7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Doping-mediated excited state dynamics of
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Doping heterometal atoms into ligand-protected gold superatom nanoclusters (Au, NCs) is proposed to
further diversify their geometrical and electronic structures and enhance their photoluminescence pro-
perties, which is attributed to the mixing and effects between atoms. However, the fundamental principles
that govern the optoelectronic properties of the doped Au,, NCs remain elusive. Herein, we systematically
explored two prototypical 8-electron Au, (n = 11 and 13) NCs with and without Ir dopant atoms using
comprehensive ab initio calculations and real-time nonadiabatic molecular dynamics simulations. These
doped Au,, NCs maintain their parent geometrical structures and 8-electron superatomic configuration
(15%1P®). Strong core—shell (Ir-Au,,) electronic coupling significantly expands the energy gap, resulting in a
weak nonadiabatic coupling matrix element, which in turn increases the carrier lifetime. This increase is
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mainly governed by the low-frequency vibration mode. We uncovered the relationship between electronic
structures, electron-vibration, and carrier dynamics for these doped Au, NCs. These calculated results
provide crucial insights for the atomically precise design of metal NCs with superior optoelectronic
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1. Introduction

Ligand-protected gold nanoclusters (Au NCs) hold immense
promise as nanoscale functional materials owing to their size-
specific physicochemical properties, which can be tailored by
the manipulation of their composition, size, and ligands,"?
rendering them akin to atoms. This analogy extends to magic-
sized Au NCs, prized for their atom-like characteristics, where
metal atoms mimic nucleons and valence electrons imitate
atomic electrons.> This unique behavior opens up diverse
applications in luminescence, biomedicine, sensing, photo-
nics, and photo-relative fields.*” However, highly luminescent
Au NCs remain rare, primarily due to nonradiative relaxation
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dominating the excited state, resulting in low photo-
luminescence (PL) quantum yields (<1%), presenting
obstacles for practical applications. To address these chal-
lenges, several strategies have been explored,® including core
etching and alloying,” capped-ligand engineering,’ heteroatom
doping, aggregation-induced emission (AIE), and surrounding
medium."’

Among them, atomically precise doping-induced enhance-
ment emerges as a standout strategy for fine-tuning the per-
formance of ligand-protected Au NCs.>'""? This approach not
only enables the adjustment of the emission properties of Au
NCs, but also provides valuable atomic-level insight into the
origin of their emission. Through experimentation, Tsukuda
et al. synthesized a series of diphosphine-protected M@Au,,
(M = Pt, Ir, Ru, Rh, Pd) NCs with PL quantum yields of 46%-
67%."> This dramatic enhancement of PL was attributed to the
expansion of the energy gap by the upshifted 1P 8-electron (8e)
superatomic orbitals,* which retarded the nonradiative decay
of the photoexcited state by decoupling it from the excited
state to the ground state, resulting in a longer excited-state
lifetime.’>'® Jin and Ramakrishna et al. demonstrated that
thiolate-protected M@Au,, NCs [M@Au,4(SR);5] with an 8e
superatomic configuration possess a longer excited-state life-
time (50-200 ns) compared to the non-8e configuration of
M@AU,4(SR);5 (<5 ps).'”"*® This phenomenon was attributed to
the introduction of heteroatoms, which triggered strong core-
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shell electron coupling, thereby regulating the distribution
and configuration of the valence electron wave function to
stabilize the excited state of ligand-protected Au NCs and
determine their carrier dynamics behavior." Existing experi-
mental measurements to directly observe the relaxation of
atoms, electrons and energy in the excited state dynamics of
ligand-protected Au NCs remain challenging, hindering the
elucidation of the origin of their emission.

Based on the time-dependent density functional theory
(TD-DFT), the Aikens group conducted extensive theoretical
investigations focusing on the thiolate-protected Au,s NCs and
phosphine-protected Au;; NCs,”>*! both exhibiting emissions
originating from Au;; core-based transitions, i.e., superatomic
1D — 1P transitions, regardless of different ligands. The
tuning of these transition channels is achieved through
dopant-Au,, cage interactions, which determine the degree of
electron-hole overlap, thereby regulating emission energy and
intensity for phosphine-protected M@Au,, NCs. Additionally,
ab initio real-time nonadiabatic molecular dynamics (NAMD)
simulations provide a means to address complex photoexcited
phenomena and reveal intricate photoinduced processes at the
atomic level.”’>* Recent research has demonstrated that the
distinct excited-state behavior of M@Au,,(SR);3 NCs is doubly
modulated by the sp-d and d-d orbital hybridization strengths
of M dopants and the Au,; core in radiative dynamics.>® The
configuration of Au, core packing in Au,(SR),, NCs plays a
crucial role in tuning electron-phonon couplings, determining
the lifetime of excited states.’®?” Compared to thiolate
ligands, understanding the mechanisms of the doping effect
in phosphine-protected Au NCs remains elusive, as compre-
hensive calculations combining TD-DFT with NAMD have yet
to establish an explicit correlation between the electronic
structures and emission properties.

