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ABSTRACT: We present the application of the Marcus—Hush formalism

2H20 — 2H2+ 02

as a theoretical framework to investigate charge transfer dynamics in
ligand-protected Au systems. By integrating key parameters such as energy
level differences and electronic coupling, this approach enables the
prediction of photocatalytic efficiency in electron-driven water splitting.
Simulations of diverse ligand-functionalized AuNPs establish a clear
correlation between charge transfer rates and hydrogen evolution,
specifically for functionalized AuNPs bearing aromatic thiols with various
para-substituents. Additionally, we extend this framework to selenol-
substituted systems, revealing that while selenols perform comparably to
thiols in some cases, they do not consistently enhance photocatalytic
activity. Beyond electron-driven hydrogen production, we further explore
the role of ligand chemistry in modulating hole transfer processes relevant
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to oxidative half-reactions. In this context, the OH-thiol ligand-functionalized AuNP emerges as the most effective photocatalyst for
hole-driven reactions. Overall, this study provides a systematic methodology for screening and designing ligand-functionalized AuNP
photocatalysts, offering mechanistic insights into how ligand properties govern photocatalytic performance.

KEYWORDS: ligand-functionalized gold nanoparticles, photocatalytic water splitting, interface engineering, Marcus—Hush formalism,

charge transfer kinetics, electronic coupling, and reorganization energy

1. INTRODUCTION

Photocatalysts based on gold nanoparticles (AuNPs) have
garnered significant attention for enabling efficient redox
reactions such as water splitting,"”” carbon dioxide reduction,”
and dye degradation.” The interaction of incident light with
AuNPs induces surface plasmons, which decay into hot carriers
(electrons or holes).” These hot carriers can transfer to
reaction sites, facilitating the rapid formation of reaction
intermediates. Subsequently, the extracted carrier returns to
the gold surface during product formation, restoring the
catalyst’s initial state.”” The efficiency of these photocatalysts
hinges on the plasmon decay process and the subsequent
transfer of charge carriers from the nanoparticle surface to the
reaction site.” Surface functionalization through suitable
capping layers offers a promising strategy to enhance charge
transfer efficiency and plasmon decay into hot carriers.” "
Capping layers, such as self-assembled thiol or selenol-
based'”"” ligand monolayers, modulate the chemical interface
effect and the energy levels at the nanoparticle surface.'"' "
These ligands act as charge transfer mediators, where hot
carriers transfer to relevant orbitals on the ligands, resulting in
localized charge carriers with extended lifetimes. Such
localization enhances photocatalytic efficiency by increasing
the likelihood of productive reactions.” ™
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Despite these advancements, the microscopic mechanisms
governing charge transfer from the Au surface to organic
molecules remain poorly understood. This knowledge gap
hinders the rational design of efficient photocatalysts. Existing
studies have observed correlations between physical properties,
such as dipole moments and molecular size, and charge
transfer eﬂclciency.lg_21 Furthermore, our prior work demon-
strated that orbital interactions, quantified through charge
transfer integrals, are critical determinants of charge transfer
efficiency at organic—inorganic interfaces.® Specifically, the
energy levels of the ligands’ highest occupied molecular orbital
(HOMO) or lowest unoccupied molecular orbital (LUMO),
along with their coupling to the nanoparticle’s states, govern
charge transfer dynamics.””*’ Using first-principles methods
such as the projector operator diabatic (POD) method, we
have previously shown that the rate of charge transfer,
calculated via the Marcus—Hush theory,”*** correlates strongly
with interface performance in organic photovoltaic devices.
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However, these insights have yet to be systematically applied
to photocatalysts as a design framework.

In this work, we apply the Marcus—Hush theoretical
framework to investigate the mechanism of ligand-function-
alized AuNP photocatalysts, focusing on interfacial charge
transfer as the rate-determining step. By adapting this classical
electron transfer theory to incorporate ligand-induced
interfacial effects, we establish a quantitative model that links
charge transfer dynamics to photocatalytic performance. We
first examine thiol ligands as capping agents for AuNPs in
water-splitting photocatalysis, demonstrating a clear correlation
between calculated charge transfer rates and experimentally
measured hydrogen production rates. Building on these
insights, we extend the analysis to selenol-based ligands
exhibiting comparable charge transfer kinetics but superior
surface adsorption characteristics. Our results suggest that
while selenols offer improved stability, specific thiol ligands still
enable the highest photocatalytic activity. Overall, this
Marcus—Hush-guided approach provides a predictive frame-
work for rational ligand selection in the design of efficient
AuNP-based photocatalysts. Although the present study
focuses on gold nanoparticles, the methodology is broadly
applicable to a wide range of plasmonic and nonplasmonic
systems.

