the chemistry.
2. Experimental section
2.1 Chemicals

(+)-Catechin hydrate (95%) and hydroxymethyl ferrocene (95%)
were purchased from Aladdin (Shanghai, China). 2-Mercaptoe-
thanol (99%) was purchased from Energy Chemical. Potassium
phosphate monobasic (99.5%) and sodium phosphate dibasic
dodecahydrate (99%) were purchased from Pageant. Sodium
hydroxide (99%), hydrochloric acid (37%), ethanol (99.7%), and
hydrogen peroxide (30%) were purchased from Chuandong
chemical plant (Chongqing, China). Ultrapure water was
prepared by water puriers and used in all the experiments. All
the chemicals were used without further purication.
2.2 Electrochemical experiments

Platinum ultra-micro working electrodes (radius 5 mm), Ag/AgCl
(3 M KCl) reference electrodes, gold working electrodes, and
platinum wire counter electrodes were purchased from CH
Instruments, Inc. Scanning electrochemical microscopy (CHI
900D) was employed for all the electrochemical experiments.
The potentials in all the experiments referred to the Ag/AgCl
(3 M KCl) reference electrode.

The cyclic voltammograms of 10 mM catechin were con-
ducted in a water solution of 0.2 M KCl on a gold electrode at pH
1.37, 2.02, 3.12, 4.43, 5.43, 6.42, 7.64, respectively, scanning
from 0 to 0.8 V with a scan rate of 0.1 V s�1. The cyclic vol-
tammograms of 10 mM catechin were conducted on a gold
electrode in the absence of ethanol and in the presence of 10%
ethanol, respectively, with a scan rate of 0.1 V s�1. The differ-
ential pulse voltammograms of 10 mM catechin were conducted
on a gold electrode in the presence of 10%, 20%, 30%, 40%,
50%, 60%, 70%, 80%, 90% ethanol, respectively.
39986 | RSC Adv., 2021, 11, 39985–39993
The approach curves of 1.0 mM ferrocenylmethanol towards
the mercaptoethanol self-assembled monolayers were obtained
in the absence of catechin and in the presence of 0.1 mM
catechin, respectively. The tip electrode was biased with 0.4 V
and the approach rate was set at 1 mm s�1. The SECM images of
the mercaptoethanol self-assembled monolayers in the absence
and presence of catechin were obtained in a solution of 1.0 mM
ferrocenylmethanol. The tip electrode was biased with 0.4 V, the
tip to substrate distance was set 0.5d/a, the scan rate was set 1
mm s�1 in the range of 10 mm � 10 mm.

Electrochemical impedance spectroscopy (EIS) was per-
formed at an open circuit potential in the frequency range from
1000 to 106 Hz.

2.3 Scavenge hydroxyl radicals experiments

Here, 1 mL solution of ferrous sulfate (9 mmol L�1) and salicylic
acid (9 mmol L�1) were added in to a water–ethanol solution of
hydrogen peroxide (8.8 mmol L�1) and catechin.30,31 The
mixture was placed in a 37 �C water bath for a specic time. The
absorbance was measured at the light wavelength of 510 nm in
parallel three times. The real samples of tea wine were prepared
by adding catechin additionally in real commercial tea wine.

2.4 Self-assembled monolayers fabrication

First, a gold working electrode was polished by alumina powder
to achieve a mirror surface. Later, the polished electrode was
treated by ultrasound. Then, the clean electrode was immersed
in 0.2 M H2SO4 and reactivated by an electrochemical method
by cyclic voltammetry, where the potential was set from �0.2 to
1.6 V with a scan rate of 0.1 V s�1 to obtain the active gold
surface. Lastly, the spotless gold working electrode was
immersed in 0.05 M 2-mercaptoethanol for 24 h to obtain the
self-assembled monolayers.

2.5 Density functional theory calculations

All the DFT calculations were performed with the Gaussian 16,
Revision A.03 program package with the supercomputer in
Liaoning Shihua University. DFT calculations were performed
with the B3LYP method, and 6-311+g(d,p) basis sets for the C,
H, and O atoms. The ground states of catechin, catechin–
ethanol, and catechin–water clusters were optimized in the
absence of solvent, while catechin–ethanol–water cluster
calculations were performed in the water environment.
Frequency calculations were also performed to make sure that
the geometries of the ground-state reached the minimum point
on the potential energy surfaces. All the computations were
performed without symmetry constraints.

