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Abstract

Context:
Phenolic antioxidants are widely studied as small-molecule radical scavengers, but their apparent
activity depends on the competition among hydrogen-atom transfer (HAT), sequential proton-loss
electron transfer (SPLET), and single-electron transfer followed by proton transfer (SET-PT). In this
context, the present work uses density functional molecular modeling to clarify how substituent pattern,
phenoxy-radical stabilization, and medium effects control site-resolved antioxidant thermodynamics in
eleven phenolic compounds, with caffeine and parent coumarin retained as non-phenolic electronic
controls.

Methods
Geometry optimizations and harmonic frequency calculations were performed at the ωB97X-D/def2-SVP
level, and gas- and solvent-phase single-point energies were refined at ωB97X-D/def2-TZVP using CPCM
water, methanol, and benzene. Gibbs free energies were constructed as ESP + Gcorr, while absolute
SPLET and SET-PT values used literature H+ and e− free-energy constants. HAT was the lowest-energy
pathway in all media. Caffeic acid OH1 showed the lowest ΔGHAT values in gas phase, water, methanol,

and benzene (66.86, 69.60, 69.54, and 68.29 kcal mol− 1, respectively). Spin-density, Mulliken, and
NBO/NPA analyses linked favorable HAT to reduced O-centered spin localization and effective π-
delocalization in phenoxy radicals. A focused M06-2X benchmark preserved the main ranking,
supporting the robustness of the site-selectivity conclusion.

1. Introduction
Phenolic compounds are among the most important molecular classes of natural antioxidants because
their O-H groups can quench reactive radical species and form resonance-stabilized phenoxy radicals.
The observed antioxidant response in DPPH, ABTS, FRAP, ORAC, and related assays depends on
molecular structure, assay medium, pH, reagent stoichiometry, and measurement time; therefore,
experimental rankings are often method-dependent rather than universal [1–4]. Computed
thermodynamic descriptors are useful because they isolate elementary steps and permit site-specific
comparison of related phenolic motifs.

Three mechanisms are commonly invoked for phenolic radical scavenging. In HAT, ArOH transfers a
hydrogen atom directly to a radical, and the key descriptor is the O-H bond dissociation free energy or
enthalpy. In SPLET, phenol first loses a proton to form ArO− and then transfers an electron. In SET-PT,
electron transfer precedes deprotonation of the cation radical. The three mechanisms are not mutually
exclusive, and their apparent importance can vary with the medium's polarity and acidity/basicity [5–8].
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A robust computational workflow should therefore evaluate the three pathways consistently and avoid
overinterpreting a single gas-phase BDE ranking.

Recent computational and experimental work has emphasized the importance of catechol and galloyl
motifs, the number and position of hydroxyl groups, and conjugated side chains in stabilizing phenoxy
radicals [1, 3, 9]. Caffeic acid, gallic acid, protocatechuic acid, and related hydroxycinnamic or
hydroxybenzoic acids frequently appear as strong antioxidant references, whereas mono-hydroxylated or
methoxylated analogs are often weaker or more assay-dependent [3, 4, 10]. However, compact datasets
that combine absolute ΔG-based HAT/SPLET/SET-PT analysis, atom-resolved spin delocalization, non-
phenolic controls, and functional sensitivity remain valuable for method development and natural-
product screening.

The present study addresses this gap by constructing a molecular modeling dataset comprising 13
small molecules: 11 phenolic systems and 2 non-phenolic electronic controls. The contribution is
fourfold. First, site-resolved HAT, SPLET, and SET-PT pathways are evaluated as Gibbs free energies
rather than only electronic or enthalpic components. Second, absolute SPLET and SET-PT totals are
obtained by incorporating proton and electron free-energy constants for the gas phase and continuum
solvents. Third, spin density, Mulliken, and NBO/NPA descriptors are used to rationalize phenoxy radical
stabilization rather than merely to rank O-H bond strengths. Fourth, a focused M06-2X benchmark tests
the functional sensitivity of the key site-selectivity conclusions. The work is therefore framed as a
substituent- and spin-delocalization analysis of antioxidant thermodynamics, rather than simply another
BDE screening exercise.

2. Computational details

2.1. Molecular dataset and controls
The final dataset comprised eleven phenolic compounds and two non-phenolic controls (Table 1). The
phenolic set included simple phenols, hydroxybenzoic acids, hydroxycinnamic acids, and methoxylated
analogs. Caffeine and parent coumarin were retained as electronic controls to contextualize frontier-
orbital and solvation descriptors, but were excluded from phenolic HAT ranking because they lack a
phenolic O-H group capable of generating a phenoxy radical under the present mechanistic model.
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Table 1
Molecular dataset and mechanistic role of each compound.