2. METHODS

The electronic structure calculations in this study were performed
using Density Functional Theory (DFT).***” A single ligand
molecule was mounted on a gold slab consisting of 288 atoms
arranged in four layers, and the entire system was geometry-
optimized. To accurately capture interactions, the top two layers of
the gold slab were allowed to move freely, while the bottom two layers
were fixed to mimic the bulk structure. The simulation setup and DFT
parameters were adopted from ref 28. All calculations were conducted
using the Quickstep module of the CP2K program.””** The
convergence criteria for nuclear forces were set to 107* au. DFT
calculations were performed using a mixed basis set scheme designed
to ensure a balance between computational efficiency and accuracy.
Gold atoms were described using the TZ-GTH basis set in
combination with the Goedecker-Teter-Hutter (GTH) pseudopoten-
tials,>"** which are known to accurately account for relativistic effects
and electronic delocalization in metallic systems under periodic
boundary conditions.”® For lighter elements (C, H, O, S, Se), the
TZVP-MOLOPT-GTH basis set was employed, as it provides reliable
accuracy for both molecular and condensed-phase systems.’>** To
verify the robustness of this mixed basis set approach, we performed
convergence tests on representative ligand-AuNP systems (Br—Ph—
S—Au and H-Ph—S—Au) using a uniform TZVP-MOLOPT-GTH
basis set for all elements. The total energy and force deviations were
found to be within 2 meV per atom and 0.01 eV/A, respectively,
confirming the reliability of the mixed basis scheme. This choice is
also consistent with our prior studies on similar Au-ligand systems,
where the same combination demonstrated stable and accurate
performance.”>**

Subsequently, the projector operator diabatic method was applied
to the optimized stack. The ligand molecule was treated as one block,
and the entire Au slab was considered another. Exchange—correlation
potentials were described using the generalized gradient approx-
imation (GGA) with the Perdew—Burke—Ernzerhof (PBE) func-
tional.>* The energy cutoff for the auxiliary plane wave expansion of
the charge density was set to 415 Ry. Valence electrons were explicitly
modeled, while core electrons were represented using Goedecker—
Teter—Hutter (GTH) pseudopotentials.3l’32 A Fermi—Dirac smear-
ing with an electronic temperature of 298.15 K was applied to
maintain fractional occupation near the Fermi energy. In the
ET_COUPLING module within the PROPERTIES section of
CP2K, properties such as energy levels and electronic couplings

between the Au slab and the ligand’s orbitals were calculated. This
choice of PBE functional was guided by prior studies on metal—
organic interfaces,”””>*" particularly gold—thiol systems, where PBE
has demonstrated reliable performance in capturing relative energetic
trends and charge transfer characteristics when combined with GTH
pseudopotentials and appropriate basis sets. While PBE is known to
underestimate electronic band gaps and charge transfer barriers, this
work focuses on comparative trends across ligand types rather than on
absolute values, making it a suitable choice for extended systems.

Reorganization energies were computed using the four-point
method.*® For each thiol (and selenol), the neutral and charged
ground-state geometries were optimized. Single-point energy
calculations were then performed for each electronic state at both
geometries using Gaussian09,”” employing the M062X functional
with the 6-31+G(d,p) basis set. This level of theory was chosen due to
the high sensitivity of reorganization energy to the exchange—
correlation functional. M062X is a hybrid meta-GGA functional that
provides improved accuracy for thermochemical and kinetic proper-
ties, particularly in systems involving long-range electron transfer and
noncovalent interactions.***® This approach offers a practical
compromise between computational cost and reliability, enabling
robust estimation of key electron transfer parameters in ligand-
functionalized systems.

The overpotential (17) was determined as the difference between
the work function of the gold—thiol (or gold—selenol) system and
that of pure gold. Work function calculations were performed using
DFT implemented in the Vienna Ab initio Simulation Package
(VASP).™ Initial structures were obtained from CP2K optimizations,
as discussed above. The GGA-PBE functional was used for exchange—
correlation energy modeling.>> Projector augmented wave (PAW)
pseudopotentials were employed to represent all atoms.*' Plane-wave
expansions were truncated at 400 eV, and a gamma-centered
Monkhorst—Pack k-grid of S X 1 X 5 was used for Brillouin zone
sampling.*” van der Waals interactions between adsorbed molecules
and the gold surface were included using Grimme’s DFT-D3 method
with zero-damping.*> For these calculations, molecules were placed
on the gold surface within a vacuum of 20 A. A single self-consistent
field (SCF) cycle was performed with an electronic convergence
criterion of 1 X 107 eV. The vacuum potential was calculated using
the LVHAR tag, which outputs Hartree and ionic potentials. The
planar average of these potentials was computed along lattice vectors
perpendicular to the surface normal to determine the vacuum
potential. The work function was then calculated using the following
equation: 7 = ¢ X V(vacuum potential) — E(Fermi level).