As prototypical phosphine-protected Au NCs, Au,; and Auys
NCs exhibit 15*1P°® configurations based on the jellium model
and serve as vital basic building blocks for forming larger or
alloyed Au, NCs. Herein, we systematically explored the geo-
metrical, electronic, and absorption properties, and excited-
state dynamics of Au, NCs when the central Au atom is
replaced by an Ir atom. The interfacial electronic coupling
between dopant atoms and the Au, cage plays a crucial role in
renormalizing the Kohn-Sham orbital arrangement and
tuning the dynamic behavior of photogenerated carriers.
Through elucidating the relationship among the carrier life-
time, electronic structures, and electron-vibration coupling,
we pave the way for the rational design of ligand-protected
metal NCs with targeted optoelectronic properties.

2. Computational methods

All the ground states (S,) and excited states (S, n is the
number of excited states) were fully optimized using DFT and
TD-DFT calculations, as employed in the Gaussian 09 software
package.”® According to our previous studies,” the LANL2DZ
and 6-311+G(d) basis sets were used for metal and non-metal
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atoms, respectively. The optical absorption spectra involve at
least 300 possible transition channels. The analysis of elec-
tronic structures including charge density distribution of the
frontier orbital, transition channel, and natural orbital popu-
lation was conducted using Multiwfn3.8,>° and the results
were visualized using Visual Molecular Dynamics (VMD) soft-
ware.®! The adaptive natural density partition (AdNDP)
method was employed to reveal the multicenter chemical
bonding patterns of the ligand-protected Au NCs.*

The excited-state dynamics of ligand-protected Au NCs was
simulated with Hefei-NAMD implemented in the Vienna
ab initio simulation package (VASP)**** using a plane-wave
basis set with an energy cutoff of 500 eV, projector augmented
wave (PAW) potentials,®® and the generalized gradient approxi-
mation parameterized by Perdew, Burke, and Ernzerhof
(GGA-PBE) for the exchange-correlation functional.*® The
ligand-protected Au NCs were placed in a cubic supercell with
a lattice constant of 30 A and their Brillouin zone was sampled
using a 1 x 1 x 1 uniform k-point grid.>” We used a velocity
rescaling algorithm to maintain the temperature of the system
at around 300 K. After that, a 2 ps microcanonical ab initio MD
trajectory was generated with a 1 fs time step. The NAMD
results were obtained by averaging over 50 different initial con-
figurations randomly selected from the MD trajectory based on
the classical path approximation.

3. Results and discussion
3.1 Geometrical structures and orbital analysis

In the laboratory, atomically precise Au NCs with 8e supera-
tomic configurations have been widely synthesized,'>%*1:13:38:39
owing to their excellent stabilities and unique molecule-like
electronic structures. We first examined the atomic structures
of phosphine halide-protected Auy; and Au,; NCs, as the two
prototypical 8e Au,, NCs. To simplify our models and improve
computational efficiency, the —triphenylphosphine (-PPh;) and
—diphosphine (-dppe) ligands were replaced by -P(CH3); and
—-PCH,(CH3;), ligands, respectively. This ligand simplification
strategy has been successfully employed to explore the evalu-
ation of geometrical and electronic structures of ligand-pro-
tected Au, NCs in the theoretical simulation.>>*° As shown in
Fig. 1A and B, the [Auy;(PPh;)sCl,]"" NCs were composed of an
incomplete centered icosahedral Auy, core with C,, symmetry
with eight PPh; ligands and two chloride atoms, while Au,j
NCs have a prefect icosahedral Au,; core with D5 symmetry
protected by five dppe ligands and two chloride atoms. For the
ligand-protected Au-alloy NCs, the center Au atoms were sub-
stituted with an Ir atom, possessing reversible redox character-
istics between the 1" and 2* charge states'® to regulate the elec-
tron configuration. Overall, the Ir-doped Au, (z = 10 and 12)
NCs maintain their parent configuration well with an average
bond length between the Ir atoms and the Au atoms of
2.65-2.79 A, indicating typical covalent bond interactions.?
Consequently, the Ir@Au,o and Ir@Au,, cores exhibit higher
symmetry, corresponding to D,q and I, respectively, compared

