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Gold Au(l)¢ Clusters with Ligand-Derived Atomic Steric
Locking: Multifunctional Optoelectrical Properties and

Quantum Coherence

Sourov Chandra,* Alice Sciortino, Susobhan Das, Faisal Ahmed, Arijit Jana, Jayoti Roy, Diao Li,
Ville Liljestrom, Hua Jiang, Leena-Sisko Johansson, Xi Chen,* Nonappa, Marco Cannas,
Thalappil Pradeep, Bo Peng, Robin H. A. Ras, Zhipei Sun, Olli Ikkala,* and Fabrizio Messina*

An atomically precise ultrasmall Au(l)g nanocluster where the six gold atoms
are complexed by three sterically interlocking stabilizing ligands is reported,
allowing a unique combination of efficient third harmonic generation (THG),
intense photoluminescence quantum yield (35%), ultrafast quantum coher-
ence, and electron accepting properties. The reaction of 6-(dibutylamino)-1,3,5-
triazine-2,4-dithiol (TRZ) with HAuCl, leads to complexation by thiolation.
However, intriguingly, another reduction step is needed to form the centrosym-
metric Au(l)gTRZ; clusters with the multifunctional properties. Here, ascorbic
acid is employed as a mild reducing agent, in contrast to the classic reducing
agents, like NaBH, and NaBH;CN, which often produce mixtures of clusters
or gold nanoparticles. Such Au(l)s nanocluster films produce very strong THG
response, never observed for nanoclusters. The clusters also produce bril-
liant single and multiphoton luminescence with exceptional stability. Density
functional theory calculations and femtosecond transient absorption studies
suggest ultrafast ligand-to-metal charge transfer, quantum coherence with
long decoherence time 200-300 fs, and fast propagation of excitation from the
core to the surrounding solvent. Finally, novel electron-accepting ground state
properties allow p-doping of 2D field-effect transistor devices. Summarizing,
the potential of ultrasmall sterically interlocked Au(l) clusters, i.e., complexes
allowed by the new sequential reduction protocol, towards multifunctional
devices, fast photoswitches, and quantum colloidal devices is shown.

1. Introduction

Gold nanoclusters and small gold com-
plexes have attracted considerable atten-
tion due to their fundamental properties
and application potential upon bridging
the functional gap between molecules and
larger plasmonic nanoparticles.l! Atomi-
cally precise ultrasmall gold nanoclusters
(GNCs) typically have contained an exact
number of =10 — 300 gold atoms aiming
at well-defined particle sizes. They are
stabilized by protecting ligands, where-
upon their binding typically leads to outer
metal surfaces with different valence
than that of the inner metal core.[” Their
photo-physics is more complex than that
of small molecules and larger quantum
dots, leading to both challenges and sug-
gesting mnovel application possibilities.
GNCs allow several relevant properties,
such as luminescence with promoted pho-
tostability combining biocompatibility.?~!
Unlike larger plasmonic nanoparticles,
GNCs display molecule-like electronic
spectra, as their electronic structure is
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dominated by delocalized states spread over a relatively large
Au core. Beyond that, there is a scientific interest toward in-
depth understanding of GNC photocycle.B! In particular,
studies using relatively large Au;; and Auys clusters, often mod-
eled within the “superatom” theoretical framework, suggest
that the optically active electronic states are localized within
the gold cores.B111 Recent theoretical calculations suggest
that all excited states may arise from core-based superatomic
orbitals."® Importantly, the protecting ligands also play a role
in the electronic response of the GNCs through ligand-to-metal
charge transfer (LMCT) transitions®*1] or by so-called semi-
ring states.l Still, recently questions have been posed whether
the knowledge accumulated on classical GNCs such as Auys,
containing both Au(0) and Au(I) atoms, can directly apply to
ultrasmall GNCs containing less than ten Au atoms where all
atoms are in Au(I) state due to the ligand binding, also related
to new properties. Such GNC structures have recently also been
specifically denoted as Au(I) complexes.l!