The rate of charge transfer between the Au slab and the ligand
molecule was evaluated using the Marcus—Hush equation®**®

2T [, 1 1
k,=— E n(E
“n /JE( )1 +exp(Ek_TEF) (®) 4m2kT

(A — AE + qn)*
a 42kT

(1)

Here, J; represents the coupling between the ligand’s orbital (HOMO
for hole transfer or LUMO for electron transfer) and the Au states at
energy level E, q denotes the elementary charge, with a value of 1.6 X
107" coulombs, and n(E) represents the density of states at the
energy level E, AE is the energy difference between E and the ligand
orbital, Ey is the Fermi level, A is the reorganization energy, # is the
overpotential, k is the Boltzmann constant, and T is the temperature
(298.15 K).

3. RESULTS AND DISCUSSION

The simulations were conducted for a stack with a single ligand
substituent bonded to a gold slab (Figure 1). This approach
has been demonstrated in our earlier work™ to provide an
efficient and accurate representation of ligands deposited on
gold nanoparticles, owing to the absence of interligand
interactions and the periodicity of the Au surface. The study
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Figure 1. (a) Structures of ligands used as capping agents on the Au
surface. Here X = sulfur (—S) for thiol ligands and X = selenium
(—Se) for selenol ligands. The substituents considered include
bromide (—Br), chloride (—Cl), fluoride (—F), hydrogen (—H),
methoxy (—OCHj;), hydroxy (—OH), nitro (—NO,), carboxyl
(—=COOH), methyl (—CHj,), and amino (—NH,). (b) Representative
AuNP-ligand structure deployed in electronic structure calculations.

focused on aromatic thiol and selenol ligands functionalized
with para-position substituents, including methoxy (—OCH;),
bromide (—Br), chloride (—Cl), fluoride (—F), hydrogen
(-=H), hydroxy (—OH), nitro (—NO,), methyl (—CH,),
amino (—NH,), and carboxyl (—COOH). The molecular
structures of these ligands are illustrated in Figure 1. The sulfur
(S) or selenium (Se) atoms in these ligands form weak
covalent bonds with the gold surface, effectively capping and
stabilizing the nanoparticle system.

Building on the structural overview of the ligands, we now
delve into their binding energies on the gold surface, as
summarized in Table 1. The calculated binding energies reveal

Table 1. Binding Energies (Eg, in €V) of Thiol and Selenol
Ligands with Various Para-Substituents on a Gold Surface”

substitution Ey, thiol Ejy, selenol
—OCH; -1.5§ —1.78
-NO, -177 ~1.80
-F —1.68 —1.81
—Cl —1.67 -1.79
—Br —1.66 -1.79
-H -1.74 —1.84
—OH —1.61 -1.75
—NH, -1.5§ -1.73
—CH, -170 -1.67
—COOH -1.7§ -1.82

“Values indicate stronger adsorption of selenols compared to their
thiol counterparts, highlighting the influence of substituents on
ligand-surface interactions.

distinct trends for thiols and selenols, with values ranging from
—1.55 to —1.77 eV for thiols and —1.67 to —1.84 eV for
selenols. This consistent difference highlights the stronger
binding affinity of selenols compared to their thiol counterparts
across all substituents. The enhanced binding strength of
selenols can be attributed to the diffuse nature of selenium’s 4p
orbitals, which facilitate better overlap with gold’s 5d orbitals
compared to the more localized 3p orbitals of sulfur.
Moreover, according to the HSAB principle,Ar4 the interaction
between gold, a soft acid, and selenium, a softer base due to its
larger size and higher polarizability, enhances the binding even
further. These findings align with chemical intuition and
reinforce the suitability of selenols as robust capping agents.
Analyzing the substituent-specific binding energies, we
observe that functional groups such as —NO,, —COOH, and

