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Abstract
Context

A dynamic balance between oxidation and antioxidation is essential for maintaining normal
physiological functions in the human body. Disruption of this balance, resulting from insufficient
antioxidant capacity, leads to oxidative stress and subsequent cellular damage. Phloretin (PHL), a
naturally occurring dihydrochalcone, exhibits distinctive antioxidant activity that is closely linked to its
excited-state intramolecular proton transfer (ESIPT) characteristics. Despite its potential, the systematic
influence of substituent modifications on the ESIPT process and the resulting antioxidant activity
remains largely unexplored. In this study, we designed six novel PHL derivatives by introducing electron-
donating groups (-OH, -NH,, -CH,) and electron-withdrawing groups (-CN, -NO,, -CHO) to elucidate the
regulatory effects of these functional groups on the ESIPT mechanism and antioxidant performance.
Using density functional theory (DFT) and time-dependent DFT (TD-DFT), we systematically investigated
the geometric structures, infrared spectra, reduced density gradient, molecular orbitals, potential energy
curves, and antioxidant activities of PHL and its derivatives. Our results reveal that while pristine
phloretin lacks an E* state during its ESIPT process, the incorporation of strong electron-withdrawing
groups (-NO,, -CHO) restores the typical four-state ESIPT pathway. Notably, electron-donating and
electron-withdrawing groups exert opposing regulatory effects: the former facilitate the ESIPT process
and substantially enhance antioxidant activity, whereas the latter suppress ESIPT and concurrently
diminish antioxidant capacity. This work establishes a crucial theoretical foundation for the rational
design of high-performance antioxidants through targeted functional group engineering to precisely
modulate ESIPT and antioxidant activity.

Methods

All computational studies in this paper were performed using the Gaussian 16 software package
(Revision B.01), while GaussView 6.0.16 was employed for the analysis and visualization of compounds.
To identify the most suitable computational method for the phloretin system, four functionals—B3LYP,
B3PW91, Cam-B3LYP, and PBE were evaluated by comparing calculated absorption maxima with
experimental data. Based on this benchmark, ground-state (S,) geometries were optimized using the
B3LYP functional in conjunction with the TZVP basis set, while excited-state (S,) optimizations were
carried out using the long-range corrected Cam-B3LYP functional with the same basis set. Frequency
analyses confirmed the absence of imaginary frequencies for all optimized structures, verifying that they
correspond to genuine local minima on the potential energy surface. Solvent effects were modeled using
the integral equation formalism of the polarizable continuum model (IEFPCM) to simulate a methanol
environment. Antioxidant activity was assessed by calculating the ionization potential (IP). Post-
processing analyses, including reduced density gradient (RDG) analysis and frontier molecular orbital
(FMO) visualizations, were conducted using the Multiwfn 3.8 (dev) and VMD 1.9.3 software.
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1. Introduction

Flavonoids, a class of natural bioactive molecules abundant in fruits and vegetables [1,2], exhibit
antioxidant capacities that can help delay bodily aging processes [3,4]. Skin aging, a systemic
physiological change, is directly linked to the decline in antioxidant defense. With advancing age,
decreased efficiency in scavenging free radicals leads to the accumulation of oxidative stress, which in
turn accelerates the deterioration of skin structure and function [5]. Consequently, enhancing antioxidant
activity has emerged as a crucial strategy for combating skin aging. Notably, studies have demonstrated
that modulating the excited-state intramolecular proton transfer (ESIPT) process in flavonoids through
structural modification can effectively boost their antioxidant properties, providing a key rationale for
designing potent antioxidant molecules [6,7].

As a representative dihydrochalcone within the flavonoid family [8,9], phloretin exhibits antioxidant
activity that is intrinsically linked to its ESIPT process. Recent studies have further revealed that the
antioxidant activity of flavonoid derivatives is markedly enhanced in the excited state (S,), with this
enhancement being directly correlated with ESIPT efficiency [10]. Although a higher number of hydroxyl
groups is typically associated with greater antioxidant capacity [11], the structural modification space is
often limited. This raises a key scientific question: how can the ESIPT process be precisely modulated
through targeted functional group introduction to maximize antioxidant efficiency? Addressing this
question is crucial not only for elucidating the antioxidant mechanisms of flavonoids but also for
providing a theoretical foundation for developing novel agents against oxidative stress-related skin

aging.