3. Results and discussion
3.1 Electrochemical behaviours of catechin

In the alcoholic drink tea wine, tea polyphenols are dissolved in
water–ethanol solution and exhibit different properties by
a solvent effect, where catechin is a major kind of phenolic
active substance extracted from tea wine. It works in the body as
an anti-oxidant and effectively scours free radicals.32,33 In this
© 2021 The Author(s). Published by the Royal Society of Chemistry
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work, the rst step was to elucidate the electrochemical
behaviours of catechin. As to the polyphenols, the oxidation
selectively occurred at the ring with low potential. The theo-
retical calculations to assess the stability of hydroxide radicals
showed that 40-OH and 30-OH could be easily oxidized, whereas
7-OH and 5-OH were stable.34,35 Thus, it was expected that we
could verify the oxidation behaviour using an electrochemical
method. Fig. 1(a) shows the cyclic voltammograms of 10 mM
catechin in a water solution of 0.2 M KCl on a gold electrode at
pH 1.37, 2.02, 3.12, 4.43, 5.43, 6.42, 7.64, respectively. It could
be seen that the oxidative peak potential, as well as the reductive
peak potential, decreased gradually as the pH increased. In
addition, the oxidative current was still high at a potential of
0.5–0.7 V at pH 7.64, which could be attributed to the oxidation
of the –OH group on the C ring at a low proton concentra-
tion.35,36 Fig. 1(b) and (c) show plots of the oxidative and
reductive peak potential versus pH, respectively. The electron
and proton transfer dynamics can be analysed by the two
gures. The slopes of the linear tting curves were about�0.066
and �0.051, respectively, which were both close to �0.059.
According to the Nernst equation, the relation between the peak
potential and pH is as shown below:

E ¼ EQ þ 0:059

n
log

½Ox�
½Red�

¼ EQ þ 0:059

n
log

½Oxcatechine� � ½Hþ�m
½Redcatechine�

¼ EQ � 0:059
m

n
pH

(1)

where EQ is the formal potential, n is the number of electrons
transferred in the reaction, m is the number of protons that
Fig. 1 (a) Cyclic voltammograms of 10 mM catechin in a water solution o
7.64, respectively. Scan rate: 0.1 V s�1. (b) Plot of the oxidative peak poten
of the ratio of the oxidative peak current to reductive peak current versu

© 2021 The Author(s). Published by the Royal Society of Chemistry
participate in the reaction, [Oxcatechin] is the concentration of
oxidative catechin, and [Redcatechin] is the concentration of
reductive catechin. Our experiments showed that the slope was
close to �0.059, indicating the value of m/n was 1. In other
words, the same number of electrons and protons were released
in the oxidation process and the same number of electrons and
protons were acquired in the reduction process. The Nernst
slope of 0.059 V showed the same number of electrons and
protons transferred. Therefore, the redox reaction of catechin
was as shown:

(2)

In addition, the electrochemical reversibility of catechin was
also evaluated. Fig. 1(d) shows the plot of the ratio of the
oxidative peak current to the reductive peak current versus pH. It
was obvious that the ratio of the oxidative to reductive peak
currents was approximately 1. Also, it could be seen from
Fig. 1(a) that the peak separation varied between 100 and
200 mV at different pH, indicating the quasi-reversible elec-
trochemical behaviour of catechin.
3.2 Enhancement of the anti-oxidative capacity of catechin
in tea wine

Aer discussing the electrochemical property of catechin, we
made an effort to reveal the anti-oxidation behaviour of cate-
chin in tea wine. In comparison to tea water drink, tea wine is
f 0.2 M KCl on a gold electrode at pH 1.37, 2.02, 3.12, 4.43, 5.43, 6.42,
tial versus pH. (c) Plot of the reductive peak potential versus pH. (d) Plot
s pH.

RSC Adv., 2021, 11, 39985–39993 | 39987
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characterized by its mixed solvent of ethanol and water. It has
been reported that the solvent effect has a great inuence on the
chemical properties of chemicals.37,38 While in amixed solution,
the chemicals are oen subject to a preferential solvent effect
with one component, resulting in a specic electrochemical
behaviour.39 Therefore, we made a preliminary inference that
the anti-oxidative capacity of catechin in tea wine would be
different to that of tea water drink.

