Downloaded via CARNEGIE MELLON UNIV on July 7, 2022 at 02:27:48 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

www.acsnano.org

The Critical Number of Gold Atoms for a
Metallic State Nanocluster: Resolving a
Decades-Long Question

Meng Zhou, Xiangsha Du, He Wang,* and Rongchao Jin*

Read Online

[l Metrics & More |

Cite This: ACS Nano 2021, 15, 1398013992
ACCESS |

ABSTRACT: Probing the transition from a metallic state to a molecular
state in gold nanoparticles is fundamentally important for understanding
the origin of surface plasmon resonance and the nature of the metallic bond.
Atomically precise gold nanoclusters are desired for probing such a
transition based upon a series of precise sizes with X-ray structures. While
the definition of the metallic state in nanoclusters is simple, that is, when
the HOMO—LUMO gap (E,) becomes negligibly small (E, < kzT, where ky
is the Boltzmann constant and T the temperature), the experimental
determination of ultrasmall E, (e.g., of k3T level) is difficult, and the thermal excitation of valence electrons apparently comes
into play in ultrasmall E, e Although a sharp transition from nonmetallic Au,,4(SR)g, to metallic Au,,,(SR)g, (SR:
thiolate) has been observed, there is still uncertainty about the transition region. Here, we summarize several criteria on
determining the metallic state versus the molecular (or nonmetallic) state in gold nanoclusters, including (1) E, determined by
optical and electrochemical methods, (2) steady-state absorption spectra, (3) cryogenic optical spectra, (4) transient
absorption spectra, (5) excited-state lifetime and power dependence, and (6) coherent oscillations in ultrafast electron
dynamics. We emphasize that multiple analyses should be performed and cross-checked in practice because no single criterion
is definitive. We also review the photophysics of several gold nanoclusters with nascent surface plasmon resonance. These
criteria are expected to deepen the understanding of the metallic to molecular state transition of gold and other metal
nanoclusters and also promote the design of functional nanomaterials and their applications.
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old nanoparticles (Au NPs, typically 3—100 nm
diameter) are well-known to exhibit surface plasmon

exact number of gold atoms and also of ligands, formulated as
Au,(SR),,, akin to molecules in organic chemistry. In addition,

resonance (SPR), which arises from collective
excitation of conduction electrons.' Over the past two decades,
the size- and shape-dependent SPRs of gold NPs have attracted
wide research interest owing to their applications in nano-
electronics, optics, photocatalysis, and biological sensing, to
name a few.” ® These Au NPs show a quasi-continuous
conduction band in their electronic structure, with an
essentially zero gap (E, — 0); that is, they are in a metallic
state. Ultrasmall gold NPs (<2 nm in dimeter), on the other
hand, start to show discrete energy levels and accordingly
multiple absorption peaks in the UV—vis spectra.” These
ultrasmall NPs are often called nanoclusters (NCs), which
exhibit optical properties being sensitive to the number of Au
atoms and even the number of valence electrons because of
strong quantum confinement effect.® In recent years, atomi-
cally precise Au NCs protected by thiolate (SR) ligands have
been successfully synthesized, with each size possessing an
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there has been tremendous progress in the atomic structure
determination and applications of Au,(SR),, NCs,**° and it is
now possible to synthesize and crystallize Au NCs up to
hundreds of gold atoms per particle.” As the size of Au NCs
increases, the energy levels of valence electrons will evolve into
a quasi-continuous band and the Au NCs will become

metallic.”!

Conventional colloid Au NPs are not truly
monodisperse, and thus it was not possible to investigate the

precise transition from a metallic to a nonmetallic state before
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the advent of atomically precise Au NCs. Therefore,
structurally characterized Au NCs with atomic precision are
desired for investigating the fundamental transition from
molecular to metallic states.