—H exhibit higher binding energies for both thiols and
selenols, indicating stronger interactions with the gold surface.
In contrast, electron-donating groups like —NH, and —OCH;
display lower binding energies, suggesting weaker adsorption.
The strong binding of —NO, and —COOH can be attributed
to their electron-withdrawing nature, which enhances their
interaction with metal. Interestingly, while OCHj;-thiol exhibits
the lowest binding energy, likely due to its electron-donating
effect repelling the electron-rich Au slab, OCH;-selenol shows
a significantly higher binding energy. This disparity highlights
the influence of selenium’s softer Lewis base character, which
mitigates electrostatic repulsion and allows for stronger
interactions despite the +R effect of the methoxy group. As a
result, selenols display a narrower range of binding energies
compared to thiols. Both —NH, and —OCHyj introduce excess
electron density to the binding atom (S or Se), reducing its
affinity for gold and causing unfavorable electrostatic repulsion
with the partially negative Au surface. Nevertheless, all ligands
exhibit binding energies within a favorable range, reinforcing
their potential as effective capping agents for AuNP catalysts.

The density of states (DOS) and the energy level
distribution in thiol-based systems provide crucial insights
into the charge transfer processes that underpin their catalytic
performance. To explore this, we calculated the energy levels of
the ligand and gold slab using first-principles methods based
on the POD framework. The ligand and gold slab were treated
interchangeably as donor and acceptor subsystems to
determine their respective energy levels. The results, depicted
in Figures 2 and S1, present the molecular orbital energy levels
of thiol ligands alongside the electronic states of AuNP. The
golden lines denote Au states in these figures, with magenta
lines marking the conduction band minimum (CBM) and
valence band maximum (VBM). The cyan lines correspond to
the ligand’s orbitals, where the upper blue line represents the
ligand’s LUMO, and the lower blue line represents its HOMO.
The Fermi level of the combined Au-ligand system is marked
by the black dotted line (Ey).

Electron transfer from AuNP to the ligand is initiated by the
photoexcitation of an electron from an occupied state of AuNP
to one of its unoccupied states, followed by the transfer of this
excited electron to the ligand’s LUMO. We focused on
excitations for an incident 808 nm wavelength, consistent with
the experimental conditions for photocatalysis reported in ref
8. Accordingly, unoccupied energy levels up to 1.5 eV above
the CBM were considered relevant for charge transfer
processes. The maximum energy barrier for electron transfer
quantified as the energy difference between the ligand’s
LUMO and the AuNP’s CBM (AE,,,,), was calculated for all
systems and is summarized in Table 2. This value represents
the maximum energy hindrance for electron transfer. Notably,
AE,,,, varies across ligands, reflecting the influence of
substituents. For instance, —OH and —OCH; thiols exhibit
AE,,,, values of 0.83 and 0.76 eV, respectively, while electron-
withdrawing groups like —NO, and —COOH yield lower
values of 0.51 and 0.61 eV. This trend is attributed to the
downward shift of the LUMO energy levels in ligands with
electron-withdrawing groups compared to those with electron-
donating groups. Halide-substituted thiols (—Br, —Cl, and —F)
exhibit similar AE_,, values, approximately 0.7 eV.

While AE_ . provides a measure of the energy barrier, it
alone does not fully explain the hydrogen production rates
observed experimentally.® The charge transfer process at the
AuNP-ligand interface is influenced by additional factors,

https://doi.org/10.1021/acsami.5c03069
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.5c03069/suppl_file/am5c03069_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.5c03069?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c03069?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c03069?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c03069?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c03069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(a) (b) (c
3 34
= = =
=22 =2 o,
& & &
[} [} (53
= LUMO = = LUMO
Ml @l LUMO =
HOMO HOMO
0 ol HOMO
Eyp Ey By
Ligand " Gold” Ligand " Gold” Ligand " Gold”
(d) (¢) (
3 3
= = =
e z? z
& & &
= LUMO z LUMO g LUMO
S ) &)
HOMO HOMO HOMO
0 04
Ly Ey o
Ligand " Gold” Ligand " Gold” Ligand " Gold”

Figure 2. Density of states (DOS) and energy level plots for thiol—Au interfaces with (a) —Br, (b) —NO,, (c) —OCHj, (d) —OH, (e) —NH,, and
(f) —H substitutions. Golden lines represent the energy states of Au, with the upper magenta line indicating the conduction band minimum and the
lower magenta line marking the valence band maximum. Cyan lines depict the ligand orbitals, where the upper blue line corresponds to the LUMO
and the lower blue line to the HOMO of the thiol ligand. The black dotted line denotes the Fermi level of the interface. Similar plots for the
remaining thiol—Au interfaces are shown in Figure S1.