Compound Class Role Phenolic
O-H sites

Manuscript role

Caffeic acid hydroxycinnamic acid;
catechol motif

Phenolic
candidate

2 Strong; lead

Catechol simple o-diphenol Phenolic
candidate

2 Strong;
mechanistic
reference

Protocatechuic
acid

hydroxybenzoic acid;
catechol motif

Phenolic
candidate

2 Strong; lead

Gallic acid trihydroxybenzoic acid Phenolic
candidate

3 Strong; lead

Hydroquinone p-diphenol Phenolic
candidate

2 Strong; redox-
active reference

Syringic acid dimethoxy-
hydroxybenzoic acid

Phenolic
candidate

1 Secondary

Ferulic acid methoxy-hydroxycinnamic
acid

Phenolic
candidate

1 Secondary

p-Coumaric acid monohydroxycinnamic
acid

Phenolic
candidate

1 Secondary

Phenol simple phenol Phenolic
baseline

1 Baseline

Vanillin phenolic aldehyde Phenolic
baseline

1 Baseline

Vanillic acid methoxy-hydroxybenzoic
acid

Phenolic
baseline

1 Baseline

Coumarin benzopyrone Non-phenolic
electronic
control

0 Excluded from
HAT ranking

Caffeine methylxanthine Non-phenolic
electronic
control

0 Excluded from
HAT ranking

For visual reference, the optimized geometries of the eleven phenolic compounds are compiled in
Scheme 1, whereas the two non-phenolic control molecules are shown separately in Scheme 2. The
phenolic set spans simple phenols (phenol, catechol, and hydroquinone), hydroxybenzoic acids (gallic,
protocatechuic, vanillic, and syringic acids), and hydroxycinnamic acids (p-coumaric, caffeic, and ferulic
acids), thereby covering the principal substitution patterns needed to probe O–H bond strength, radical
delocalization, and substituent effects.
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The optimized structures highlight the molecular features that control antioxidant thermochemistry. In
particular, catechol- and galloyl-type substitution increases the number of candidate O–H donor sites,
while conjugated side chains in hydroxycinnamic acids favor spin delocalization after H-atom
abstraction. Methoxy substitution modulates both O–H polarity and π-conjugation, allowing direct
comparison between hydroxy-only and methoxylated analogs within a common computational
framework.

As shown in Scheme 2, coumarin and caffeine provide electronically distinct heteroatom-containing
scaffolds that are useful as non-phenolic references. Their inclusion helps distinguish general electronic
effects from genuinely phenolic HAT behavior and supports classifying these molecules as electronic
controls rather than as primary radical-scavenging candidates in the present dataset.

2.2. Electronic-structure protocol
All calculations used a consistent DFT molecular-modeling protocol for neutral molecules, cation
radicals, phenoxy radicals, and phenoxide anions. Geometry optimizations and harmonic frequency
calculations were performed with Q-Chem 5.4 at the ωB97X-D/def2-SVP level. Single-point energies
were refined at ωB97X-D/def2-TZVP. Solvent effects were modeled by CPCM for water, methanol, and
benzene. The range-separated dispersion-corrected ωB97X-D functional was selected as the primary
method because it is widely used for thermochemistry and noncovalent/electronic-structure problems
[11]. The def2 basis-set family was used for balanced double- and triple-zeta descriptions [12].

Open-shell species were treated as unrestricted doublets. Frequency analyses were used to verify
stationary points; only preferred species with zero imaginary frequencies were retained for final
thermochemistry. The corrected caffeine cation radical was included only after rescue optimization led
to a true minimum. Spin-contamination diagnostics were monitored through <S2>; mild deviations from
0.75 were retained but reported where relevant.

The complete computational protocol and the output used at each stage are summarized in Table 2.
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Table 2
Summary of the computational protocol.

Step Job type Functional/basis/model Output used

1 Geometry
optimization

ωB97X-D/def2-SVP Optimized stationary point

2 Frequency ωB97X-D/def2-SVP ZPE, thermal corrections, entropy,
imaginary frequency check

3 Single point, gas ωB97X-D/def2-TZVP Electronic energy for final gas-phase
G

4 Single point,
solvent

ωB97X-D/def2-TZVP + CPCM Electronic energy for water,
methanol, and benzene

5 Population
diagnostics

Mulliken and NBO/NPA single
points

Spin/charge descriptors and donor-
acceptor trends

6 Benchmark M06-2X/def2-SVP//def2-TZVP
subset

Functional sensitivity for phenol,
vanillin, and gallic acid

2.3. Gibbs free-energy definitions
For each species, the final Gibbs free energy was approximated as

G ≈ ESP(ωB97X-D/def2-TZVP) + Gcorr(ωB97X-D/def2-SVP).

