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ABSTRACT: Vitamin C (VC) is an essential antioxidant, but its i
application is limited because of its unstable chemical properties. Q;K AQ ;

Hence, a variety of VC derivatives have emerged in practical /" ), RIS L M
antioxidant applications. To explore the relationship between the e .
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antioxidant properties and the chemical structures of vitamin C and
its derivatives, density functional theory (DFT) was used in this = oo i
work to calculate the reaction enthalpies of the mechanisms related Wt o b R

to radical scavenging activity. The structures were optimized at the M e '
B3LYP-D3(BJ)/6-31G* level of theory. Single point calculations

(SPE) were performed at the PWPB9S-D3 (B])/def2-QZVPP level. To estimate the solvent effect on antioxidant properties, the
SMD (solvation model based on density) method was used. The results showed that in the process of optimizing the chemical
structure of vitamin C, the antioxidant capacity of its derivatives decreased slightly in aqueous solvents. In the calculation process, it
is also found that in the choice of antioxidant mechanism, these compounds are more inclined to the hydrogen atom transfer (HAT)
mechanism, and from the chemical structure point of view, the double bond of the lactone ring is essential for its free radical
scavenging activity. In general, it is necessary to continue to optimize the structure of VC to obtain derivatives with better oxidation
resistance and more practical value.

B INTRODUCTION

Oxidative stress is one of the reasons for promoting the aging
of the body and many diseases, and its mechanism is mostly
related to the generation of reactive oxygen species (ROS).' ™

mainly explained by the following three antioxidant mecha-
nisms:>>*~** the hydrogen atom transfer (HAT) mechanism,
the single electron transfer proton transfer (SET-PT)
mechanism, and the sequential proton loss electron transfer

The generation of ROS is due to the double radical nature of
molecular oxygen, which makes it easy to accept electrons,
thereby generating free radicals, such as hydroxyl radicals HO®,
superoxide radical anions (O37), peroxyl radicals (ROO®),
hydrogen peroxide (H,0,), and alkoxyl radicals (RO*®), etc.’
Substances that eliminate free radicals, also known as the
antioxidant capacity of antioxidants, can slow the process of
human aging and many diseases to a certain extent.” Therefore,
exploring the antioxidant capacity of substances has been a hot
topic. Vitamin C (VC), also known as ascorbic acid (AA), is
one of the essential trace elements in the human body and
considered to be the most effective water-soluble antiox-
idant.*” It cannot be synthesized by the body and needs to be
supplemented through diet or medicine. Due to their
antioxidant capacity, VC and its derivatives have excellent
performance in chemical and medical applications. They not
only are active ingredients of whitening products but also show
therapel%tifgeﬂects in the treatment of many diseases, including
cancer.

There are many ways to compare the antioxidant capacity of
antioxidants, but no matter what kind of method is used, the
quenching of free radicals is a step that cannot be ignored. AA
and its derivatives can certainly quench the free radicals
produced by oxidative stress,””*" and the quenching process is
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(SPLET) mechanism. The antioxidant efficiency of these
mechanisms can be represented by thermochemical parame-
ters, including bond dissociation enthalpy (BDE), adiabatic
ionization potential (IP), proton dissociation enthalpy (PDE),
proton affinity (PA), and electron transfer enthalpy (ETE).

BDE is an important parameter for estimating antioxidant
activity in the HAT mechanism.”>*~>” IP and PDE represent
the two-step process of the SET-PT mechanism. PA and ETE
are used to study the SPLET mechanism, as shown in Scheme
1.