Table 2. Energy Difference between LUMO and CBM
(AE,. eV), J; at Corresponding E_.. (J£, eV), Work
Function (WF, eV), Fermi Energy (Ej, eV), Reorganization
Energy (4, eV) for Electron, and Rate of Electron Transfer

(k., s7') in the Studied Thiol-Based Systems

system
—OCH;4
—-NO,
—F
—Cl
—Br
-H
—OH
—NH,
—CH;3
—COOH

AE, .

0.767
0.517
0.748
0.751
0.746
0.80S
0.832
0.781
0.833
0.615

JE™ WE Ep
0.074 —0.13 —0.145
0.013 0.07 —0.165
0.074 —0.07 —0.156
0.083 —0.09 —0.153
0.082 —0.11 —0.152
0.080 —0.13 —0.152
0.076 —0.12 —0.146
0.054 —0.15 —0.142
0.076 —0.14 —0.147
0.013 0.03 —0.156

e
0.408
0.888
0.396
0.734
0.540
0.925
0.477
0.555
0.590
0.842

particularly the electronic coupling between the ligand’s
LUMO and the participating states of AuNP. To quantify
this coupling, the charge transfer integral (Jz) was calculated
for the relevant states. The results, presented in Figures 3 and

S2, depict Jg against the energy difference (AE) between the

k., ligand’s LUMO and the AuNP unoccupied state. In this way,
140 x 10° the points corresponding to minimum AE and maximum Jg
1.89 x 10° correspond to the states with the highest feasibility of charge
739 X 10° transfer. Hence, a high density of such points tends to make
2.81 X 10° the respective ligands more effective.

321 x 10° The values of J; span a broad range from 107" to 107° eV,
122 X 10° reflecting varying degrees of electronic coupling for the AuNP
151 % 10° states with the same ligand orbital. While the overall
197 x 10° distribution of Ji is similar among ligands, some trends can
2.61 x 10° be observed. For instance, —Br and —OCHj substitutions tend
422 % 10° to have states with the lowest AE concentrated at higher Jg

values, suggesting relatively stronger coupling. In contrast,
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Figure 3. log J; versus AE for electron transfer in (a) —Br, (b) —NO,, (c) —OCHj, and (d) —OH functionalized thiol—Au systems. The x-axis
represents the energy difference (AE) between the ligand’s LUMO and the unoccupied states of Au. The y-axis shows the logarithm of the charge
transfer integral (J;) between these states. One-dimensional histograms for AE and log J; are displayed along the respective axes. Similar plots for
the remaining systems are shown in Figure S2.
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ligands such as —COOH show a higher density of states at
lower Jg, implying weaker electronic coupling. Among the
halogens, —ClI exhibits slightly higher J; values for states with
low AE, indicating potentially enhanced charge transfer
characteristics.

Building on the analysis of AE and J; distributions, these
parameters, along with additional factors, were incorporated
into eq 1 to compute the electron transfer rates from AuNP to
the ligand. Crucial inputs such as the work function (¢) and
reorganization energy (4) were determined from first-
principles calculations, with their values provided in Table 2,
alongside the Fermi energy for each system. The calculated
electron transfer rates were then compared to the experimental
hydrogen production rates during water splitting, as reported
in ref 8, with the corresponding data summarized in Table S1.
A strong correlation between the computed rates and the
photocatalyst productivity is evident in Figure 4, demonstrat-

Er
4 7
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Figure 4. Correlation between experimental hydrogen production and
the calculated rate of electron transfer from AuNP to the thiol-based
ligands.

ing that higher electron transfer rates correspond to greater
hydrogen production. This correlation highlights the combined
influence of AE, Ji, and other parameters on charge transport
efficiency. For instance, while ~NO, exhibits the lowest AE,_,,
its broader distribution of states with lower J; results in a
reduced overall rate. Conversely, —Br achieves a high rate
despite neither having the lowest AE_,, nor the highest J
values, owing to the favorable combination of contributing
factors. The calculated rate thus provides a holistic measure of
the ligand’s effectiveness as a capping agent, integrating all key
determinants of charge transfer efficiency.