Electrochemical methods were adopted to exhibit the redox
properties of tea wine. Fig. 2(a) shows the cyclic voltammo-
grams of 10 mM catechin in the absence of ethanol (black line)
and in the presence of 10% ethanol (red line), respectively. The
relevant oxidative peak potential, reductive peak potential, and
formal potential of the cyclic voltammograms are exhibited in
Fig. 2(b). It could be seen that the cyclic voltammogram curves
both expressed well reversible redox peaks of catechin in the
presence and absence of ethanol. It is worth noting that the
oxidative peak potential, reductive peak potential, and formal
potential were all lower in the presence of 10% ethanol,
compared to the case in the absence of ethanol. The shi in the
oxidative peak to the le indicated that the oxidation process
became easier, while the shi of the reductive peak to the le
indicated that the reduction process became more difficult.
Also, the lower formal potential indicated the lower energy
barrier for redox reaction. So, it could be concluded that the
catechin molecules exhibited greater anti-oxidative capacity in
the presence of ethanol. Later, differential pulse voltammetry
was adopted the reveal the role of the ethanol concentration on
the redox behaviour of catechin. Fig. 2(c) shows the differential
pulse voltammograms of 10 mM catechin in the presence of
Fig. 2 (a) Cyclic voltammograms of 10 mM catechin in the absence o
respectively. Scan rate: 0.1 V s�1. (b) Oxidative peak potential, reductive pe
of ethanol (dark grey) and in the presence of 10% ethanol (light grey), resp
presence of different ethanol concentration, respectively. (d) Plot of th
respectively.

39988 | RSC Adv., 2021, 11, 39985–39993
different ethanol concentrations (10–90%), respectively. As the
concentration of ethanol increased, the peaks shied to the le
and got smaller. The plot of the oxidative peak potentials and
currents versus ethanol concentration is shown in Fig. 2(d). The
shi of the oxidative peak to the le indicated that the oxidation
process became easier. In other words, the more ethanol the
solution contained, the greater the anti-oxidative capacity the
catechin possessed.

While, the oxidation peak currents became smaller in
differential pulse voltammograms. Further, cyclic voltammo-
grams of 1 mM catechin in the presence of different concen-
tration of ethanol were conducted and the results are shown in
Fig. S1 in the ESI.† The oxidative peak currents could be
calculated by the following formula:40,41

Ipa ¼ (2.69 � 105)n3/2SD1/2Cv1/2 (3)

where Ipa is the oxidative peak current, n is the number of
electrons transferred, S is the area of the electrode, D is the
diffusion coefficient, C is the concentration of redox species,
and v is the scan rate. Thus, the diffusion coefficient of catechin
could be calculated, as shown in Table S1 in the ESI.† It could be
seen that the diffusion coefficient of catechin decreased grad-
ually with the ethanol concentration increasing, whichmight be
attributed to the solvent effect between ethanol and catechin.
Thus, the slow release of the anti-oxidative capacity of catechin
could be reached. Finally, the effect of the catechin concentra-
tion on the anti-oxidative capacity was investigated. Fig. S2(a)†
shows the differential pulse voltammograms of different
concentrations of catechin in 10% ethanol, respectively. It could
f ethanol (black line) and in the presence of 10% ethanol (red line),
ak potential, and the formal potential of 10mM catechin in the absence
ectively. (c) Differential pulse voltammograms of 10 mM catechin in the
e oxidative peak potential and current versus ethanol concentration,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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be seen that the peak potentials did not exhibit an obvious shi,
while the peak currents exhibited an obvious increase with the
increasing concentration of catechin. The plot of the peak
currents versus catechin concentration is shown in Fig. S2(b).†
This result illustrated that the catechin concentration could
change the amount of the oxidative reaction, instead of the
degree of difficulty. To sum up, we employed cyclic voltammetry
to reveal the anti-oxidation behaviour of catechin in the absence
and presence of ethanol. The electrochemical results showed
that catechin molecules exhibited greater anti-oxidative
capacity and a slow-release ability in the presence of ethanol.