The HAT, SPLET, and SET-PT free energies were computed as follows:

ΔGHAT = G(ArO•) + G(H•) − G(ArOH)

ΔGPA = G(ArO−) + G(H+) − G(ArOH); ΔGETE = G(ArO•) + G(e−) − G(ArO−)

ΔGIP = G(ArOH•+) + G(e−) − G(ArOH); ΔGPDE = G(ArO•) + G(H+) − G(ArOH•+)

Absolute SPLET and SET-PT totals used literature gas-phase constants and C-PCM solvation Gibbs
energies for H+ and e−. The electron solvation term is known to be model-dependent, especially in low-
polarity media; therefore, absolute SPLET/SET-PT rankings are interpreted qualitatively and primarily in
comparison with HAT [13, 14].

2.4. Spin-density, charge, and benchmark analyses
Phenoxy-radical stabilization was quantified from atom-resolved spin densities. For each phenoxy
radical, the O-site spin fraction was defined as the O-site positive spin density divided by the sum of
positive spin densities over the molecule. The radical delocalization index was defined as 1 − O-site spin
fraction. A larger index therefore indicates that less spin remains localized on the deprotonated oxygen
and more spin is delocalized through the π system.
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Mulliken charges were used to define neutral O-H polarity, q(H) − q(O), and the change in O-site charge
upon radical or anion formation. NBO/NPA calculations were also performed for the same output set to
inspect natural population/spin trends and donor-acceptor stabilization patterns. A focused M06-2X
benchmark was then performed for phenol, vanillin, and the three gallic-acid O-H sites, using the same
def2-SVP/def2-TZVP strategy. This benchmark is treated as a functional sensitivity check rather than a
full method validation campaign [15, 16]. The overall molecular-modeling workflow used to generate the
thermodynamic, spin-density, population-analysis, benchmark, and validation descriptors is summarized
in Fig. 1, which should appear immediately below this paragraph.

3. Results and discussion

3.1. Dataset integrity and stationary-point quality
The final master dataset contains 13 molecules, 17 phenolic O-H sites, and 62 preferred species after
superseding the original caffeine cation-radical output with a corrected zero-imaginary-frequency
structure. All preferred OPT/FREQ species used for thermochemistry displayed zero imaginary
frequencies. This stationary-point quality is essential because ΔG values are constructed from
frequency-derived corrections. Several open-shell species showed mild spin contamination, but the
deviations were not large enough to alter the qualitative ranking or require the exclusion of phenolic
candidates. The non-phenolic controls were retained only for electronic comparison, not for HAT ranking.

3.2. HAT is the dominant thermodynamic pathway
Across gas phase, water, methanol, and benzene, the lowest HAT free energies are substantially below
the corresponding absolute SPLET and SET-PT totals. Caffeic acid OH1 is the best HAT site in every
environment examined, with ΔGHAT values of 66.86 kcal mol− 1 in the gas phase, 69.60 kcal mol− 1 in

water, 69.54 kcal mol− 1 in methanol, and 68.29 kcal mol− 1 in benzene (Table 3). The next strongest
candidates are catechol OH2, gallic acid OH2, hydroquinone OH1/OH2, and protocatechuic acid OH1,
depending on the medium. These rankings support a clear structure-activity picture: catechol-like or
highly delocalized phenoxy radicals lower the thermodynamic cost of H-atom donation.

The gas-phase site-resolved HAT ranking is visualized in Fig. 2.

Page 7/20



Table 3
Top five HAT candidates in each environment.