Regarding to optical applications, a materials platform
allowing tunably multifunctionality would be highly desired.
For optical nonlinearities, the basis for all-optical devices
employs self-phase modulation, optical bistability, regenerative
oscillations, and four-wave mixing.?”l Due to their applica-
tions in imaging, medicine, communication, and industry, the
present demand for devices motivates the assessment of the
nonlinear optical (NLO) properties of materials in visible and
near-infrared region.[??% Traditional bulk NLO materials, such
as #BaB,0,4 and LiNDO;, suffer from low conversion efficiency
and poor NLO susceptibility.[3] Two-dimensional (2D) nanoma-
terials such as graphene, hexagonal boron nitride, transition-
metal dichalcogenides, and GeAs show strong second and
third-harmonic generation (SHG and THG) stemming from
their crystal noncentrosymmetry.?24261 However, they do not
display combined strong photoluminescence (PL), robust har-
monic generation, or electric doping, thus they have not shown
multifunctionality so far.

Therefore, one can foresee a need to develop materials
having both advanced linear and nonlinear optical properties
with high conversion efficiency and high nonlinear suscep-
tibility, as well as electric functionality. Therein, developing
biocompatible molecular level clusters below 1 nm would offer
potential applications not only in devices but also in medicine
as such particles can readily cross the blood-brain barrier.*’-28l
Gold nanoparticles have been investigated for NLO proper-
ties.?”) THG has been reported for isolated gold nanorods
and nanoparticles of specific shapes and sizes using highly
sophisticated designs for plasmonic nanoparticles.l?’ Neverthe-
less, plasmonic nanoparticles typically involve polydispersity,
therefore, achieving THG is a fundamental challenge. Recent
experimental and theoretical studies have shown that gold and
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silver nanoclusters also exhibit SHG.? However, multifunc-
tional ultrasmall GNCs displaying THG have not been reported,
even more to combine with luminescence. Also, showing GNC-
dependent doping of semiconductor devices could allow new
modular approaches, not shown before.

Herein, we report the synthesis and optoelectronic proper-
ties of 6-(dibutylamino)-1,3,5-triazine-2,4-dithiol (TRZ) stabi-
lized GNCs containing a metal core of six gold atoms Au(I)s,
i.e., where all gold atoms are in the Au(I) state and the vibra-
tion of the atoms is locked by the TRZ ligands via dual thiolate
bindings. This is done by a novel two-step chemical reduction.
The experimental data along with density functional theory
(DFT) calculations suggest that the Au(I); core has an octa-
hedral geometry, resulting in a triclinic crystal lattice in solid
state. The centrosymmetric Au-core produces an intense THG
under infrared laser excitations. The particles exhibit a strong
third-order susceptibility. They also display strong PL with high
quantum efficiency and peculiar photophysical behavior unlike
larger nanoclusters. The photocycle is controlled by ligand-to-
metal charge transfer transitions without intermediates. More-
over, we show that the energy cascade from the initially excited
state proceeds through a coherent pathway, involving the
generation of core vibrational wave packets damped through
successive relaxation. As a result, GNCs induce a controllable
p-type (hole dominant) doping effect to the 2D multilayer
WSe, field effect transistors (FETs) through a charge transfer
mechanism.

2. Results and Discussion

2.1. Synthesis and Characterizations

The reaction of 6-(dibutylamino)-1,3,5-triazine-2,4-dithiol (TRZ)
with HAuCl, leads to complexation and gold reduction by thiola-
tion, but results in uncontrolled fibrillar aggregates (Figure S1,
Supporting Information). To achieve spherical well-controlled
nanoclusters of TRZ-stabilized GNCs, another reduction step
by preferably ascorbic acid (denoted as GNC-1) or alterna-
tively by NaBH, (denoted as GNC-2) was required (Figure 1a).
The scanning transmission electron microscopy (STEM)
images of GNC-1 and GNC-2 are presented in Figure 1b,c
respectively, suggesting uniform distribution of clusters with a
size of ~1 nm. The resulting GNCs exhibit intense yellow-green
emission under exposure to UV light (inset in Figure 1b). The
energy-dispersive X-ray (Figure S2, Supporting Information)
and the X-ray photoelectron spectra (XPS) (Figure S3, Sup-
porting Information) confirm the elements Au, S, C, O, and
N. While C 1s, N 1s, and S 2p spectra further approve the C-C,
C-H, C-N, -C=N-C, =N-C= , and Au-S bonds (Figure S4,
Supporting Information), the Au 4f doublet at 85.0 and
88.7 eV confirms the existence of Au(I) atoms in both GNC-1
and GNC-2 (Figure 1d). Finally, electrospray ionization mass
spectra (ESI-MS) in both negative and positive ion modes con-
firm the composition as Au(I)s(TRZ); (Figure le and Figure S5,
Supporting Information). The results indicate the coexist-
ence of both -2 and +1 states of the GNCs and that they are
in equilibrium. The collision energy-dependent studies show
the fragmentation of the clusters (Figure S6, Supporting
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Figure 1. a) Schematic representation for the synthesis of GNCs. STEM images of b) GNC-1 and ¢) GNC-2. Inset in (b) shows the dichloromethane
(DCM) solution of GNCs under ambient light (left) and exposure to UV light (right). d) Au 4f XPS spectra of GNCs. e) Electrospray ionization mass
spectrum of GNC-1, suggesting a composition Au(l)¢(TRZ); based on experiment and modeling.