Investigating the excited-state intramolecular proton transfer (ESIPT) process is crucial for elucidating
how functional groups influence the physicochemical properties of organic molecules [12-14]. ESIPT
involves the photoexcitation-induced migration of a proton from a hydrogen-bond donor to an adjacent
acceptor group, leading to molecular isomerization. Notably, not all molecules exhibit such photo-
induced isomers. This study focuses on phloretin, which, despite possessing S,-state isomers, does not
exhibit the characteristic E* state in its ESIPT process. Intriguingly, introducing strong electron-
withdrawing groups (-NO, and -CHO) into its structure results in derivatives that display a complete four-
state ESIPT mechanism [15-17]. To our knowledge, such a regulatory phenomenon has not been
previously reported, underscoring the significance of systematically exploring the effects of functional
group modification on both the ESIPT pathway and antioxidant activity.

In this study, we systematically designed six phloretin derivatives by introducing electron-donating and
electron-withdrawing groups. Utilizing density functional theory (DFT) and time-dependent DFT (TD-DFT),
we investigated the regulatory mechanism of these functional group substitutions on the excited-state
intramolecular proton transfer (ESIPT) process and antioxidant activity [18]. A comprehensive analysis
was conducted, including geometric parameters (bond lengths and angles), infrared (IR) spectroscopy,
non-covalent interactions (NCI), frontier molecular orbitals (FMOs), absorption and fluorescence specira,
and potential energy curves (PECs) [19], to elucidate the ESIPT process. Concurrently, the antioxidant
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capacity was evaluated by calculating the ionization potential (IP). This work establishes a theoretical
framework for designing more potent antioxidants.

2. Method of calculation

The ESIPT process and antioxidant activity of phloretin and its derivatives in both ground and excited
states were comprehensively investigated using DFT and TD-DFT [20]. To identify the most suitable
computational method, we evaluated four functionals (B3LYP, B3PW91, Cam-B3LYP, PBE) for calculating
the absorption peaks of phloretin and its derivatives, benchmarking the results against experimental
data in Table 1 [21]. Based on this assessment, the ground-state (S,) geometries were optimized at the
B3LYP/TZVP level, while the excited-state (S,) optimizations employed the long-range corrected Cam-
B3LYP functional with the same basis set [22]. Frequency analyses confirmed the absence of imaginary
frequencies for all optimized structures, verifying that they represent true local minima on the potential
energy surface [23]. All calculations utilized the integral equation formalism variant of the polarizable
continuum model (IEFPCM) to simulate a methanol solvent environment. Furthermore, to map the ESIPT
pathway, potential energy curves (PECs) for the ground and excited states were constructed by
performing relaxed scans along the 01-H2 bond coordinate (16 steps, step size 0.05 A). These PECs
enabled the location of transition states and the calculation of energy barriers, providing direct insight
into the feasibility of the proton transfer. Antioxidant activity was assessed via the calculation of the
ionization potential (IP). All electronic structure computations were performed using the Gaussian 16
software package [24]. Post-processing analyses, including reduced density gradient (RDG) analyses and
frontier molecular orbital (FMO) visualizations, were conducted with the Multiwfn-3.8 [25, 26] and VMD
programs.

Table 1
Calculated Absorption Peaks (Amax) of Phloretin (PHL) Using Different
Functionals
B3LYP B3PW91  Cam-B3LYP PBEPBE  Exp

PHL 344.42nm  345.09nm  286.79nm 421.45nm  287.5nm

3. Results and discussion

3.1. Geometric Structures and Infrared Spectra

The intramolecular hydrogen bond (IMHB) is a prerequisite for the ESIPT process, and its geometric
parameters, such as bond lengths and angles, are critical indicators [27]. As shown in Fig. 1, key atoms
involved in ESIPT are numerically labeled. The corresponding bond lengths and angles for phloretin
(PHL) and its derivatives in the S, and S, states are summarized in Table 2. A shorter IMHB length
generally signifies a stronger interaction. In the S, state, the H2---01 distance in pristine PHL is 1.5652 A.
With the introduction of electron-donating groups (-OH, -NH,, -CH,), this distance shortens further to
1.56359, 1.56452, and 1.56511 A in PHL-OH, PHL-NH,, and PHL-CHj,, respectively, suggesting a