Starting from the diatomic or few-atom clusters that possess
large HOMO—LUMO gaps, the study on the transition from a
molecular state to a metallic state with increasing size will help
to reveal the origin of SPR and the metallic bonding, as well as
the electronic screening and correlation interactions. The
evolution of chemical and physical properties of Au NCs over
such a transition has attracted wide interest from both
experimental and theoretical researchers.”>™>® In the past
decade, there have been several studies on the evolution from a
molecular to a metallic state in Au NCs. In 2010, Goodson et
al. combined several time-resolved spectroscopic methods to
reveal that the critical size for the observation of quantum
confinement is approximately 2.2 nm (~300 atoms esti-
mated).” In 2012, Philip et al. investigated the nonlinear
optical effects and determined that the Au NCs larger than
Auyy, no longer show molecular-like behavior.”® In 2015,
Negishi et al. reported an experiment/theory combined study
by which the nonmetal to metal transition should occur
between Au,,, and Au,g.*" In 2016, Zhou et al. probed the
electron relaxation dynamics of a series of Au NCs protected
by the same type of ligand and concluded that the transition
should occur between Au,(SR)s and Aus(SR)g NCs.*'
Similar conclusions were also reached by Kwak et al. usin§
transient absorptlon and electrochemical methods 1n 2017.
Pettersson’s group>> and Knappenberger’s group’® reported
that Au,,, was the smallest metallic-state gold NC by UV—vis
and mid-IR pump—probe spectroscopy, respectively. There is
still a debate on the Au;,, NC being in the metallic state or
not,”?>*73% which calls for further experimental and
theoretical investigations. In 2017, electron dynamics and
electrochemical methods proved that the giant 2.2 nm
Au,46(SR)g is still surprisingly nonmetallic. ** In 2018, Higaki
et al. discovered that the transition occurs sharply from
Au,,6(SR)g (Au,yg for short hereafter) to Auy,0(SR)g, (Atysg
for short hereafter) using low—temsperature absorption and
transient absorption spectroscopies.” Overall, it is nontrivial to
determine whether a large size of NCs is in a metallic or
nonmetallic state.

In this review, we discuss how to determine the transition
from a nonmetallic to metallic state in Au NCs. Theoretically,
when the HOMO—-LUMO gap (E ) of NCs reaches E; < kgT
(where ky is the Boltzmann constant and T the temperature)
with increasing size, the metallic state is formed (called the
Kubo criterion), but experimentally how to determine
ultrasmall E, (ie., of meV or kzT level) is by no means an
easy task, and thermal excitation of valence electrons also
comes into play in NCs with such ultrasmall E,. In this article,
we review several experimental criteria to determine the
metallic versus the molecular state in Au NCs, including (1) E,
determination by optical absorption and electrochemical
methods, (2) UV—vis—NIR (ultraviolet—visible—near-infra-
red) absorption spectroscopic features, (3) low-temperature
absorption spectroscopic features, (4) transient absorption
spectroscopic features, (S) excited-state lifetime and power
dependence, and (6) coherent oscillations in transient
absorption kinetics. Finally, we also review the photophysical
properties of two Au, NCs with nascent SPRs and propose a
method to estimate E, (meV or kT level) from the excited-

g
state lifetime. The above criteria and behaviors are important
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for differentiating the Au NCs in the metallic state from those
in the molecular state; the latter is synonymous with
nonmetallic, semiconducting, or insulating (i.c., large Eg), all
indicating an appreciable gap, E; > kyT. The obtained insights
are expected to be useful in the future investigation of other
metal NCs as well as alloy ones and to deepen the
understanding of electronic screening and correlation effects
and the nature of SPR and metallic bonding.

CRITERIA FOR DETERMINATION OF THE MOLECULAR
STATE AND METALLIC STATE

The overall current “roadmap” for the grand evolution is
shown in Figure 1, where those sizes smaller than Au,, are

Non-Plasmonic Plasmonic
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Figure 1. Schematic diagram of the grand transition from
nonmetallic state (E, > kzT) to metallic state (E, < kzT) in Au
NC g 8

s.

definitively molecular or nonmetallic (i.e., with an appreciable,
size-dependent E,), and those sizes larger than Auy,
(including Au,, itself) are definitively metallic and plasmonic.
The in-between sizes are intriguing, as some of them were
reported to exhibit certain molecular®® and metallic features
(e.g, in nonlinear optics>>® or ultrafast electron dynamics*’),
and there are still controversies in the literature. These aspects
indeed motivated our current discussions on how to probe the
molecular- to metallic-state transition, which is by no means an
easy task and requires multiple analyses rather than any single
analysis.

E4 Determination by Optical Absorption and Electro-
chemical Methods. Metallic-state gold NPs exhibit a quasi-
continuous conduction band, and there is no appreciable band
gap, whereas molecular-state gold NCs show discrete energy
levels and a size-dependent E,. Therefore, the presence of E, or
not determines if a nanocluster is in the molecular or metallic
state; note that the ultrasmall E, (e.g, meV or kgT level)
remains an intriguing issue and calls for future efforts in
elucidation and precise measurements.