In order to inspect the real anti-oxidant and slow-release
abilities of catechin, tea wine was prepared for scavenging
free hydroxyl radicals in hydrogen peroxide solution. In this
experiment, a 1 mL solution of ferrous sulfate (9 mmol L�1) and
salicylic acid (9 mmol L�1) was added in to a water–ethanol
solution of hydrogen peroxide (8.8 mmol L�1) and catechin. The
mixture was placed in a 37 �C water bath for a specic time. The
absorbance was measured at the light wavelength of 510 nm in
parallel three times. Thus, the clearance rate of hydroxyl radical
could be calculated as below:

(cOH)% ¼ (A0 � A2 + A1)/A0 � 100% (4)

where A0 is the absorbance value of the blank solution, A1 is the
absorbance value of the hydrogen peroxide solution replaced by
distilled water, and A2 is the absorbance value of the solution
aer adding catechin. Fig. 3(a) shows the clearance rate of
hydroxyl radicals by different concentrations of catechin in 10%
and 50% ethanol, respectively. As shown in the graph, the
clearance rate of hydroxyl radicals by catechin in 50% ethanol
was obviously higher than that in 10% ethanol. This result was
consistent with the electrochemical experiments showing that
catechin molecules exhibited a greater anti-oxidant ability in
the presence of more ethanol. Then, the slow-release ability of
catechin in tea wine was inspected by the method of scavenging
hydroxyl radicals. Fig. 3(b) shows the plots of the hydroxyl
radical clearance rate (catechin concentration: 2mg mL�1)
versus time in 10% and 50% ethanol, respectively. It could be
seen that the hydroxyl radical clearance rate gradually increased
Fig. 3 (a) Clearance rate of hydroxyl radicals by different concentratio
hydroxyl radical clearance rate versus time in 10% and 50% ethanol, res
hydroxyl radicals in real samples of tea wine. (1#, 43% ethanol, 1 mg m
3 mg mL�1 catechin; 4#, 50% ethanol, 3 mg mL�1 catechin).

© 2021 The Author(s). Published by the Royal Society of Chemistry
with time. The clearance rate was maximized at 240 min in 10%
ethanol. However, it was maximized at 340 min in 50% ethanol.
This result illustrated that the anti-oxidative capacity of cate-
chin was released slowly in 50% ethanol, which was also
consistent with the electrochemical experiments. Finally, the
anti-oxidative capacity of catechin in real samples of tea wine
was also investigated. Four real samples were prepared, and the
clearance rates of hydroxyl radicals are shown in Fig. 3(c).
Comparing the 1# and 2# samples, it could be seen that the
increased ethanol led to an enhancement of the anti-oxidative
capacity. Comparing the 1# and 3# samples, it could be seen
that the additional added catechin could also enhance the anti-
oxidative capacity. The 4# sample exhibited the highest anti-
oxidative capacity due to the highest concentration of cate-
chin and ethanol. The results for the real samples were
consistent with the previous conclusion.
3.3 Proton-coupled electron transfer of catechin in tea wine

Through the above experiments, it was revealed that the anti-
oxidative capacity of catechin could be enhanced in tea wine
by the solvent effect of ethanol. Subsequently, the mechanism
of the solvent effect should be well discussed. In theory, the
catechin molecules were less polar, which meant they dissolved
better in ethanol than water, according to the principle of like
dissolves like. Structurally, the catechin molecules possessed
ve hydroxyl groups, which offered protons to form hydrogen
bonds. Considering the molecular polarity and structure of
catechin, it was speculated that molecular clusters might be
formed between catechin and ethanol by hydrogen-bonding in
tea wine. Aer the clusters were formed, the protons of the
hydroxyl groups on catechin would be coupled with oxygen
atoms on the ethanol molecules. This proton-coupled process
could lead to the oxygen atoms of the hydroxyl groups on
catechin becoming partially negative charged. Thus, during the
catechin oxidation procedure, it was easier to lose protons and
electrons. The catechin could be oxidized at a lower biased
potential and showed a stronger anti-oxidative capacity. In
addition, the formed molecular clusters would reduce the
diffusion coefficient in solution, and as a result, a slower release
ns of catechin in 10% and 50% ethanol, respectively. (b) Plots of the
pectively. (catechin concentration: 2 mg mL�1). (c) Clearance rate of
L�1 catechin; 2#, 50% ethanol, 1 mg mL�1 catechin; 3#, 43% ethanol,

RSC Adv., 2021, 11, 39985–39993 | 39989
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ability could be reached. This hypothetical mechanism of
proton-coupled electron transfer is summarized in Fig. 4.