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Geometrical structures and AdNDP localized natural bonding orbitals of (A) [Auy1(PPh3)sCLIY,  (B)IAuss(dppe)sCll®*,  (C)
[Ir@AuL0(PPh3)sClo], and (D) [Ir@Aus.(dppe)sClol*. ON is the occupation number.

to the C,, and D5 symmetries of undoped Au;; and Au;; NCs
(Fig. 1C and D).

To deeply understand the chemical bonding interaction of
ligand-protected Au NCs with and without Ir dopant atoms,
AdNDP analysis was employed to describe multicenter
bonding interactions, as shown in Fig. 1. The AANDP analysis
reveals four 11c-2e and 13c-2e c-aromatic islands in both the
doped and undoped Au,; and Au,; NCs, respectively, consist-
ent with the 8e count fulfilling a 1S>1P° electronic shell struc-
ture based on the empirical sphere jellium model.*' The aro-
matic character of these ligand-protected Au NCs originates
from the [AuyJ*", [Ir@Auy,]", [Auys]*, and [Ir@Auy,]*" cores,
further revealing the enhanced stability of Au,;-based NCs.*?
This multicenter —2e binding pattern is in accordance with pre-
vious experimentally systemized [Au;o(Hdppa);(C=CPh),]**,*?
[Au,s5(SR)4s] 7, Au,;Cu,(PPh,Py);(SePh),* and
[Au;3Cu,(PPh;)g(SR)g]".*°

3.2 Absorption spectrum and electronic structures

Fig. 2 and S1f illustrate the computed optical absorption spec-
trum of ligand-protected Au,, NCs based on the TD-DFT frame-
work. The undoped Au,; NCs exhibit three prominent peaks at
344 nm, 419 nm, and 477 nm, corresponding to excitation
energies of 3.60 eV, 2.96 eV, and 2.60 eV, respectively, consist-
ent with the experimental measurements at 312 nm, 416 nm,
and 500 nm.*” According to the transition contribution map,
these characteristic peaks of Au;; NCs originate from some
discrete excitation states, i.e. HOMO—2 — LUMO (peak a at
477 nm), HOMO-6 — LUMO, HOMO-5 — LUMO+1, and
HOMO-4 — LUMO+2 (peak b at 419 nm), and HOMO-9 —

This journal is © The Royal Society of Chemistry 2024

LUMO+4, HOMO-3 — LUMO+5, and HOMO-2 — LUMO+8
(peak a at 317 nm). In the Kohn-Sham orbital energy level
diagram of ligand-protected Auy; NCs, the molecular orbitals
involved in these transitions are mainly composed of 6s5p
and 5d'° atomic orbitals.*® The absorption spectrum of
[Auy;5(dppe)sCLJ** NCs consists of prominent absorption
peaks at 322 and 387 nm and a shoulder peak at 594 nm, in
line with the experimental spectrum of the characteristic
peaks of 300 nm, 390 nm, and 560 nm.>' The prominent and
shoulder peaks belong to the HOMO-2 — LUMO+7 and
HOMO — LUMO+9, respectively, mainly originating from the
atomic orbitals of the Auy; core, regardless of ligand atoms.
This explains why ligand simplification can be used to
describe the light absorption properties of such clusters.
According to the sphere jellium model, it is found that supera-
tomic P - D and P — F transitions mainly contribute to the
prominent and shoulder absorption peaks of ligand-protected
Au, (n =11 and 13) NCs (Fig. S17).