The relatively large E, (e.g, few eV down to ~0.5 V) of Au
NCs can be conveniently determined by their optical
absorption. In small Au NCs (<22 nm core diameter),
multiple absorption peaks can be observed in the steady-state
UV—vis—NIR absorptlon spectra, which arise from single-
electron transitions.”® The E, of small Au NCs (<~50 gold
atoms in the core) can be easﬂy determined by extrapolating
the absorbance to zero (Figure 2A). We note that the
HOMO-LUMO transition in gold NCs is typically dipole-
allowed, thus, the optical gap is equal to the E;, but the doped
NCs often become more complicated, and many bimetallic
cases were reported to show dipole-forbidden HOMO—
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Figure 2. (A) UV-—vis absorption spectrum of [Au,s(SR)s]™.
Reproduced from ref 43. Copyright 2018 American Chemical
Society. (B) NIR absorption spectrum of Au;y;S,(S-Nap),;; the
asterisk (*) indicates the solvent overtone vibrational absorption
peak. Reprinted from ref 38. Copyright 2017 American Chemical
Society. Both insets show the absorption spectra on the photon
energy scale.

LUMO transitions.”” As the size increases (~350—100 gold
atoms), the onset of the lowest-energy absorption peak will
shift to longer wavelength as the E; generally decreases with
increasing size, although local zigzag behavior is observed
(especially in n < 100). With UV—vis—NIR absorption
spectroscog;r, we have been able to measure E, as small as
~0.4 eV.>**® For Au NCs with more than ~100 Au atoms,
their UV—vis absorption spectra show weaker and broader
absorption bands in the NIR wavelength region (Figure
2B),”*" thus it becomes less possible to clearly resolve

region, the solvent and surface ligand overtone signals appear
(eg, the asterisk in Figure 2B) and interfere with the E,
measurements when many overtone peaks are present in the E,
region.36’42 When the size further increases, the NIR and IR
absorption bands fade out and the spectrum retreats from the
long wavelengths to the visible range,"’8 and eventually, the
SPR peak arises from collective excitation of electrons, which
marks the negligible E; and the emergence of the metallic state.

For large-sized Au NCs (>100 gold atoms or so), the onset
of steady-state optical absorption falls in the infrared region
(wavelength >3000 nm) and the absorption peaks become
very weak and broadened. Therefore, it requires additional
methods to determine the E, of Au NCs. Electrochemical
methods have been introduced as an effective tool for
determining the E, of gold and alloy nanoclusters.** We note
that the optical method is subject to the dipole selection rule,
but electrochemical charging is not, which means that the
electron injection into a particle always fills the LUMO first
and the hole injection (or oxidation) is always associated with
the HOMO. Nevertheless, the electrochemical measurements
are limited by the solvent and electrolyte “window” as well as
the stability of charge states of NCs.

Generally, for Au NPs with different sizes, three voltam-
metric regimes were reported: bulk continuum, quantized
double layer charging, and molecular-like.””** The change of
electrochemical potential of NPs between different redox state
(AV) can be expressed by the following equation:**

HOMO-LUMO gaps smaller than ~0.5 eV. In the NIR AV = ze/Cery (1)
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Figure 3. SWVs of (A) Au,;, Auyg, and Aug, NCs and (B) Au,y,, Au,y,, and Auyy; NCs. Reproduced from ref 32. Copyright 2017 American
Chemical Society. (C) SWV of Au,,s (the arrow indicates the open circuit potential, + 0.01 V). Reprinted with permission from ref 34.
Copyright 2017 Wiley-VCH. (D) DPV of Au,,. Reprinted from ref 50. Copyright 2018 American Chemical Society.
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Figure 4. (A) UV—vis absorption spectra of a series of Au,, NCs. Reprinted with permission under a Creative Commons License from ref 21.
Copyright 2016 Springer Nature. (B) Comparison of UV—vis absorption spectra between Au,,5(SR)g, and Au,,4(SR)g,. Reprinted from ref
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Figure 5. (A) UV—vis absorption spectra of Au,,o(SR)g, at different temperatures. Reprinted from ref 35. Copyright 2018 American
Chemical Society. (B) UV—vis absorption spectra of [Au,s(SR)s]™ at different temperatures. Reproduced from ref 43. Copyright 2018

American Chemical Society.

where z is the charge of the NP, e is the elementary charge of
the electron, and Ccyy is the capacitance of the NP. When AV
< kgT (e.g, room temperature thermal energy, 25.7 meV),
electron transfer from/to the NP will give rise to continuous
charging versus the potential, and the NP is metallic. When AV
is slightly higher or comparable to k3T, quantized double layer
(QDL) charging can be observed in NPs, while their HOMO—
LUMO gaps are difficult to resolve. When in the case of AV >
kT, significant potential spacing can be observed between the
first reduction and first oxidation peaks, and the E, can be
estimated based on the electrochemical gap.