Information). The 'H NMR spectra of the free TRZ-ligand and
the GNCs (Figures S7 and S8, Supporting Information) fur-
ther support their compositions and nature of fast protonation
and deprotonation.

2.2. DFT Calculations and Mapping of Electronic Transitions

Based on ESI-MS, the atomic models of [Au(l)s(TRZ);]*~ and
[Au(I)6(TRZ)5]" GNCs are created using DFT with GPAW
code.} Two possible isomers of [Au(I)s(TRZ);]*~ NCs are pro-
duced (Figure 2a,b), wherein the latter one shows the most
stable structure consisting of an octahedral Au(I)s core sur-
rounded by three TRZ ligands. The average Au—Au and Au-S
bond lengths are 2.84 and 2.38 A, respectively. The HOMO-
LUMO energy gap of the cluster is 1.43 eV; the HOMO states
have contributions both from the ligands and Au atoms, while
the electrons in the Au atoms dominate the LUMO states
(Figure 2¢). The time-dependent DFTBZ simulated optical
absorption (OA) spectrum from the octahedral [Au(l)¢(TRZ)3]*
GNC displays two distinct peaks at 413 and 318 nm (Figure 2d).
The computed spectral patterns are close to the experimental
OA with a slight red shift.}3 To get insight into electron-hole
transitions responsible for the absorption =400 nm, we ana-
lyzed the transitions at 3.0 eV (413 nm) using the transition
contribution map (TCM) method.?¥ The TCM in Figure 2e
demonstrates the Kohn-Sham (KS) absorption decomposi-
tion weight at a fixed energy @ in the two-dimensional (g,
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&,)- plane, where ¢, and g, are the energies of the occupied and
unoccupied states, respectively. The corresponding projected
density of states (PDOS) are plotted on the top and right side
of the TCM, respectively. It implies that the most significant
contribution for the OA at 413 nm is due to the electronic tran-
sitions from the occupied states at —1.14 eV to the unoccupied
states =1.78 eV (Fermi level is set to 0 eV). Figure 2f shows the
wave functions at —1.14 eV and 1.78 eV, in which the ligands
significantly contribute to the occupied states while the Au
atoms dominate the unoccupied states, i.e., the OA at =400 nm
is due to the ligand to metal electron-hole or charge transfer
transitions. Regarding [Au(I)s(TRZ)3]*, one proton is added to
each ligand, which changes the cluster's charge from -2 to +1
(Figure S9, Supporting Information). The calculated OA spectra
of deprotonated [Au(I)4(TRZ);]*>~ and protonated [Au(I)s(TRZ);]"
NCs are quite similar (Figure S10, Supporting Information),
indicating the analogous electron-hole transitions in these two
systems.

The small angle X-ray diffraction pattern of the GNC-1 and
pure ligand are shown in Figure S1la,b, Supporting Informa-
tion, respectively. The diffraction pattern (Figure 2g) is calcu-
lated by including the octahedral gold core of the nanocluster to
the best-fitting crystal lattice. Ligand molecules are not included
in the model. The theoretical diffraction pattern corresponds to
the triclinic crystal structure (space group P1, number 1) with
unit cell dimensions a = 11.85 A, b = 9.81 A, ¢ = 8.37 A, and
unit cell angles o= 85.7°, = 85.3°, y=98.2° (Figure 2h). The
volume of the unit cell is 956.1 A>.
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Figure 2. a,b) The atomic structures for two different isomers of [Au(l)(TRZ)3]*~ optimized by DFT, where (b) shows the lowest energy
structure with octahedral Au(l)¢ core. c) The projected density of states of the most stabilized octahedral core of the cluster, shown in (b).
d) Experimental and theoretical OA spectra of GNC-1. e) The TCM map and PDOS of the cluster at 3.0 eV (413 nm). f) The highest contribution
of OA from the occupied state at —1.14 eV to the unoccupied state at 1.78 eV, assuming the Fermi level at 0 eV. g) Calculated diffraction peaks
and the theoretical diffractogram based on the triclinic crystal structure. h) The unit cell of the proposed triclinic crystal structure (ligands are

excluded in the model).