Replacing the central Au atom with an Ir atom leads to a
modification of the jellium potential, resulting in an increased
energy gap of Ir@Au,, (n = 10 and 12) NCs to 2.16-2.26 eV com-
pared to their parent NCs of 1.86-1.93 eV. This increase can be
contributed to the Ir dopant atoms, which have a low electro-
negativity (~2.2) and acquire electrons from the Au, cage,
causing an upshift in the HOMO and LUMO levels. Moreover,
the increase in the LUMO level is significantly greater than
that of the HOMO level upon doping with Ir atoms, yielding
wider HOMO-LUMO gaps. As shown in Fig. 2A and B, the first
absorption peak of Ir@Au, (7 = 10 and 12) NCs experiences an
obvious blueshift to 498 nm and 566 nm from 530 nm and

Nanoscale, 2024, 16, 14081-14088 | 14083
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(A and B) Optical absorption spectra and (C and D) the components of the Kohn—Sham molecular orbital of [Ir@Au;o(PPhs)sClL]~ and

[Ir@Au;,(dppe)sCLIY" NCs. The alphabets and numbers are the first three excited states. The red and blue colors denote the positive and negative
phases of the wavefunction for selected molecular orbitals, respectively. The isosurface value is + 0.02 a.u.

594 nm for the undoped Au, (n = 11 and 13) NCs, respectively.
The unoccupied d-orbital of Ir induces a strong core-shell inter-
action, leading to denser Kohn-Sham molecular orbitals near
the front orbitals. This density allows for multiple excitations
between many electronic states, resulting in broader absorption
peaks. The unoccupied orbitals of [Ir@Au,o(PPhs)sCl,]'~ NCs are
composed of 6s5p orbitals of Ir and Au atoms, while the occu-
pied ones are mixed composites with 5d and 6s5p of Ir and Au
atoms. The contributions to the three strong absorption peaks of
ligand-protected Ir@Au,;, NCs come from electronic transitions
between the 5d'° atomic orbitals of the Auy, cage and the 6s5p
orbital of Ir atoms, involving a typical core-shell transition behav-
ior (Fig. 2C). In contrast, the HOMOs of [Ir@Au,,(dppe)sCl,]"*
NCs are mainly composed of the 6s5p orbital of Ir atoms
(Fig. 2D), which are excited to the Au,, cage and its d orbital to
participate in electronic transitions. Therefore, heteroatom
doping can redistribute the electronic charge within the nano-
cluster, influencing both radiative and non-radiative recombina-
tion processes. This redistribution can significantly affect the
photoluminescence properties of the material, either enhancing
or quenching it, depending on the nature of the dopant atoms
and their positions within the cluster.

14084 | Nanoscale, 2024, 16,14081-14088

3.3 Excited state dynamics behavior

According to the experimental femtosecond transient absorp-
tion spectrum of ligand-protected Au NCs,**>! the hot elec-
trons in the high energy (HE)-excited states are first relaxed to
the low-energy (LE) excited states and then to the position of
the LUMO via a strong internal conversion, both of which are
nonradiative processes. Subsequently, the electron in the
LUMO experiences a weaker decay process to recombine with
the hole in the HOMO, involving radiative transition, thereby
yielding luminescence. To identify the key states involved in
the dynamics and quantify the timescale of various processes,
the HE and LE states for our ligand-protected Au NCs are pre-
sented as blue and orange lines in Fig. 3A and B, respectively,
according to the orbital transition map of optical absorption
combined with the orbital delocalization index. Therefore, we
chose positions higher than LUMO ~ 1.00 eV and ~0.50 eV as
the initial states of high- and low-excited states for hot electron
relaxation, respectively. It should be noted that there are HE
and LE states showing superatomic F and D characteristics,
respectively, akin to typical superatomic fullerene clusters.’?
The LUMO and HOMO constitute the initial and final states

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Time evolution of the Kohn—Sham molecular orbital of (A) [Ir@Au;o(PPhs)sCLIY" and (B) [Ir@Au;.(dppe)sClolt* NCs. The colored solid lines
represent the high-energy excited states (HE, blue), low-energy excited states (LE, orange), the lowest unoccupied molecular orbital (LUMO, green)
and the highest occupied molecular orbital (HOMO, black) for each ligand-protected Au NC, respectively. Population evolution of the initial states of
(C) [Ir@Au1o(PPh3)gCLI*" and (D) [Ir@Aus.(dppe)sCl]** NCs during the hot electron relaxation process, corresponding to their lifetimes indicated by

colored Arabic numerals.