Page 4/17



promotion of the ESIPT process. Conversely, electron-withdrawing groups (-CN, -NO,, -CHO) lead to
elongated H2:-01 distances of 1.57051, 1.57023, and 1.56598 A in PHL-CN, PHL-NO,, and PHL-CHO,
which would inhibit ESIPT compared to PHL. Furthermore, for most derivatives (PHL-OH, PHL-NH,, PHL-
CH,, PHL-CN), the H2:-O1 bond is shorter in the S, state than in the S, state, implying that ESIPT is more
favorable upon photoexcitation. Interestingly, for PHL-NO, and PHL-CHO, the bond lengthens in the S,
state, indicating that ESIPT becomes less likely compared to the ground state.

Table 2

Key Geometric Parameters (Bond Lengths in A and Bond
Angles in °) for the Intramolecular Hydrogen Bond in
Phloretin (PHL) and Its Derivatives in Methanol Solution

State  OsH,  Hy.O0;  0;-H,..04

PHL So 1.00177 1.56520 150.57068
S, 1.60142 0.99835 150.61947

PHL-OH So 1.00210 1.56359 150.63816

Sy 1.58743 0.99928 151.07275
PHL-NH, S, 1.00191 1.56452 150.60852
S, 1.60039 0.99842 150.60957
PHL-CH; S, 1.00177 1.56511  150.57197
Sy 1.59927 0.99845 150.69636
PHL-CN Sy 1.00079 1.57051 150.35925
S, 1.59829 0.99925 151.12244

PHL-NO, S, 1.00081 1.57023 150.36684

Sy 0.99547 1.57924 149.22761
PHL-CHO S, 1.00178 1.56598 150.56935
Sy 0.99736 1.56911 149.68554

To further validate the geometric structures, the infrared (IR) absorption spectra of phloretin (PHL) and
its derivatives in both S, and S, states were calculated [28], as shown in Fig. 2. Red-shifted and blue-
shifted IR stretching frequencies are indicative of strengthened and weakened intramolecular hydrogen
bonds (IMHBs), respectively. The O-H stretching frequency for the pristine PHL molecule is observed at
3046 cm~". Upon introducing electron-donating groups (-OH, -NH,, -CH,), the corresponding frequencies
for PHL-OH, PHL-NH,, and PHL-CH3 red-shift to 3039, 3041, and 3045 cm~", signaling a strengthening of
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the IMHB. Conversely, derivatives with electron-withdrawing groups (-CN, -NO,, -CHO)—PHL-CN, PHL-
NO,, and PHL-CHO—exhibit blue-shifted frequencies of 3063, 3062, and 3047 cm-", which point to a
weakening of the IMHB. These spectral trends indirectly reflect the relative ease or difficulty of the ESIPT
process. Crucially, the IR findings are fully consistent with the geometric parameter analysis (Table 2),
mutually corroborating the reliability of our conclusions.

3.2 Non-covalent interaction analysis

The non-covalent interactions within the systems were visualized using the reduced density gradient
(RDG) method, with the corresponding scatter plots presented in Fig. 3. In RDG analysis, the strength of a
hydrogen bond is quantitatively represented by the value of sign(A,)p, where a larger (more negative)
value indicates a stronger interaction. The distribution patterns in the scatter plots intuitively reveal the
nature and strength of hydrogen bonding, providing strong visual corroboration for our previous
conclusions [29]. The color scheme in both the RDG scatter plots and the independent gradient model
(IGM) isosurfaces denotes specific interaction types: red for steric repulsion, green for van der Waals
interactions, and blue for attractive hydrogen bonds. The calculated sign(\,)p values for the key
hydrogen bond in each molecule, in both the S, and S, states, are displayed in Fig. 3. The observed trend
in hydrogen bond strength is: PHL-OH > PHL-NH, > PHL-CH, > PHL > PHL-CHO > PHL-NO, > PHL-CN. This
sequence indicates a monotonic decrease in hydrogen bond strength from PHL-OH to PHL-CN.
Importantly, the ranking derived from RDG analysis is fully consistent with the trends obtained from
geometric parameter analysis (bond lengths and angles), thereby cross-validating the reliability of both
methodological approaches.