Medium Compound Site ΔG_HAT (kcal mol − 1)

Gas Caffeic acid OH1 66.86

Gas Catechol OH2 67.88

Gas Protocatechuic acid OH1 69.74

Gas Gallic acid OH2 70.80

Gas Hydroquinone OH1 71.66

Water Caffeic acid OH1 69.60

Water Catechol OH2 69.96

Water Gallic acid OH2 70.36

Water Hydroquinone OH2 70.45

Water Hydroquinone OH1 70.46

Methanol Caffeic acid OH1 69.54

Methanol Catechol OH2 69.91

Methanol Gallic acid OH2 70.37

Methanol Hydroquinone OH2 70.50

Methanol Hydroquinone OH1 70.50

Benzene Caffeic acid OH1 68.29

Benzene Catechol OH2 69.01

Benzene Gallic acid OH2 70.63

Benzene Hydroquinone OH1 71.26

Benzene Hydroquinone OH2 71.27

The lowest mechanism-level free energies and the resulting dominant pathway in each environment are
summarized in Table 4.
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Table 4
Lowest mechanism free energies across the dataset. Values are in kcal mol − 1.

Medium Lowest
ΔG_HAT

Lowest absolute
ΔG_SPLET

Lowest absolute
ΔG_SET-PT

Dominant
pathway

Gas 66.86 381.42 381.42 HAT

Water 69.60 113.89 113.89 HAT

Methanol 69.54 114.33 114.33 HAT

Benzene 68.29 164.64 164.64 HAT

Although SPLET and SET-PT become much more competitive in polar media than in the gas phase when
proton and electron constants are included, their total absolute free energies remain higher than HAT
under the selected C-PCM constants. The smallest absolute SPLET/SET-PT totals are 113.89 kcal mol− 1

in water and 114.33 kcal mol− 1 in methanol, compared with approximately 69.6 kcal mol− 1 for the best
HAT site. Thus, the dataset supports HAT as the thermodynamic baseline mechanism for these small
phenolics. The absolute SPLET and SET-PT totals should nevertheless be discussed with caution, as
electron solvation constants are particularly sensitive to the solvation model and reference convention
[13].

The comparison of the lowest HAT, SPLET, and SET-PT free-energy totals is shown in Fig. 3.

3.3. Site selectivity in phenolic acids and methoxylated
analogs
The site-resolved ranking reveals that not all O-H groups in the same molecule contribute equally. Gallic
acid OH2 and OH3 are strongly favored over gallic acid OH1, illustrating the sensitivity of the phenoxy
radical to local substitution and resonance pathways. Caffeic acid also shows strong site discrimination:
OH1 ranks first overall, whereas OH2 ranks much lower in the gas-phase ranking. The hydroxycinnamic
series is especially informative. Caffeic acid outperforms ferulic acid and p-coumaric acid because its
catechol motif provides both additional hydrogen-bonding/electronic stabilization and stronger spin
delocalization, while ferulic acid and p-coumaric acid remain secondary candidates. The hydroxybenzoic
series follows a similar logic: protocatechuic and gallic acids outperform vanillic acid because additional
hydroxyl groups enhance radical stabilization, whereas methoxy substitution without an adjacent second
phenolic OH gives more moderate behavior.

3.4. Spin delocalization explains phenoxy-radical
stabilization
Spin-density analysis provides the electronic-structure explanation for the thermodynamic ranking. The
best delocalized phenoxy radicals have lower O-site spin fractions and larger radical delocalization
indices. Ferulic acid OH1, caffeic acid OH1, and p-coumaric acid OH1 exhibit the strongest Mulliken
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delocalization indices, indicating efficient migration of unpaired spin from the oxygen to the conjugated
aromatic/cinnamate framework. Catechol and gallic acid also show strong HAT thermodynamics, but
their O-site spin fractions are somewhat higher because spin is distributed among adjacent heteroatom
and aromatic centers in a different pattern.

Selected gas-phase Mulliken spin-density and O-H charge descriptors are summarized in Table 5, which
should appear immediately below this paragraph. The relationship between gas-phase ΔGHAT and radical
delocalization is then illustrated in Fig. 4.

Table 5
Selected gas-phase Mulliken spin-density and O-H charge descriptors.

Site O-site
spin

O-site spin
fraction

Delocalization
index

q(O)
neutral

O-H
polarity

Ferulic acid OH1 0.295 0.200 0.800 -0.410 0.752

Caffeic acid OH1 0.285 0.206 0.794 -0.475 0.816

p-Coumaric acid
OH1

0.327 0.207 0.793 -0.409 0.740

Vanillin OH1 0.320 0.238 0.762 -0.406 0.750

Syringic acid OH1 0.315 0.239 0.761 -0.400 0.740

Gallic acid OH2 0.328 0.257 0.743 -0.473 0.827

Catechol OH2 0.330 0.276 0.724 -0.485 0.822

Phenol OH1 0.404 0.288 0.712 -0.421 0.747

The NBO/NPA single-point calculations support the same qualitative picture. NPA spin-density rankings
identify ferulic acid OH1, p-coumaric acid OH1, and caffeic acid OH1 as highly delocalized radicals, with
radical delocalization indices near 0.80. In the manuscript interpretation, these descriptors should be
used comparatively within the same computational protocol rather than as direct observables. The
charge descriptors further indicate that stronger O-H polarity does not by itself guarantee the lowest HAT
free energy; instead, the final ranking emerges from the combined effects of O-H polarity, radical
stabilization, and conjugation.