for the electron-hole (e-h) recombination across the energy
gap for ligand-protected Au NCs. It is noteworthy that hot elec-
tron transitions between the HE and LE states, as well as
between the LE and LUMO states, have a narrower energy gap,
for which the fewest-switches surface-hopping (FSSH) method
was employed.>® However, the e-h recombination experiences
a wider energy gap within a range from 1.77 eV to 2.36 eV.
Quantum decoherence significantly influences this dynamic
process, and thus, the decoherence-induced surface hopping
(DISH) method was selected for simulations.>*

Indeed, electron-phonon (e-p) interactions at finite temp-
erature can exert a significant influence on the electronic
structures of a system.”>*® Fig. 3 and S21 depict the time-
dependent evolution of the frontier orbitals for both undoped
and doped ligand-protected Au;; and Au;3; NCs calculated
from ab initio molecular dynamics (AIMD) simulations within
a micro-canonical ensemble for 2000 fs at 300 K. As a result,
the high-energy excited state exhibits lower pronounced time-
dependent oscillations, involving smaller vibration amplitudes
within a range of 0.13-0.25 eV than that of the other three
frontier orbitals (0.33-0.48 eV for LE, 0.38-0.56 eV for the
LUMO, and 0.33-0.48 eV for the HOMO), irrespective of the
presence of dopant atoms. The distinct e-p coupling-induced
orbital renormalization is associated with the dynamics

This journal is © The Royal Society of Chemistry 2024

behavior of hot electrons in both carrier relaxation and
recombination.’®*® As shown in Fig. S2C and S$2D,f the
excited electrons of high-energy states relax to LE states (HE —
LE) within the range of 1.23-3.64 ps for the undoped ligand-
protected Au NCs, slightly longer than that of the Ir-doped
systems (0.09-0.16 ps in Fig. 3C and D). Similarly, the LE —
LUMO process exhibits fast electron relaxation behavior, with
short timescales of 0.04-0.06 ps and 0.21-1.31 ps for the
doped and undoped Au NCs, respectively. This discrepancy
may be attributed to the heteroatom-induced denser arrange-
ment of energy levels, resulting in lower nonadiabatic coupling
elements between the initial states and the final states of elec-
tron transitions (more on this later).

In contrast to the aforementioned processes, the presence
of an Ir dopant significantly suppresses the e-h recombina-
tion, leading to a prolonged carrier lifetime (7). The carrier life-
time of ligand-protected Ir@Au,, NCs is approximately ~29 ns,
nearly three times longer than that of Au;3 NCs at ~10 ns, con-
sistent with experimental measurements where the photo-
luminescence lifetime of Ir@Aus, is reported to be 2-3 times
higher than that of Auy;."° This trend is further highlighted by
the calculated e-h recombination of ~89 ns for Ir@Au;, NCs,
showing the slowest decay time constant, much higher than
that of undoped Auy; NCs at 7 = ~22 ns. These phosphine-pro-

Nanoscale, 2024, 16, 14081-14088 | 14085
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Table 1 Average energy gap (AE), nonadiabatic coupling (NAC) elements, and the timescale of hot electron relaxation between the donor states

and the acceptor states in the ligand-protected Au,, NCs

HE — LE LE - LUMO LUMO — HOMO
System AE (eV) NAC (meV) Time (ps) AE (eV) NAC (meV) Time (ps) AE (eV) NAC (meV) Time (ns)
Auy, 0.57 2.68 1.23 0.62 6.05 0.21 1.86 0.57 22.33
Ir@Au,, 0.17 8.45 0.09 0.36 3.74 0.04 2.36 0.45 89.26
Au,; 1.18 1.98 3.64 0.71 2.14 1.31 1.77 0.71 10.21
Ir@Au,, 0.41 4.29 0.16 0.34 4.37 0.06 1.96 0.52 28.69
tected Au NCs possess longer carrier lifetimes compared to A B
those of thiolate-protected Au NCs [M@Au,4(SR):5]” (M = Pd, 90 1A Ir@Au,,
Pt, Cd, Hg) of 0.1-8 ns based on the DISH method.”®> In \ r@Au \1‘
general, the lifetime of e-h recombination follows the - 1 .
sequence: Ir@Au,, > Ir@Au;, > Auy; > Auys. The overall trend ; Ir@Au,, | o 60+ !
of carrier lifetimes observed in the four NCs is in line with pre- z ‘C;I \\\
vious experimental reports based on the time-resolved photo- 5 \/\\M’\—_\ 2 \
luminescence decay of ligand-protected Au NCs.'**® However, = Ausy 301 Al@Au,
it is worth noting that the difference in carrier lifetimes é AUy u
between the NCs in our simulations is not as pronounced as Au, B A
observed in experimental studies. This discrepancy could be : ‘ 1 0 ‘ | ‘ ‘
attributed to the experimental use of crystal structures of gold 0 200 400 600 0 80 160 240 320
NCs, which introduces additional factors influencing carrier Frequency (cm™) Frequency (cm™)
dynamics, including inter-cluster interactions and overall

26,27 Fig. 4 (A) Fourier transforms of the autocorrelation functions of energy

lattice symmetry.