The observed strong correlation underscores the pivotal role
of charge transport from AuNP to the ligand in dictating the
photocatalyst’s performance. This finding highlights the rate of
charge transport, determined by the physical properties of the
interface, as a critical metric for evaluating ligand effectiveness.
Consequently, the calculated rate serves as a valuable design
guideline for identifying the most suitable substituents to
optimize photocatalytic efficiency. An exception to this trend is
observed in the case of —Cl, where a high calculated rate does
not translate to significant hydrogen production. This
discrepancy is attributed to an overestimated reorganization
energy (4), coupled with an unusually high J;; for states with
low AE,,,,. Notably, the calculated A for —Cl exceeds those of
—Br and —F, deviating from the expected trends among
halogens. Such anomalies may arise as artifacts of the
computational process. Despite this outlier, the remaining
ligands align well with the established correlation between the
calculated rate and experimental hydrogen production.
Building on this model, we extend our investigation to explore
the effect of substituting the thiol group with selenol in these
ligands, aiming to assess its impact on photocatalytic
performance and further refine our understanding of ligand-
substituent interactions. Given selenium’s higher polarizability
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Figure S. Density of states and energy level plots for selenol-Au interfaces with (a) —Br, (b) —NO,, (c) —OCH,, (d) —OH, (e) —NH,, and (f) —H
substitutions. Golden lines represent the energy states of Au, with the upper magenta line indicating the conduction band minimum and the lower
magenta line marking the valence band maximum. Cyan lines depict the ligand orbitals, where the upper blue line corresponds to the LUMO and
the lower blue line to the HOMO of the thiol ligand. The black dotted line denotes the Fermi level of the interface. Similar plots for the remaining

systems are shown in Figure S3.
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and more diffuse vacant 4d orbitals compared to sulfur, selenol
ligands are also anticipated to exhibit favorable electronic
interactions with AuNP that could influence charge transfer
dynamics. These characteristics may support enhanced
stabilization of charge-transfer states. We compare the electron
transfer rates from AuNP to the LUMO of selenol ligands
following photoexcitation at a fixed wavelength to examine
this.

Energy levels for all selenol systems are presented in Figures
S and S3, revealing significant shifts compared to their thiol
counterparts with the same substituents. For instance, in the
case of Br-thiol, AE,_,, is 0.7 eV, whereas for Br-selenol, it
increases to 1.1 eV (Table 3). Similarly, AE,,,, for OCH;-thiol

Table 3. Energy Difference between LUMO and CBM
(AE,.v eV), J; at Corresponding E,., (J£, eV), Work
Function (WF, V), Fermi Energy (Eg, eV), Reorganization
Energy (4., eV) for Electron, and Rate of Electron Transfer
(ky, s7') in the Studied Selenol-Based Systems

system AE, . JE* WE Ep Ae 5
—-OCH; 1219 0012 —014 —0.140 0463 151 X 10°
-NO, 1.069  0.106 001  —0.160  0.884  3.46 x 10°
—F 1.167 0014 —0.12  —0.151  0.685  3.62 x 10°
—Cl 1.148  0.026 —0.12 —0.149 0.842 132 x 10°
—Br 1.140 0023 —0.12 —0.148 0782  1.04 X 10°
-H 1216 0.021 —0.14 —0.148 0909 140 x 10°
— OH 1227 0007 —0.13  —0.143 0.646 128 x 10°
—NH, 1200 0012 —015 —0.135 0770  8.08 x 10°
—CH, 1235 0.007 —0.14 —0.144 0745 478 x 10°

—COOH 1.040 0.073 —0.05 —0.150 0.637 3.06 x 10°

is 0.7 eV but rises to 1.2 eV for OCHj-selenol. For NO,-thiol,
AE,,., is 0.5 eV, while the corresponding selenol shows a AE_ .,
of 1.0 eV. The values of J; for all selenol systems are illustrated
in Figures 6a—d and S4, showing a similar range and
distribution of high J; values as their thiol counterparts.
However, a notable difference lies in the density of states near
AE = 0.0 eV, which is higher for thiols than selenols.

These differences in energy levels and electronic coupling
distributions allow us to classify selenol ligands into two
distinct categories based on their AE vs log Ji plots. The first
category, which includes —NH, and —H, features states
concentrated in the higher log J; region, spanning from —0.8 to
—6 eV. The second category, encompassing all other selenol
systems, exhibits a broader distribution, with states extending
from —0.8 to —7 eV (Figures 6 and S$4). Notably, —NO, and
—COOH selenols stand out within this group, as their states
are the most widely spread, extending well into the lower Jg
region. This distinction highlights the impact of functional
groups on charge transfer characteristics, where variations in
electronic structure influence the spread of states and coupling
strengths, ultimately shaping the photocatalytic behavior of
different selenol ligands.