Density functional theory (DFT) calculations are often used
to analyze the chemical properties of biomolecules (including
antioxidant capacity, intermolecular force, and enzyme catalytic
ability). Based on the development of DFT computational
chemistry in recent years, the current theoretical research
results are often used to predict the oxidation resistance of
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Scheme 1. Antioxidant Reaction Mechanism and
Corresponding Enthalpy Symbols of VC and Its Derivatives
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substances, and the calculations related to the oxidation
resistance of VC have also gradually deepened.”*™*' In
practical applications, VC and its derivatives still have a variety
of factual problems.”*™** For example, the efficient dosage of
VC in cancer treatment is very controversial, and related
research shows that a low concentration of VC has a certain
degree of pro-oxidation, while a high concentration will inhibit
the free radical chain reaction. Therefore, a more in-depth
exploration of VC and the improvement of its chemical
structure to obtain more active and stable derivatives is also an
increasingly important direction of study. Compared with its
derivatives, such as ascorbyl 2-glucoside (AA2G), 3-0-ethyl-L-
ascorbic acid (AAE), and ascorbyl 6-palmitate (AA6P), AA has
poor molecular stability,” ™ and their oxidation strength has
not been compared by DFT calculations. Therefore, in this
work, DFT calculations were used to evaluate the antioxidant
capacity of vitamin C and its derivatives (Figure 1), and the
theoretical comparison of antioxidant capacity was carried out
to explore the change in the antioxidant capacity of vitamin C
in the process of chemical structure optimization and the most
probable antioxidant mechanism of these compounds.

B RESULTS AND DISCUSSION

To further understand the antioxidant properties of VC and its
derivatives, we studied the mechanism of antioxidant activity
based on thermodynamic parameters. The reactants and
products of the three mechanisms of HAT, SET-PT, and
SPLET are the same (Scheme 1), so they should have the same

thermodynamic balance. The competition of the above
mechanisms depends on the energy required for each of the
key steps. Here, density functional theory is used at the
B3LYP/6-31G* level®® in combination with Grimme’s DFT-
D3,%” and the Becke—Johnson damping function®’ is used for
dispersion correction. The ORCA program*' used to optimize
the conformation of vitamin C and its derivatives, and the
accurate single-point energy calculation of the water and gas
phases is done at the theoretical level of PWPB95-D3(BJ)**/
def2-QZVPP. The most stable structures of VC and its three
derivatives in the air (gas phase) and water (aqueous phase)
(Figure 2) are used for the further calculation of thermody-
namic parameters (BDE, IP, PDE, AP, and ETE).

HAT Mechanism. The principal factor in the ability of
antioxidants to scavenge free radicals is their chemical
structure. VC and its derivatives (AA2G, AAE, and AAGP)
have multiple hydroxyl groups, which is very important for
their antioxidant properties. As is known to all, BDE is an
important parameter related to the HAT mechanism.”® The
lower the BDE value, the lower the stability of the
corresponding O—H bond, which indicates that the O—H
bond is more accessible to break, that is, the smaller the BDE
of the bond, the stronger the oxidation resistance of the
substance.

As shown in Figure 3, in the gas phase, the BDE values of
various substances are in the order AA6P < AA < AAE <
AA2G, and in the aqueous phase, the order is AA < AAE <
AA2G < AAGP. The comparison of BDE values between AA
and AAG6P is consistent with the experimental results of
Amorati et al.*> Therefore, in terms of the HAT mechanism in
the gas or liquid phase, AA2G is relatively underprivileged in
oxidation resistance, while AA has the highest oxidation
resistance in the aqueous phase, and AAG6P has the highest
antioxidant potential in the gas phase. As shown in Table S1,
the bond dissociation energy of the O—H bond of each
substance under the gas phase condition is lower than the
corresponding BDE in the liquid phase condition, apart from
O7-H bond in the AA molecule, which in the water
phase(308.9 kJ/mol) is lower than its BDE value in the gas
phase (323.2 kJ/mol). That is to say, the water solvent can

AA

Figure 1. Schematic structures of VC and its derivatives.
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Figure 2. Optimized structure of VC (a), AA2G (b), AAE (c), and AAG6P (d) in the gas phase.

water
310 7 L__| gas phase
305
=
=}
£
S~
=
=
=
(=)
=)
300
295
AA O8-H AA2GOI-H AAEO5-H AAGP O6-H

HAT mechanism

Figure 3. Comparison of bond dissociation enthalpies (BDEs) of VC
and its derivatives.

prevent VC and its derivatives from quenching free radicals
through the HAT mechanism.