Selected NPA spin-delocalization descriptors for representative phenoxy radicals are summarized in
Table 6.
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Table 6
Selected NPA spin-delocalization descriptors for phenoxy radicals.

Site NPA O spin NPA O-site fraction NPA delocalization index

Ferulic acid OH1 0.299 0.197 0.803

p-Coumaric acid OH1 0.331 0.203 0.797

Caffeic acid OH1 0.288 0.203 0.797

Vanillin OH1 0.324 0.234 0.766

Syringic acid OH1 0.319 0.235 0.765

Vanillic acid OH1 0.334 0.246 0.754

Protocatechuic acid OH1 0.311 0.253 0.747

Gallic acid OH2 0.332 0.254 0.746

3.5. Functional sensitivity: M06-2X benchmark
A focused M06-2X benchmark was performed on phenol, vanillin, and gallic acid. All benchmark
structures reached normal termination and zero imaginary frequencies. M06-2X systematically
increased ΔGHAT values by approximately 4.08 kcal mol− 1 relative to the primary ωB97X-D protocol.

However, the qualitative conclusion was conserved: gallic acid OH2 remained the best HAT site in gas
phase, water, methanol, and benzene, and the rank order of the key gas-phase sites was unchanged. This
provides a method-sensitivity check that the main site-selectivity conclusion is not an artifact of one
functional.

The M06-2X benchmark values are summarized in Table 7, and their functional sensitivity trend is shown
in Fig. 5.

Table 7
M06-2X benchmark against the primary ωB97X-D gas-phase HAT ranking. Energies are in

kcal mol− 1.
Site ωB97X-D gas ΔG_HAT M06-2X gas ΔG_HAT ΔΔG Rank shift

Gallic acid OH2 70.38 74.57 4.19 0

Gallic acid OH3 71.39 75.72 4.33 0

Phenol OH1 76.45 80.57 4.12 0

Vanillin OH1 77.21 81.25 4.04 0

Gallic acid OH1 77.77 81.98 4.21 0

Page 11/20



3.6. Qualitative validation against experimental antioxidant
trends
The computed ranking should be compared with DPPH, ABTS, FRAP, and ORAC literature trends
qualitatively rather than by direct regression. These assays differ in solvent, pH, radical probe, reaction
time, and reporting metric; consequently, the same phenolic compound can shift in apparent rank
between assays [2, 4]. Nevertheless, the present ΔGHAT ranking agrees with broad experimental
structure-activity patterns. Caffeic acid, catechol-type compounds, protocatechuic acid, and gallic acid
are computationally strong and widely recognized as strong radical-scavenging phenolics [3, 4, 10].
Ferulic acid and p-coumaric acid are predicted to be secondary HAT candidates, consistent with the
lower activity expected after removal or blocking of a catechol hydroxyl group. Vanillin, vanillic acid, and
phenol are predicted as weaker/baseline HAT candidates, consistent with fewer radical-stabilizing
structural features.

The qualitative comparison between computed HAT ranking and experimental antioxidant trends is
summarized in Table 8.

Table 8
Qualitative comparison between computed HAT ranking and experimental antioxidant trends.

Computed
gas rank

Compound Best
site

ΔGHAT Literature trend Agreement

1 Caffeic acid OH1 66.86 Strong DPPH/ABTS;
hydroxycinnamic lead

Consistent

2 Catechol OH2 67.88 Strong o-diphenol
radical stabilization

Mechanistically
plausible

3 Protocatechuic
acid

OH1 69.74 Strong hydroxybenzoic
acid

Consistent

4 Gallic acid OH2 70.80 Frequently
strong/standard
antioxidant

Consistent

9 Ferulic acid OH1 74.26 Moderate-to-strong;
weaker than caffeic acid

Consistent

10 p-Coumaric
acid

OH1 75.33 Moderate; lacks
catechol OH

Consistent

14 Vanillin OH1 77.63 Weak-to-moderate
phenolic aldehyde

Consistent

15 Vanillic acid OH1 77.77 Weak-to-moderate;
below gallate/catechol
motifs

Consistent
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Caffeine and parent coumarin require a different interpretation. Caffeine-containing matrices can show
antioxidant behavior, and hydroxylated coumarins can be potent antioxidants, but caffeine and parent
coumarin do not possess the phenolic O-H motif required for the phenoxy-radical HAT model. Therefore,
they are retained only as non-phenolic electronic controls and excluded from HAT, BDFE, and phenoxy-
radical ranking. This classification prevents a mechanistic category error and clarifies that the primary
conclusions apply to phenolic O-H donors.