3.3 Molecular orbital analysis

Molecular orbital analysis elucidates the redistribution of electron density upon excitation, providing a
theoretical basis for understanding the correlation between photophysical behavior and chemical
reactivity [30, 31]. Given that the excitation characteristics are predominantly governed by the highest
occupied molecular orbital (HOMO) to lowest unoccupied molecular orbital (LUMO) transition, we
visualized these frontier orbitals. As shown in Fig. 4, the introduction of electron-donating groups (-OH, -
NH,, -CH,) in PHL-OH, PHL-NH,, and PHL-CH3 leads to a significant increase in electron density on the
proton acceptor oxygen atom (01). Conversely, for derivatives with electron-withdrawing groups, a
marked decrease in electron density on O1 is observed in PHL-CN. Strikingly, in PHL-NO, and PHL-CHO,
01 exhibits negligible electron density in the relevant frontier orbital, indicating a severely diminished
capacity to accept the proton, which suggests that ESIPT is either highly unfavorable or non-existent in
these two derivatives. Therefore, electron-donating groups facilitate the ESIPT process by enhancing
electron density on the acceptor site, whereas electron-withdrawing groups effectively inhibit it by
depleting this density. Furthermore, in methanol solution, measurable electron density on 01 is present
in PHL, PHL-OH, PHL-NH,, PHL-CH,, and PHL-CN, confirming their inherent proton-accepting ability. This
electron distribution analysis predicts a feasible ESIPT pathway for these five molecules, while strongly
indicating its improbability for PHL-NO, and PHL-CHO.
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3.4 Potential energy curve

To gain deeper mechanistic insight into how substituents regulate the ESIPT process, we computed the
potential energy curves (PECs) for phloretin (PHL) and its derivatives in both the S, and S, states. The
energy barrier along the reaction coordinate provides a quantitative measure of the feasibility of ESIPT
[32]. Figure 5 presents these PECs, from which the energy barriers were extracted. The intrinsic barrier
for pristine PHL in the S, state is 4.694 kcal/mol. Introduction of electron-donating groups (-OH, -NH,, -
CHy,) results in slightly lowered barriers of 4.656, 4.682, and 4.690 kcal/mol for PHL-OH, PHL-NH,, and
PHL-CH,, respectively. Conversely, electron-withdrawing groups (-CN, -NO,, -CHO) lead to increased
barriers of 4.836, 4.834, and 4.702 kcal/mol for PHL-CN, PHL-NO,, and PHL-CHO. The reduction in barrier
height induced by electron-donating groups directly correlates with a decreased difficulty for ESIPT. In
contrast, the elevated barriers associated with electron-withdrawing groups indicate a greater
thermodynamic impediment to proton transfer. This quantitative trend from PEC analysis is in full
agreement with the qualitative predictions derived from geometric, spectroscopic, and orbital analyses
discussed above, providing robust and convergent evidence for the substituent effect on ESIPT. Most
significantly, the potential energy curve analysis in the S, state reveals a critical distinction. For PHL,
PHL-OH, PHL-NH,, PHL-CH,, and PHL-CN, no energy barrier is present along the proton transfer
coordinate in the S, state. This barrierless profile indicates that the ESIPT process in these systems is
intrinsically more favorable in the excited state than in the S, state and can proceed spontaneously from
the Franck-Condon (E) region to the proton-transferred (K) state. In stark contrast, the derivatives PHL-
NO, and PHL-CHO exhibit distinct energy barriers of 5.289 and 5.164 kcal/mol, respectively, in the S,
state. Compared to their S, state barriers, these values are significantly higher, implying that ESIPT
becomes thermodynamically more difficult or even prohibited upon photoexcitation for these two
molecules. These findings demonstrate that introducing electron-donating groups to the PHL scaffold
facilitates ESIPT by maintaining or creating a barrierless pathway in S,, effectively promoting ultrafast
proton transfer. Conversely, strong electron-withdrawing groups not only increase the ground-state
barrier but also introduce or substantially raise the barrier in the excited state, thereby imposing a
significant kinetic hindrance to ESIPT.