A phenomenon is detected from the calculation results: the
hydroxyl groups with the lowest BDE values of VC and its
derivatives are all on the lactone ring, and the C atoms
connected to these hydroxyl groups have a double bond
structure. When the hydroxyl group on the lactone ring loses H
atoms to form free radicals, the conjugated double bond
provides a resonance environment for unpaired single
electrons. Single electrons are delocalized on the lactone

ring, enabling the stable structures of free radicals.** As shown
in Figure 4, the spin population distribution of the free radicals
formed by the cleavage of O8—H and O7—H bonds in AA
molecules, unpaired single electrons, is mainly distributed on
the lactone ring, especially on the hydroxyl group, the C atom
that is bonded to the hydroxyl group, and the carbonyl group.
The use of unrestricted open shells in the calculation will cause
the o and /3 spin orbits to mismatch. The shapes of the two sets
of orbits slightly deviate, and two spin states will appear even
when the spin multiplicity is 2. As shown in Figure 4, the spin
direction represented by blue is relatively weak, so it can be
ignored. The singly occupied molecular orbital (SOMO) orbit
contributes to all the spin populations.

It is worth noting that AA and AAG6P both have two hydroxyl
groups on the lactone ring. The BDE value of AA6P’s O6—H
bond is lower than that of O7—H, regardless of the water phase
or gas phase conditions. The BDE values under gas and liquid
phase conditions differed by 10.019 and 1.258 kJ/mol,
respectively. The BDE value of O8—H in the AA molecule is
also lower than that of O7—H in different phases. The
difference is 7.11 kJ/mol in the water phase and 26.052 kJ/mol
in the gas phase. It shows that under the liquid phase
conditions, due to the polarization of water, it will reduce the
difference between the BDE values of the two hydroxyl groups
on the AA and AAG6P lactone rings. The spin population
(Figure 4) of AA—O7—H free radicals breaking in water is
wider with better delocalization of single electrons; the spin
population distribution on 07, 08, and C4 decreases, and the
spin layout on O1, C2, C3, and O6 increases, inducing a lower
BDE value of O7—H in aqueous simulated media. For the
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Figure 4. Spin population distribution in the radical species of AA. (a, b) Spin population distribution of the radicals formed by the cleavage of
O7—H bond in the gas phase and the water phase, respectively. (c, d) Spin population distribution of the radicals formed by the cleavage of O8—H
bond in the gas phase and the water phase, respectively. Red and blue indicate two spins in different directions.

O8—H radical, the spin population does not show a large
decrease in the value, but an increase in the small value, and
the value becomes smaller for O6 and O8, resulting in a slight
increase in BDE in water.

SET-PT Mechanism. IP and PDE values are the enthalpies
of the reaction related to the SET-PT mechanism. In the
mechanism of SET-PT, antioxidant transfer electrons form free
radical cations, which subsequently cause their protonation or
deprotonation. IP is the energy of cationic radicals minus the
energy of neutral molecules, which can reflect the overall
electron-donating ability of molecules. Its influencing factors
mainly depend on the degree of conjugation of the system and
the electronic effect of the substituent. The lower the IP value,
the easier the electron transfer reaction proceeds, and the
stronger the antioxidant activity of the substance. Therefore, IP
can well represent the antioxidant activity of the substance in
the mechanism of SET-PT.

As shown in Figure S5, the sequence of the IP values of
various substances in the gas phase is AAE < AA6P < AA <
AA2G, and in the water phase, it is AA < AAE < AA2G <
AAG6P. As far as the SET-PT mechanism is concerned, AA is
more accessible to give electrons in polar solvents and has the
strongest resistance to oxidation. Compared with gas, the IP
value of VC and its derivatives in water is lowered by about
173—222 kJ/mol (Table S2). It shows that VC and its
derivatives are more likely to lose electrons in the water phase.