In previous theoretical studies based on NAMD simu-
lations, the probability of hot electron relaxation is found to be
sensitive to the nonadiabatic coupling (NAC) elements

between the acceptor and donor states, which is defined as**°’

djk = <(ﬂj

where (¢;|VrH|@i) and ;¢ are the electron-phonon coupling
strength and the energy gap between the Kohn-Sham orbitals
of numbers j and , respectively; R corresponds to nuclear vel-
ocity. Generally, a narrower energy gap and stronger e-p coup-
ling lead to a larger NAC element, resulting in faster hot elec-
tron transition from the donor level to the acceptor level.
Table 1 summarizes the average values of energy gap, NAC
elements, and hot electron relaxation lifetimes of ligand-pro-
tected Au,, NCs with and without Ir dopants for the three elec-
tron transition channels mentioned above. In both the pro-
cesses of HE — LE and LE — LUMO, the NAC strength is
enhanced upon Ir doping, corresponding to the range of
3.74-8.45 meV with regard to the undoped system in the range
of 2.14-6.05 meV. This enhancement in inelastic electron-
vibrational scattering leads to faster electron transitions for
Ir@Au, (n = 10 and 12) NCs.”® The strong core-shell (Ir-Au,
and Ir-Auy,) electronic coupling significantly increases the
HOMO-LUMO gap,”® which results in weaker NAC elements
(0.45-0.52 meV), suppressing the e-h recombination. We
further explored the phonon excitations and e-p coupling via
the Fourier transform of the autocorrelation functions of the
HOMO-LUMO gap fluctuations (Fig. 4A). Except for the

0

o ¢k> et (1)

&k — &
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gap fluctuations for  [Auy(PPhs)gCLIY,  [Ir@Auso(PPhs)sClolt™,
[Ausz(dppe)sCLI*Y, and [Ir@Aus(dppe)sCll'* NCs. (B) The lifetime
between electrons and holes as a function of phonon modes for the
above four Au,, NCs.

undoped Au;; NCs, the dominant phonon modes are low-fre-
quency vibrational modes within a range of 0-200 cm™", which
can be assigned to the bending, stretching, and liberation
modes of the Au, core unit.”® The Au;; NCs show an inter-
mediate frequency vibrational mode of ~333 cm™, corres-
ponding to the normal modes of Au-Cl and Au-P bonds.*° The
low-frequency phonon modes are associated with the heavy
atoms characterized by small nuclear velocities and weak elec-
tron-phonon interactions, resulting in a small NAC matrix
element and a long carrier lifetime (Fig. 4B). These results
suggest that the dopant-induced enhancement of the carrier
lifetime of ligand-protected Au NCs can be attributed to both a
stronger core-shell interaction resulting in a larger energy gap
and tunable electron-vibration coupling determining the
coupling of the frontier orbital.

4. Conclusion

In summary, we systematically explored the excited state
dynamics of two prototypical 8e Au,, NCs (n = 11 and 13) with
and without Ir dopant atoms using first-principles calculations
combined with NAMD simulations. Owing to the strong core-
shell (Ir-Au,) electronic coupling, the HOMO-LUMO gap of
the doped Au,, NCs was significantly increased, leading to an

This journal is © The Royal Society of Chemistry 2024
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obvious blueshift in their absorption spectrum compared to
that of pristine systems. The high-energy excited state pos-
sesses low pronounced time-dependent oscillation, having fast
hot electron relaxation regardless of the presence of dopant
atoms. In e-h recombination, Ir dopant atoms induced an
obvious inhibiting effect, which was governed by both the
value of the energy gap and the peak of low-frequency phonon
modes between the LUMO and the HOMO. This systematic
study provides a practically useful guide to tuning the elec-
tronic structures and phonon modes to regulate the excited-
state dynamic behavior of ligand-protected Au NCs by hetero-
atom doping.
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