2.3. Linear and Nonlinear Optical Responses

The photoluminescence (PL) spectra of GNC-1 and GNC-2
are quite similar, with broad emissions centered at =540 nm
(Figure 3a). The photoluminescence excitation (PLE) spectrum

Adv. Optical Mater. 2023, 2202649

of the 540 nm emission displays two peaks at 327 and 400 nm
for both GNCs. When exciting in the LMCT state at 400 nm,
the emission peak at 540 nm with absolute quantum yield
of =35% and decay over a few microseconds (Figure 3b) are
observed, almost identically in GNC-1 and GNC-2 (Figure S12

2202649 (4 of 8) © 2023 Wiley-VCH GmbH
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Figure 3. a) Optical absorption (OA), steady-state PL (4., =400 nm), and PLE (4., = 540 nm) spectra of GNC-1 and GNC-2 in DCM. b) Time-resolved
PL spectra of GNC-1 at 410 nm excitation. c) Decay kinetics of the spectrally integrated PL signal. The data are fitted by a biexponential decay function,
that is: | = A exp[-t/t] + B exp[-(t/t,)?]. The stretching factor b in the slower exponential is a typical feature of disordered systems, consistent with
the progressive shift of the emission during decay shown the figure in its inset. Inset: Normalized PL spectra at various delays after photoexcitation.
d) THG emissions from the thin film of GNC-1 at 1300, 1400, 1500, and 1550 nm excitations. Inset: Schematic diagram of THG process in Au(l)g NCs.
The top and bottom waves indicate the excitation beam (@) and the generated THG signal (3w), respectively. e) Excitation power dependency of THG
signal of the GNC film at 1300 nm excitation. f) THG response as a function of excitation polarization.

Supporting Information). The emission decay is bi-expo-
nential (0.17 us + 1.75 us) (Figure 3c), revealing two quasi-
degenerate emitting states, most likely due to the coexistence
of two different charge states of the NC: [Au(I)s(TRZ);]" and
[Au(1)6(TRZ)3]*". Besides, an appreciable redshift of the band
during decay (inset of Figure 3c) suggests a further statistical
distribution of lifetimes. The observed microsecond lifetimes
imply a weakly allowed emissive transition. The PL is strongly
Stokes shifted (>150 nm) and lacks mirror symmetry from the
lowest-energy absorption band. Therefore, the emissive state is
presumably characterized by a significant triplet character, i.e.,
the emission stems from a >LMCT state populated indirectly
from the LMCT state excited at 400 nm through an intersystem
crossing process (ISC) (Figure S13, Supporting Information).
Interestingly, the GNCs show a strong nonlinear optical
effect, particularly for THG (depicted in Figure 3d). The lack
of even-order harmonics along with such intense THG can be
explained by an inversion symmetry in the molecular struc-
ture of these octahedral [Au(l)¢(TRZ);]* nanoclusters. When
illuminated by ultrafast infrared lasers at variable wavelengths,
GNC-1 produces strong THG signals at =433, 470, 500, and
520 nm, corresponding to frequency tripling by the excitation
beams at 1300, 1400, 1500, and 1550 nm, respectively. In addi-
tion to the narrow THG peaks, we also observe a broadband
signal between 520 to 700 nm, indicating PL caused by three-
photon absorption (Figure S14, Supporting Information). The
emission band shape is identical when produced by single-,
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two-, or three-photon absorption. The power-dependent THG
measurements under 1300 nm excitation (Figure 3e) demon-
strate that the THG signal intensity (I3,) is large and increases
with incident intensity (I,) as L3, = (I,)* with a = 2.83, close
to the value of 3 expected for a nonlinear THG process. The
polarization of the generated THG is highly dependent on the
incident polarization (Figure 3f). With the horizontal polariza-
tion of excitation, the THG signal intensity is maximum along
the direction of the excitation and minimum at the cross-polar-
ization. The mathematical fit shows a sinusoidal behavior of
the generated THG signal with the polarization angle of the
detection polarizer. The third-order nonlinear susceptibility is
calculated with the formula given as:

4g,c” Lo
2= 30‘; 7 Jni,n;w;—g @

where &, ¢, and d are the permittivity of vacuum, speed of light
in vacuum, and sample thickness respectively. n, (n3,) and I,
(I34) are the refractive index at frequency @ (3@w) and pump
(THG) intensity respectively.l®! Based on this, we obtain the
third-order susceptibility of GNCs, 3 = 9.73 x 107 m? V-2
(see details in Supporting Information).