The calculated PDE values in polar solvents (water phase)
(Table S3) are lower than the corresponding IP values (Table
S2). Because the energy required for the deprotonation of
radical cations (ROH®") in polar solvents is greater than the
energy required for the first step of SET-PT, the IP and PDE
values of VC and its derivatives can be mutually verified. As
shown in Figure 6, the sequence of the calculated PDE values
in the gas phase is AAE < AA6P < AA < AA2G, and in the
water phase, it is AA < AAE < AA2G < AAG6P.

The antioxidation result of the SET-PT mechanism is
obtained by the energy of two steps, that is, the result of the
calculation by IP + PDE (shown in Figure 7). As shown in the

water
gas phase

650

IP (kJ/mol)

AA AA2G AAE AA6P
The first step of SET-PT mechanism

Figure S. Comparison of the adiabatic ionization potentials (IPs) of
VC and its derivatives.

above calculation results, irrespective of water or gas, the
calculated IP value of each substance (575.0—826.7 kJ/mol) is
higher than the corresponding BDE value (301.8—409.3 kJ/
mol). Therefore, it is speculated thermodynamically that the
SET-PT mechanism is less likely to occur than the HAT
mechanism. Moreover, related research shows that the radical
cation of VC is kinetically unstable,”” which is relatively
unfavorable for the mechanism of SET-PT. Of course, from
theoretical calculations, the antioxidant capacity of VC
derivatives is worse than that of VC in the SET-PT mechanism
because the sum of the IP and PDE values of VC is the
smallest (Figure 8).

SPLET Mechanism. The first step of the SPLET
mechanism is the process of antioxidant deprotonation
(generation of A—O—), which is often represented by the
value of proton affinity (Table S4). The order of the PA values
of VC and its derivatives (shown in Figure 8) is AA2G < AA <
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Figure 6. Comparison of the proton dissociation enthalpies (PDEs)
of VC and its derivatives.
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Figure 7. Comparison of the sum of IP and PDE values for VC and its
derivatives.

water
1500 L | gas phase
1400
= 1300
(o]
£
~
-
=
= 1200
1100 4
1000
AA AA2G AAE AA6P

The first step of SPLET mechanism

Figure 8. Comparison of the proton affinities (PAs) of VC and its
derivatives.

AAGP < AAE, which is the result in both the water phase and
the gas phase.

It is worth noting that the proton affinity of the hydroxyl
group (AA—O7-H and AA—O8—H) on the lactone ring of
VC is higher than that of AA—O12—H and AA-O10-H,
which is very different from the three derivatives of AA (AAE,
AA2G, and AA6P). By comparing the initial structure of AA—
012—H and AA—O10—H proton loss and the final optimized
structure (as shown in Figure 8), it was detected that when the
proton transfer of Ol0—H and O12—H occurs, the
conformation of AA changes greatly. When O10—H loses a
proton, the proton on O12 is subsequently transferred to 010,
and the proton on O8 is transferred to O12. The final stable
conformation is actually that O8 loses a proton, and in this
conformation, O10—H---O12 and O12—H---O8 form intra-
molecular hydrogen bonds, resulting in the fact that the
conformation formed after the deprotonation of O10—H is
more stable than that formed after the direct deprotonation of
O8—H. Therefore, the Gibbs free energy of O10—H
deprotonation is lower than that of O8—H deprotonation.
Similarly, when O12—H loses a proton, it is also found that
during the optimization process, the H on O8 is transferred to
012 and O12—H---O8 forms intramolecular hydrogen bonds.
Here, by comparing the initial conformation, it can be found
that O12—H and O10—H have the lowest energy to overcome
the proton loss of O8, which means that the O atom of the
double bond on the lactone ring is more chemically reactive.
This result is similar to that of the HAT mechanism, suggesting
that the double bond of lactone is very important for the
antioxidant capacity of VC and its derivatives. Some
experimental results also suggest that the antioxidant activity
of AA2G comes from the lactone ring of VC rather than from
glucose, which is consistent with the above results.*®

A—O- is generated in the first step of SPLET, and the
second step exhibits electron transfer. Electron transfer
enthalpy is adopted to study the antioxidant efficiency of this
step. The ETE values (shown in Table SS) of VC and its
derivatives in the water phase are in the order (Figure 9) AA <
AAE < AAG6P < AA2G. Relatively speaking, the sequence in the
gas phase is AAE < AA2G < AA < AAG6P.