Subsequently, SECM experiments were conducted to verify
the hypothetical mechanism of catechin with ethanol in tea
wine. In this part, ethanol with sulydryl groups, i.e.
Fig. 5 (a) Scheme of scanning electrochemical microscopy for verifying
curves of 1.0 mM ferrocenylmethanol towards the mercaptoethanol self-
of 0.1 mM catechin, respectively. (ET ¼ 0.4 V, approach rate: 1 mm s�1) (c
self-assembled monolayers in the absence of catechin. (d) Scanning elect
monolayers in the presence of 0.1 mM catechin. (Tip to substrate distance

Fig. 4 Proton-coupled electron-transfer mechanism of catechin in
tea wine.

39990 | RSC Adv., 2021, 11, 39985–39993
mercaptoethanol, was assembled on a gold electrode to build
specic self-assembled monolayers by a spontaneous process.
The use of self-assembled monolayers on gold is a popular in
the eld of constructing molecular scale membranes, because it
can generate layers with well-dened packing and a density of
specic molecules. It is oen composed of a hydrophobic alkyl
chain and a functional terminal group to achieve specic
functions.42–44 In this work, the mercaptoethanol self-assembled
monolayers had lots of exposed hydroxyl groups. Subsequently,
the electrochemical label, ferrocenylmethanol, was employed to
probe the mercaptoethanol self-assembled monolayers in the
absence and presence of catechin, respectively. The label
molecules would oxidize on the tip of the electrode and diffuse
to the gold substrate. When the gold substrate was assembled
by mercaptoethanol, the reductive reaction of the oxidative
label molecules would occur. The short chain length of mer-
captoethanol allowed electrons to tunnel across the self-
assembled monolayers. The reduced label molecules on the
gold would increase the concentration around the tip, leading
to the tip feedback current increasing signicantly; whereas, if
the solution contained catechin, the catechin would preferen-
tially adsorb on the surface of mercaptoethanol self-assembled
monolayers by hydrogen-bonding. Thus, the electron tunnelling
would be weakened and the tip feedback current would not
increase signicantly. The scheme is summarized in Fig. 5(a).

The SECM curves for 1.0 mM ferrocenylmethanol towards
the mercaptoethanol self-assembled monolayers in the absence
the interaction between catechin and mercaptoethanol. (b) Approach
assembled monolayers in the absence of catechin and in the presence
) scanning electrochemical microscopy image of the mercaptoethanol
rochemical microscopy image of themercaptoethanol self-assembled
, 0.5d/a; ET ¼ 0.4 V; scan rate, 1 mm s�1 in the range of 10 mm� 10 mm).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of catechin (black line) and in the presence of 0.1 mM catechin
(red line) are shown in Fig. 5(b). It could be seen that the tip
normalization current in the presence of catechin was lower
than that in the absence of catechin at the same normalization
distance. These results indicated that the electron tunnelling of
label molecules was weakened once catechin was added in. This
phenomenon conformed to the original design and veried that
catechin would preferentially adsorb the molecules with
hydroxyl groups. Fig. 5(c) and (d) show the SECM images of the
mercaptoethanol self-assembled monolayers in the range of 10
mm � 10 mm, in the absence and presence of catechin, respec-
tively. The tip currents were between 2.120 and 2.130 nA in the
absence of catechin. However, the tip currents were between
1.530 and 1.540 nA in the presence of 0.1 mM catechin. These
results illustrated that the catechin was adsorbed equally on the
surface of the mercaptoethanol self-assembled monolayers.
Subsequently, electrochemical impedance spectroscopy was
adopted to conrm the interaction between catechin and
ethanol. In this part, ethanol was also assembled on a gold
electrode to build the mercaptoethanol self-assembled mono-
layers, and then electrochemical impedance spectroscopy was
performed in the absence and presence of catechin, as shown in
Fig. S3.† The curves showed that the charge-transfer impedance
in the presence of catechin (223 ohm) was higher than that in
the absence of catechin (198 ohm). This result indicated that
catechin was adsorbed equally on the surface of the mercap-
toethanol self-assembled monolayers, which was consistent
with the SECM experiments.
Table 1 Bond length of hydroxyl groups in catechin before and after fo

30-OH

Bond length/Å, before cluster formation 0.96620
Bond length/Å, cluster formation with
ethanol