Femtosecond transient absorption (TA) measurements indi-
cate energy cascade initiated by 400 nm absorption (Figure 4a
and Figure S15, Supporting Information). Immediately after
photoexcitation, the TA signal displays a negative sign, being
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Figure 4. a) Pump-probe transient absorption (TA) spectra recorded at variable delays from femtosecond excitation at 400 nm. b) Transient fluores-
cence from the electronic state initially excited at 400 nm, isolated as the difference TA (0.18 ps) — TA (0.13 ps), and compared to steady-state OA and
PL. ¢) Kinetic traces of the TA signal, fitted with a three-exponential function convoluted with the Gaussian instrumental response of the TA instrument.
d) TA signal at 470 nm (blue dots), fitted by a multi-exponential function describing ISC and further relaxations. The fit residuals (black dots, vertically
shifted for the sake of clarity) show coherent oscillations at two different frequencies. e) Fourier transform of the fit residuals at 470 nm.

dominated by ground-state bleaching from the initially excited
ILMCT state and fluorescence, detected in TA as stimulated
emission.?®¥] The disappearance of these negative compo-
nents within ca. 300 fs provides the direct signature of the
depopulation of 'LMCT state via ISC, in favor of the >LMCT.
The extremely short-lived 'LMCT fluorescence can be isolated
by taking the difference between two TA spectra at succes-
sive times. Indeed, this difference signal is a broad band at
=450 nm, approximately mirror symmetric to the OA at 400 nm
(Figure 4b). The TA signal observed at t > 0.25 ps, i.e., after the
ultrafast singlet-to-triplet cascade, appears as a broad positive
TA signal with a peak at 470 nm, providing a spectral finger-
print of the 3LMCT manifold. The multi-exponential fit of the
kinetic traces reveals that these dynamics are described by
0.15 ps, 0.45 ps, and 3.9 ps timescales (Figure 4c). While the
fastest one is the time scale of ISC, the longer scales repre-
sent relaxation and thermalization within the emissive 3LMCT
manifold. Similar trends are observed by TA measurements on
GNC-2 (Figure S16, Supporting Information).

Closer analysis of TA data reveals a role of quantum coherent
effects in the photocycle, visible as a regular modulation of
the TA signal persisting for several ps (Figure 4d). In general,
these oscillations in TA are due to the motion of coherent vibra-
tional or excitonic wave packets initiated by ultrashort pulses.
The Fourier transform of the residuals calculated from a multi-
exponential fit (Figure 4e) pinpoints two main frequencies of
=90 and 365 cm™’. The latter can be attributed to the CI-C-Cl
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deformation mode of dichloromethane (DCM) in which GNCs
are dispersed, while the vibration at 90 cm™ is in the expected
range for Au-Au oscillations of the GNC core.>¥ Thereby, we
infer that Au core is impulsively brought out of equilibrium by
the additional electron projected inside it by 'LMCT photoex-
citation, triggering the onset of Au-Au oscillations. Thereafter,
as clearly seen in Figure 4d, this oscillation is damped within
200-300 fs, because the excess vibrational energy is redistrib-
uted over the entire GNCs, and finally to the solvent, during the
ISC process. Further details can be obtained by time-frequency
analysis of the fit residuals (Figure S17, Supporting Informa-
tion). This analysis confirms an instantaneous activation of the
Au-Au oscillation, the damping of which is accompanied by the
growth of solvent oscillations. Most importantly, the Cl-C—Cl
oscillation (365 cm™) appears progressively growing in ampli-
tude and upshifting in frequency until it is fully established
after a delay of =300 fs, that is about twice the time scale of
ISC. Such a delayed activation of solvent oscillations reports the
arrival of the perturbation to the nearest solvent molecules in
contact with the ligands, reaching as far as =1 nm from the Au
core within an extremely short (200-300 fs) time scale. Indeed,
we conclude that the whole relaxation cascade of this ultras-
mall NC proceeds through a fully coherent pathway, favoring
the exceedingly fast propagation of energy throughout the
system. 38401

GNCs are relatively stable in powder form or thin film
under UV exposure. Notably, a small photobleaching has