Among these substances, AAE has a higher PA, but a
relatively lower ETE. Therefore, from a thermodynamic point
of view, the deprotonated form of AAE should be the best
electron donor. The SPLET mechanism is the sum of the

water
gas phase

1]

0

50
- T T T T
AA AA2G AAE AAGP

The second step of SPLET mechanism

Figure 9. Comparison of the electron transfer enthalpies (ETEs) of
VC and its derivatives.
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effects of PA and ETE, and owing to the SPLET process
affected by environmental acidity and electron-withdrawing
groups, the result of the comparison of the oxidation resistance
of various substances in this aqueous phase is that VC has the
best oxidation resistance. AAE is followed by AA6P, while
AA2G is less resistant to oxidation.

As shown in Table S5, the ETE of each substance increases
in the gas phase compared to the water solvent, indicating that
the energy requirement for anion radicalization in the solvent
increases. In addition to the O12 of VC, the consideration is
because its position is far away from the lactone ring, and its
PA value is much larger than the other spots of VC, but the
total PA + ETE quantity (Figure 10) is relatively small, so in
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1660
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Figure 10. Comparison of the sum of PA and ETE for VC and its
derivatives.

general, the solvent will make anionic radicals the demand for
chemical energy has increased. Irrespective of gas or water, the
ETE value of the reaction of each substance is less than the
corresponding IP value, indicating that the ability of neutral
molecules to extract electrons is less than that of anions.

From Table S6, it is observed that the total energy
requirements of VC and its derivatives related to the HAT
mechanism (BDE) are much lower than that of the SPLET
mechanism (PA + ETE). Therefore, from the thermodynamic
point of view, the antioxidant mechanism of VC and its
derivatives is more inclined to hydrogen atom transfer.

Potential Energy Surfaces. To study the antioxidant
effect of VC and its derivatives on HO® radical, we used the
Fukui*® function to predict the reaction site. As shown in
Figure 11, the C=C double bond on the lactone ring and the
O functional group on the hydroxyl group are the free radical
attack sites. From the above calculation and comparison, it is
speculated that the most likely antioxidant mechanism of VC
and its derivatives is the HAT mechanism (because the BDE
value is relatively small), and the sites that are more likely to
react with free radicals are AA-O8, AA2G-O1, AAE-OS, and
AA6P-06, which are the hydroxyl groups with the lowest BDE
values of VC and its derivatives. Therefore, to better explore
the antioxidant capacity of these substances, we continue to
calculate the reaction of these hydroxyl groups with HO® free
radicals in aqueous simulated media.

The potential energy surface (PES) of the reaction of the
above substances with the HO® group in water is displayed in
Figure 12. It shows that VC is most likely to react with HO®
groups (—109.237 kJ/mol) to form free radical adducts,
indicating that VC has the advantage of free radical scavenging
compared to its derivatives. However, from the calculation
results of the transition state (TS), VC and its derivatives can

(©)

Figure 11. Surface plot of the Fukui function of f°(r) of VC (a), AA2G (b), AAE (c), and AA6P (d).
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100 Reactant Int-1 TS 40 Product Similar to SET-PT, the SPLET mechanism is also a two-step
S1ss1 process. On the contrary, the SPLET mechanism first converts
74113 VC and its derivatives into anions and then transfers electrons
33844 to free radicals in the second step
01 ‘ A-OH+R - A-0O +RH" (7)
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Figure 12. Potential energy surfaces (PES) of the reaction between
VC and its derivatives with the HO® group in water.

easily eliminate the HO® group by the reaction because the
energy of this process is not high (33.844—52.979 kJ/mol). AA
needs to overcome the highest energy barrier of 162.216 kJ/
mol to form H,O, so the process is kinetically unfavorable. But
this barrier is calculated at room temperature and the body
temperature is about 37 °C, which may help overcome it.