The key parameters derived from the POD analysis and the
final electron transfer rates for all selenol systems are
summarized in Table 3. A comparison of the calculated
electron transfer rates for thiols and selenols is shown in Figure
6Ge. Selenol systems generally exhibit charge transfer rates
comparable to their thiol analogs with identical substituents,
suggesting similar photocatalyst performance. However, thiol
systems typically show higher electron transfer rates due to
their lower AE,,, values. An exception to this trend is observed

for NO,-selenol, which demonstrates a higher electron transfer
rate than NO,-thiol. Among all systems, Br-thiol exhibits the
highest calculated electron transfer rate, making it the most
promising candidate for achieving optimal photocatalyst
performance in electron-driven reactions.

Although selenol-functionalized ligands exhibit stronger
binding to Au nanoparticles, their charge transfer rates remain
comparable to or lower than those of thiol systems. This
highlights that binding energy, while indicative of thermody-
namic stability and effective surface anchoring, does not
directly govern charge transfer kinetics. The latter depends
primarily on the electronic coupling between ligand orbitals
and Au states, the alignment of energy levels, and the
reorganization energy associated with electron transfer.
Stronger binding does not necessarily optimize these factors
simultaneously. In the case of selenol systems, despite their
robust surface attachment, the electronic coupling and
reorganization energies do not jointly favor accelerated charge
transfer, underscoring the need to treat structural stability and
kinetic efficiency as distinct descriptors when designing
photocatalytic interfaces.

The discussion now shifts to the hole transfer rates from
AuNP to the ligands in thiol and selenol systems, providing a
comparative analysis to complement the earlier insights into
electron transfer. The rates of hole transfer were calculated
using eq 1, with J; determined between the participating states
of AuNP and the HOMO of the ligand, and A calculated
specifically for hole transfer. Here, photoexciting an electron
from deep-lying states to low-energy unoccupied states of
AuNP leaves holes in previously filled states. Hole transfer
from AuNP to the ligand corresponds to electron transfer from
the HOMO of the ligand to these previously occupied AuNP
states, which are up to 1.5 eV below the valence band
maximum. Consequently, AE is defined as the energy
difference between these previously occupied states of AuNP
and the ligand’s HOMO. Meanwhile, AE,;, represents the
energy difference between the VBM and the HOMO, serving
as the lowest barrier for hole transfer. The overall charge
transfer rate is determined by the interplay between this energy
difference and the prefactor involving the reorganization
energy (4) in eq 1.

Figures 7a—d and SS illustrate the coupling plots for hole
transfer in thiols. Figures 7e—h and S6 show the corresponding
plots for selenols, where trends are consistent. Examining the
AE vs log Ji plot for hole transfer in thiols and selenols
(Figures 7, SS, and S6), we observe that AE values for thiols
range from 0 to —2.0 eV, while for selenols, they extend from
—0.5 to —2.5 eV. The log J values for thiols span from —1.8 to
—9 eV, with —NH,, —H, —Cl, —CH,, and —Br predominantly
populating the higher log J; region (within —1.8 to —6 eV).
These ligands are expected to exhibit better hole transport than
the remaining thiols, where a significant portion of states
extends below —6 eV. Notably, NO,-thiol exhibits the lowest
AE,;, (=0.3 V), with its corresponding Au state displaying a
relatively high J; value (0.044 eV), suggesting that hole
transport in NO,-thiol is significantly more efficient than in
other thiol ligands. For selenols, the log J; range is comparable
to that of thiols, but their states are more densely populated in
the lower Ji region. In particular, —Br, —NO,, and —H selenols
have all their states concentrated within —7 eV, while the
remaining selenols have only a few states extending beyond —7
eV.
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Figure 6. Top panel: log J; versus AE for electron transfer in (a) —Br, (b) —NO,, (c¢) —OCH,, and (d) —OH functionalized selenol-Au systems.
The x-axis represents the energy difference (AE) between the ligand’s LUMO and the unoccupied states of Au. The y-axis shows the logarithm of
the charge transfer integral (J;) between these states. One-dimensional histograms for AE and log ] are displayed along the respective axes. Similar
plots for the remaining systems are shown in Figure S4. Bottom panel: (e) Comparison of electron transfer rates between Au and ligands for thiol
and selenol systems. Bars in magenta represent the rates for selenol-Au interfaces, while bars in cyan represent the rates for thiol—Au interfaces.