0.97944

Bond length/Å, cluster formation with
water

0.97631

Bond length/Å, cluster formation with
ethanol in water environment

0.98350

Fig. 6 Optimized geometries of catechin (a) and catechin–ethanol clus

© 2021 The Author(s). Published by the Royal Society of Chemistry
The SECM experiments were able to verify the absorption
between catechin and ethanol. Then DFT calculations were
employed to further inspect the interactions between catechin
and ethanol. In this section, the geometry optimization of
catechin–ethanol cluster was conducted using the density
functional theory at b3lyp/6-311+g(d, p),45,46 with the help of
Gaussian 16, Revision A.03. First, DFT calculations were con-
ducted in a solvent-free environment. Also, the optimized
geometries, charge, and electron energy of catechin (Structure
A) and a catechin–ethanol cluster (Structure D) are shown in
Fig. 6, respectively. It could be seen that the O–H bond length of
30-OH and 40-OH exhibited a slight increase aer catechin was
surrounded by ethanol, as shown in Table 1. Meanwhile, the
catechin might also form hydrogen bonds with water mole-
cules. The optimized geometry of a catechin–water cluster is
shown in Fig. S4,† and the bond length of hydroxyl groups in
catechin is also summarized in Table 1. It could be seen that the
bond lengths of 30-OH and 40-OH in the catechin–water cluster
were longer than that in catechin without forming a cluster, but
shorter than that in the catechin–ethanol cluster. These results
illustrated the solvation effect of ethanol on catechin was
stronger than water.

The O–H bond energy of 30-OH and 40-OH could also be ob-
tained. As to catechin, the O–H bond energy could be calculated
as follows:

E ¼ EB + 2EC � EA (5)
rming clusters

40-OH 3-OH 5-OH 7-OH

0.96225 0.96464 0.96273 0.96280
0.97795 0.96573 0.97261 0.97498

0.97405 0.97416 0.97121 0.97233

0.98740 0.96605 0.97961 0.98296

ter (b).
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Fig. 7 HOMO–LUMO plots of catechin and the catechin–ethanol cluster, respectively.
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where EA, EB, EC are the electron energy of structures A, B, C,
respectively. Also, the optimized geometries, charge, and elec-
tron energy of structures B and C are shown in Fig. S5.† The
average O–H bond energy of 30-OH and 40-OH in catechin was
obtained as 508.8860 kJ mol�1.

As to the catechin–ethanol cluster, the O–H bond energy
could be calculated as follows:

E ¼ EE + EF � ED (6)

where ED, EE, EF are the electron energy of structures D, E, F,
respectively. Also, the optimized geometries, charge, and elec-
tron energy of structures E and F are shown in Fig. S5.† The
average O–H bond energy of 30-OH and 40-OH in the catechin–
ethanol cluster was obtained as 339.8475 kJ mol�1. The increase
in O–H bond length and decrease in O–H bond energy indicated
the protons were easier to lose once the catechin was sur-
rounded by ethanol. Fig. 7 shows the HOMO–LUMO plots of
catechin and the catechin–ethanol cluster, respectively. The
HOMO–LUMO energy gap of catechin was found to be
5.4023 eV, while the HOMO–LUMO energy gap of the catechin–
ethanol cluster was found to be 4.8129 eV. The smaller energy
gap indicated an easier electron transfer. Thus, it could be
declared that the electron transfer of catechin had a lower
energy barrier aer the proton-coupled process. Finally, to
make the model more realistic, the optimized geometry of
a catechin–ethanol–water cluster in a water environment was
assessed. The model is shown in Fig. S6† and the bond lengths
of hydroxyl groups in catechin are also summarized in Table 1.
It could be seen that the bond lengths of 30-OH and 40-OH were
the longest compared to with other models. These results
illustrated that the solvation effect of ethanol on catechin would
be enhanced in a water environment. To sum up, DFT calcula-
tions were able to show that it was easier to lose protons and
electrons and to exhibit stronger anti-oxidative capacity in the
presence of ethanol during the catechin oxidation procedure.
39992 | RSC Adv., 2021, 11, 39985–39993
4. Conclusion

In this work, the anti-oxidative capacity and the proton-coupled
electron-transfer mechanism of catechin in tea wine was well
inspected. Electrochemical experiments and scavenging
hydroxyl radicals experiments were employed to explore the
anti-oxidative capacity of catechin in tea wine. It was found that
the anti-oxidative capacity was obviously enhanced, which was
exhibited in two aspects: the greater anti-oxidative capacity and
a slower release ability. The enhancements could be attributed
to the proton-coupled electron-transfer mechanism of catechin
in tea wine. The proton-coupled process induced the catechin
molecule to more easily lose electrons and to exhibit a greater
anti-oxidative capacity. Finally, DFT calculations were adopted
and conrmed the above-mentioned proton-coupled electron-
transfer mechanism.
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