B CALCULATION DETAILS

Low-lyin§ isomers are randomly generated using the Molclus
program.”” This program is designed to search for clusters and
molecular conformations. Batch optimization was carried out
under the GEN2-xTB of the xtb program package*® combined
with the implicit water model. Thus, hundreds of isomers are
obtained for each molecule. Multiple most stable conforma-
tions are obtained, and then ORCA is used in B3LYP-D3(BJ)/
6-31G* to reoptimize important conformations, followed by
vibration analysis in the gas phase to verify whether it is a local
minimum. The transition state (TS) has only one virtual
frequency, and the transition state connecting reactants and
products is determined by the intrinsic reaction coordinate
(IRC). To obtain more reliable thermal correction of the
Gibbs free energy, PWPB95-D3 (BJ)/def2-QZVPP was
combined with the SMD model to perform the high-precision
single-point energy (SPE) calculation for the most stable
isomer obtained from each molecule optimization.

The calculation of the following reaction formula is carried
out under the condition of T = 298.15 K using uncalibrated
zero-point energy (ZPE) as the condition.

The HAT process is

A—OH+4+R - A-0"+RH (1)
BDE calculation method is
BDE = H(A — O°) + H(H") — H(A — OH) ®)

SET-PT is a two-step reaction, electron transfer followed by
protonation of free radical cations, that is

A—-OH+R > A—-OH'"+R (3)
A—OH'"+R - A—0O" +RH (4)

The IP and PDE values represent the above two-step process
and are evaluated by the following equations

IP = H(A — OH*") + H(e”) — H(A — OH) (s)

PDE = H(A — O°) + H(H"') — H(A — OH"Y) (6)

The enthalpies of H(H*) and H(e™) in the calculation process
were 6.197 and 3.145 kJ/mol, respectively.”’ In the above
equations, R®, A—OH, A—0°, A—OH"*", and A—O— represent
free radicals; VC and its derivatives; and VC and its derivatives
in the free radical form, cationic form, and anionic form,
respectively.

We used Multiwfn software™” for spin populations and Fukui
fun4cétion analysis. The Fukui function f(r) is defined by eq
11.

0 = | 20) - |22

ov ON v (11)

f(r)= [ ag 1(\:) } v~ (governing electrophilic attack)

(12)
fr(r) = [ag—l(\;) v" (governing nucleophilic attack)

(13)
£O>r) = % [f*(r) + f~(r)] (free radical attack) (14)

B CONCLUSIONS

This theoretical calculation study shows that the oxidation
resistance of the derivatives of VC (AA2G, AAE, and AAGP)
decreases with the increase of molecular structure stability. By
comparing BDE, IP, PDE, PA, and ETE, our results show that
no matter what the mechanism (HAT, SET-PT, and SPLET)
compares in the aqueous phase, VC has the highest antioxidant
performance. The calculated results in the air environment
deviate from this, suggesting that the solvent effect influences
the antioxidant capacity of VC and its derivatives. We plan to
continue to explore the effects of other solvents on the ability
of VC and its derivatives to quench free radicals. The HAT
mechanism seems to be the most likely mechanism of VC in its
free radical scavenging effect. Compared with BDE values, the
IP values in the SET-PT mechanism and the PA values in the
SPLET mechanism are relatively higher, so it is speculated that
the HAT mechanism described by the BDE value is more
suitable than the SET-PT and SPLET mechanisms. The results
also show that, in the process of quenching radicals, the most
likely reaction sites of VC and its derivatives are on the double
bond of lactone ring, whether by hydrogen atom transfer,
electron transfer, or proton transfer.

Derivatives produced in the process of optimizing the
chemical structure of vitamin C are more stable and soluble.
This study implies that there is a partial loss of antioxidant
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properties of VC derivatives during this process. Therefore, it
is particularly important to continue to optimize its chemical
structure. In this paper, the calculation and comparison of
antioxidant properties of VC and its derivatives wish to provide
a new direction for the optimization of the chemical structure
of simple vitamins such as VC.
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