3.5 Antioxidant activity

Phloretin, a representative dihydrochalcone, exhibits notable anti-inflammatory and antioxidant
properties, making it a promising antioxidant scaffold. To theoretically explore avenues for enhancing its
activity, we analyzed the antioxidant potential of PHL and its derivatives. Antioxidant activity is closely
correlated with the ionization potential (IP) [33, 34]. According to Koopmans’ theorem, a lower IP value
corresponds to a greater propensity for electron donation and, consequently, stronger antioxidant
activity. The calculated IP values for PHL and its derivatives in both the Sy and S, states are presented in
Fig. 6. A key observation is that the antioxidant activity, as gauged by IP, is generally weaker in the S,
state compared to the S, state for these biomolecules. This suggests that to maximize their efficacy as
antioxidants, the ESIPT process in PHL-based compounds should be inhibited, preventing their relaxation
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into a less active excited-state configuration. Focusing on the ground state (S,), the introduction of
electron-donating groups (-OH, -NH,, -CH,) lowers the IP values of PHL-OH, PHL-NH,, and PHL-CH3 to
6.605, 5.721, and 6.141 eV, respectively. This reduction in IP signifies a significant enhancement in
antioxidant activity. Conversely, electron-withdrawing groups (-CN, -NO,, -CHO) raise the IP values of
PHL-CN, PHL-NO,, and PHL-CHO to 6.489, 6.465, and 6.488 eV, indicating a clear inhibitory effect on
antioxidant capacity.

4. Conclusion

This study systematically investigates the regulatory effects of electron-donating and electron-
withdrawing groups on the excited-state intramolecular proton transfer (ESIPT) process and the
antioxidant activity of phloretin, a representative dihydrochalcone molecule. The key findings are as
follows: First, ionization potential calculations reveal that the antioxidant activity in the S, state (post-
ESIPT) is weaker than in the ground state (S,), indicating that to preserve antioxidant efficacy, the ESIPT
process should be inhibited when these molecules are utilized as antioxidants. Most importantly,
potential energy curve analysis shows that derivatives with strong electron-withdrawing groups (-NO,, -
CHO) exhibit significantly higher proton transfer energy barriers in the S, state than in the S, state,
suggesting that ESIPT is unlikely to occur spontaneously in the excited state. In contrast, other
molecules display a barrierless proton transfer pathway in the S, state. Furthermore, a consistent
regulatory trend is established: electron-donating groups simultaneously promote ESIPT and enhance
ground-state antioxidant activity, whereas electron-withdrawing groups inhibit ESIPT and reduce
antioxidant capacity. The most significant finding of this work lies in revealing the fundamental control
that substituents exert over the ESIPT pathway: strong electron-withdrawing groups can construct a
kinetic barrier in the excited state, thereby effectively "switching off" the proton transfer channel. This
research establishes a theoretical foundation for understanding the structure-activity relationship of
dihydrochalcone derivatives and provides clear design principles for synchronously modulating the
ESIPT process and antioxidant activity through targeted group modification.
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Molecular structure of phloretin and its derivatives
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Figure 2

Calculated O—H Stretching Frequencies and Intensities for Phloretin (PHL) and Its Derivatives in
Methanol, Reflecting Intramolecular Hydrogen Bond (01-H2---03) Strength.
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Figure 3

NCI scatter plots of PHL molecules and their derivatives in SO state and S1 state.
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Figure 4

Frontier molecular orbitals (HOMO and LUMO) of phloretin and its derivatives in methanol solution.
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Figure 5

Potential energy curves of PHL molecule and its derivatives in methanol solution
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lonization potentials (IP) of phloretin and its derivatives in the S, and S, states.
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