3.7. Implications for molecular modeling of antioxidant
mechanisms
The workflow emphasizes chemically interpretable descriptors that can be transferred to larger phenolic
libraries. The combination of site-resolved ΔGHAT, absolute SPLET/SET-PT estimates, spin-density
delocalization, NBO/NPA population analysis, and functional sensitivity provides a more complete
mechanistic picture than a single BDE ranking. This strategy can help prioritize candidate phenolics for
experimental validation by DPPH, ABTS, FRAP, or ORAC and identify O-H sites that merit higher-level
benchmarking, kinetic analysis, or explicit-solvent treatment. The present results describe
thermodynamic tendencies rather than reaction kinetics. No transition-state calculations were
performed for reactions with explicit radical probes, and the computed ordering should not be
interpreted as a direct prediction of rate constants or assay-specific potency. Continuum solvation does
not explicitly represent hydrogen bonding, ion pairing, concentration, or pH, while absolute SPLET and
SET-PT values remain dependent on the adopted H + and e- conventions. The M06-2X check was limited
to a small subset, and population-based spin and charge descriptors are method dependent.
Accordingly, kinetic calculations, explicit-solvent treatment, and compound-specific experiments are
needed for further validation.

4. Conclusions
This study establishes a site-resolved DFT molecular modeling framework for the mechanistic analysis
of small phenolic antioxidants and demonstrates how substituent effects, solvation, and spin
delocalization jointly determine the thermodynamics of antioxidant activity. Across the 13-compound
dataset and the 17 phenolic O–H sites examined, the ωB97X-D/def2-TZVP//ωB97X-D/def2-SVP
approach consistently identified HAT as the most favorable antioxidant pathway in gas phase, water,
methanol, and benzene when all mechanisms were expressed as Gibbs free energies. Caffeic acid OH1
emerged as the strongest overall HAT candidate, while catechol OH2, protocatechuic acid OH1, gallic
acid OH2, hydroquinone OH1, and ferulic acid OH1 also showed favorable reactivity, confirming the
benefits of catechol/galloyl substitution and conjugated hydroxycinnamic scaffolds. Spin-density,
Mulliken, and NBO/NPA analyses further showed that efficient π-delocalization and reduced O-centered
spin localization stabilize the phenoxy radicals and rationalize the computed ΔGHAT ranking. A focused
M06-2X benchmark preserved the key qualitative ordering among phenol, vanillin, and gallic acid,
indicating that the main mechanistic conclusions are not artifacts of a single functional. Finally, caffeine
and parent coumarin are best interpreted as non-phenolic electronic controls rather than as HAT-active
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phenolic antioxidants, as they lack a phenolic O–H donor site in the present model. Overall, the
combined thermodynamic, spin-delocalization, charge, and literature-validation results identify caffeic
acid OH1 as the site with the most favorable HAT thermodynamics in the present series and provide a
compact, reproducible foundation for larger-scale molecular screening, subject to the kinetic, solvation,
and experimental limitations described above.
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Scheme
Scheme 1 and 2 are available in the Supplementary Files section.
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Figure 1

Overview of the molecular-modeling workflow used to convert Q-Chem outputs into mechanistic ΔG
values, spin-density descriptors, NBO/NPA population analyses, benchmark data, and literature-
validation trends.

Page 17/20



Figure 2

Gas-phase ΔGHAT ranking for selected phenolic O-H sites. Lower values indicate easier H-atom donation
and higher predicted HAT efficiency.
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Figure 3

Comparison of the lowest HAT, SPLET, and SET-PT free-energy totals for each environment after
including literature H+ and e− constants.

Figure 4

Relationship between gas-phase ΔGHAT and Mulliken radical delocalization index for selected phenoxy

radicals.
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Figure 5

Functional sensitivity of gas-phase HAT free energies for phenol, vanillin, and gallic acid. M06-2X shifts
absolute values upward but preserves the key ranking.
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