The parameter values and rates for both thiols and selenols
are provided in Tables S2 and S3, with Figure 7i summarizing
the hole transfer rates. In general, hole transfer rates for thiols
and selenols with the same substituent are comparable, though
notable differences arise in certain cases. For instance, selenols
often exhibit lower rates, which can be attributed to variations
in electronic coupling and density of states. An exception is the
—COOH ligand, where the selenol achieves a slightly higher
rate than the thiol, likely due to a higher density of states with
large Ji values and fewer states with low Jz. Conversely, NO,-
selenol exhibits a significantly lower rate, which may be linked
to a reduced number of strongly coupled states. Among all
systems, the photocatalyst with the OH-thiol ligand achieves
the highest rate of hole transfer, demonstrating its potential for
enhanced productivity in hole-driven reactions.

The reduced number of states near AE ~ 0 observed for
selenol-functionalized systems arises from a more pronounced
ligand-induced shift in the AuNP electronic states, which
positions the frontier orbitals of the selenol-ligand assemblies
higher relative to the Fermi level compared to thiol systems.
This shift limits the density of resonant Au states available for
charge transfer. Although selenium’s diffuse orbitals could
influence electronic coupling, our calculated charge transfer
integrals (Jg) show no significant deviation from thiol systems,
suggesting that the primary factor behind the slower transfer
rates is the reduced density of resonant states rather than
diminished orbital overlap. Additionally, while binding energies
provide insights into thermodynamic stability, a more
comprehensive assessment—such as desorption energies
under irradiation—would offer a clearer picture of photo-

catalyst durability, which we identify as an important direction
for future work.

This study underscores the utility of a unified approach to
encapsulate all parameters influencing electron and hole
transfer into a single equation, offering a comprehensive
metric for assessing the photocatalytic efficiency of a surface.
While previous studies have examined these parameters
individually, this work represents a significant advancement
by integrating them into a cohesive framework that directly
correlates with the rate of hole or electron transfer and,
consequently, the overall photocatalytic rate. This holistic
perspective is particularly valuable, as relying on any single
parameter can be misleading, as demonstrated in our findings.
The application of the Marcus—Hush model not only
highlights its robustness but also emphasizes its importance
in accurately predicting charge transfer dynamics. This
approach paves the way for exploring novel organic molecules
designed to enhance the photocatalytic efficiency of noble
metal nanoparticles by facilitating charge transfer. By
leveraging this unified model, researchers can systematically
screen and design materials with optimized charge transfer
properties, driving advancements in photocatalysis and related

fields.
4. CONCLUSIONS

We have developed a computational framework to evaluate
and screen molecules for their photocatalytic efficiency in
AuNP-based systems. Within the Marcus—Hush formalism,”*
which integrates key parameters such as energy level
differences and electronic coupling between states, we
demonstrate a direct correlation between charge transfer
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Figure 7. Top row: log Ji vs AE for hole transfer in (a) —Br, (b) —NO,, (c) —OCH,, (d) —OH functionalized thiol—Au systems. Middle row: log
Jg vs AE for hole transfer in (e) —Br, (f) —NO,, (g) —OCHj, (h) —OH functionalized selenol-Au systems. Plotted on the x-axis is the difference in
energy of previously occupied Au states from VBM and below and HOMO of thiol (or selenol), with the log of charge transfer integral between
them on the y-axis. The corresponding 1D histogram for each quantity is shown on the axes. Bottom row: (i) comparison of hole transfer rates
between Au and ligands for thiol and selenol systems. Bars in magenta represent the rates for selenol-Au interfaces, while bars in cyan represent the

rates for thiol—Au interfaces.

rates at the ligand-AuNP interface and the catalytic
productivity of AuNP photocatalyst. This model was validated
through simulations of diverse para-substituted thiol ligand-
functionalized AuNPs, demonstrating its predictive capability.
Additionally, the framework was extended to investigate the
impact of selenol substitution on photocatalytic performance
and to identify eflicient ligand capping agents for hole-driven
reactions. Our findings reveal that while selenols exhibit
comparable performance to thiols in some cases, they do not
consistently surpass thiols. Notably, the OH-substituted thiol
ligand emerges as the most effective capping agent for AuNP
photocatalysts in hole-driven processes.

While the present study focuses on aromatic ligands to
enable direct comparison with available experimental data, the
proposed framework—based on electronic coupling, energy
level alignment, and reorganization energy—is general in
nature. As these descriptors are independent of ligand class, the
model is expected to apply equally to aliphatic and mixed
ligand systems, provided their electronic structure can be

reliably determined. Extending this approach to broader ligand
families will be the subject of future investigations. Overall, this
work highlights the potential of the Marcus—Hush-based
model as a powerful tool for rationally designing and
optimizing ligand-functionalized photocatalytic systems.
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