© 2023 Wiley-VCH GmbH
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Figure 5. a) The schematic diagram and b) optical microscope image of the back gated WSe, field effect transistor. Inset: optical micrograph of WSe,
device after deposition of GNCs. c) Transfer plots (Ips-Vs) obtained from the multilayer WSe, device before and after deposition of different concentra-
tion of GNCs at Vsp = 0.5 V. d) Theoretical calculations for the HOMO-LUMO states of [Au(l)¢(TRZ);]" and multilayer WSe,.

been observed during continuous UV exposure up to 14 h in
our experiment (Figure S18, Supporting Information). Such
extremely high photostability of the NCs is probably associated
with the strong metal-ligand bonding and the compact structure
of the ligand. In addition, the Au(l) states in these ultrasmall
NCs could highly influence a strong LMCT transition charac-
terized by high QY and excellent photostability. Furthermore,
the NCs are highly stable at high temperature up to 150 °C and
emit brilliant green-yellowish light even after treating at 100 °C
for 1h (Figure S19, Supporting Information).

2.4. GNCs as Dopants in Field-Effect Transistors

We fabricated a back-gated multilayer WSe, device, schemati-
cally represented in Figure 5a. The multilayer WSe, device
(Figure 5b) has been characterized by measuring the drain-
source current (Ips) while sweeping the gate-source voltage
(Vgs) in the range of +80 V at a fixed drain-source voltage (Vpg)
of 0.5 V at room temperature. The WSe, channel is =8 nm in
thick, indicating 11-12 layers (Figure S20, Supporting Informa-
tion)."] The device depicts a p-dominant characteristic with
relatively small electron current along positive Vg (Figure 5c),
suggesting that the Fermi level is inclined towards the valence
band edge of WSe,. With the further application of positive
(negative) Vg, the Fermi level is pushed towards the conduc-
tion band (valence band), respectively, thus injecting electrons
(holes) in WSe,. Interestingly, we found that the deposition of
GNCs over WSe, significantly enhances the hole-current in
this device, while electron-current is suppressed. Moreover, the
threshold voltage (= V), which is needed to turn on the device
and extracted from the intercept of Ipg-Vis plot, is shifted
towards positive Vgs. More specifically, with 0.1 mg mL™
solution of GNC-1 in DCM, threshold voltage has significantly
shifted from —5 V to +42 V. The result suggests that WSe, device
contains more positively charged carriers after deposition of
GNCs, i.e., a non-degenerate p-doping is realized in WSe, in
contact with the GNCs. With increasing the concentration of
GNCs up to a certain extent, the Ipg continuously increases,
and the threshold voltage shifts towards more positive Vg
values. This is due to the close proximity (0.4 eV) in between
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the valence band (HOMO) of WSe, and the LUMO state of the
protonated [Au(I)s(TRZ);]* (Figure 5d), which allows the former
as a donor and the GNCs as an acceptor.

3. Conclusion

We report for the first time atomically precise ultrasmall gold
nanoclusters where all atoms are in the same valence state
Au(l) and where they are sterically locked by specific dual
ligand thiolate interactions to suppress vibrations to allow mul-
tifunctional electro-optical and quantum coherent behaviors.
In particular, we report Au(l)s nanoclusters with steric locking
of each atom by 6-(dibutylamino)-1,3,5-triazine-2,4-dithiol
ligands, where a two-step chemical reaction was required to
allow centrosymmetric octahedral structure. The underlying
films produce a very strong THG response, very close to the
high magnitude of the 2D monolayer metal dichalcogenide
nanosheets, never observed before for gold nanoclusters. They
also produce brilliant single and multiphoton luminescence
response with exceptional stability. DFT calculations and fem-
tosecond transient absorption studies suggest an ultrafast
ligand-to-metal charge transfer with ultra-efficient intersystem
crossing and demonstrate the role of quantum coherent effects
in the photocycle. The quantum coherent behavior and rela-
tively long decoherence time (200-300 fs) of the photoexcited
GNCs allow extremely fast propagation of excitation from the
core to the surrounding solvent. Finally, the Au(I) cores display
marked electron-accepting properties also in the ground state,
as we show in a proof-of-principle application as a p-dopant
in 2D FET devices. In summary, these ultrasmall GNCs with
interlocked 6 Au(l) atoms provide key insight for future appli-
cations as ultrafast photoswitches, or in emerging technologies
such as quantum computing, since decoherence sets the max-
imum timeframe for the fully quantum operation of a device.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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