Both differential pulse voltammetry (DPV) and square wave
voltammograms (SWV) have been used to investigate the
electronic structures of Au NCs.”**~* By subtracting the
charging energy (potential spacing between successive
oxidation or QDL peaks) from the electrochemical gap, one
can estimate the HOMO—LUMO gap of a Au NC. In 2017,
Kwak et al. investigated the electrochemical properties of six
Au NCs (Auys, Augg, Augy, Auygy, Aty and Augy,) using the
SWV method.** From Figure 3A, one can observe significant
gaps between the first oxidation (O1) peak and reduction peak
(R1) of Auys (1.66 V), the E, was determined to be 1.32 eV
after subtracting the charging energy, and similarly, E;, =099
eV for Auyg and E, = 0.5 eV for Aug;. As the size increases, the
O1-RI1 gap decreases accordingly (Figure 3B); the electro-
chemical gap is 0.39 V for Auy,, and 0.22 V for Aus;;, which
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approaches the charging energy (spacing between QDL
peaks). While the E; of Auy, was possible to determine
(~0.17 eV), the larger Au NCs start to show almost evenly
spaced current peaks; thus, accurate E, below 0.1 eV is not
easy to determine.”®*” Similar behavior was also observed for
Auys and Au,e, > both showing evenly spaced current peaks
(Figure 3C,D), and it is not possible to estimate their E,.

Therefore, electrochemical methods can be used to
determine the E;, down to ~0.1 eV reliably. For those
molecular-like Au NCs, a significant gap can be observed
between the O1 and R1 peaks. For those very large metallic Au
NPs (>3 nm), there is no peaks in SWV or DPV, and thus E,
— 0. For those sizes in the transition regime with QDL
features (~150—300 gold atoms),*” one will observe almost
evenly spaced peaks, and thus, it is difficult to determine if they
are in the metallic state or not, and additional characterization
methods are needed.

UV-Vis—NIR Absorption Spectra: Multiple Peaks
versus Single Peak. When the HOMO—-LUMO gap is
smaller than 0.1-0.2 eV, it becomes challenging to directly
determine the E, of Au NCs. Therefore, it calls for indirect
methods to probe the NCs. As previously discussed,
nonmetallic Au NCs show multiple absorption peaks while
metallic-state Au NCs exhibit a single SPR absorption peak. In
2016, Zhou et al. investigated the optical properties of a series
of Au NCs (Au,, Ausg, Alyyy, Alsss, AU_gyg, and Au_g,) with
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Figure 6. (A) TA spectra measured at 1 ps of a series of molecular-state Au NCs. (B) TA spectra measured at 0.3 ps of a series of metallic-
state Au NCs. Both panels are reprinted from ref 36. Copyright 2019 American Chemical Society.

sizes spanning from 1.0 to 3 nm (see Figure 4A).”' Au NCs
smaller than Au,,, and the Auj,, itself show multiple
absorption peaks, and those larger than Auss; (including
Ausy;) exhibit a single SPR absorption peak, which indicates
that the transition from the metallic to the molecular state
should occur between Aus;; and Au,y,. Subsequently Zeng et
al. succeeded in the synthesis of Au,,s(SR)g, and its structure
determination.” Despite the large size of Auys(SR)g, it was
identified to be nonmetallic by spectroscopic analyses.”* In
2018, Higaki et al. further compared the optical properties
between Au,,5(SR)go and Au,,4(SR)g, and observed that Au,y,
shows a single SPR absorption at 506 nm, whereas Auy
exhibits multiple absorption peaks (Figure 4B);** note that the
SPR of Au,, was also reported by Sakthivel et al.>® Although
the two NCs of Au,,; and Au,,y have a similar size (2.2 nm,
quasi-spherical) and similar electrochemical properties, the
presence of SPR in Auy, but not in Au,, indicates the
different nature in electronic excitation of the two NCs.
Therefore, the presence of SPR peak is one of the criteria to
determine the metallicity of Au NCs.

Cryogenic Optical Spectroscopy: Sharpening and
Shifting of Absorption Peaks or Not. In addition to
steady-state absorption at room temperature, cryogenic optical
absorption spectra also show different features for metallic and
molecular-state Au NCs. In metallic Au NPs and NCs, their
SPR absorption does not show any change in the position and
peak width at cryogenic temperatures compared to the features
at room temperature (see Figure SA).35 In molecular-state Au
NCs, however, UV—vis absorption peaks are sharpened and
blue-shifted at lower temperatures (Figure 5B).**! The
different temperature dependences of UV—vis absorption for
metallic and nonmetallic Au NPs arise from their different
excitation mechanisms. In metallic gold NPs and NCs,
photoexcitation gives rise to collective excitation of conduction
electrons, and the dephasing mechanism is electron—electron
interactions.”” Therefore, a change in temperature will not
significantly impact the SPR peak width and position. In
molecular-like gold NCs, photoexcitation gives rise to a single-
electron transition, and higher vibrational states will be excited
thermally to couple with the electronic state. A significant
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electron—phonon coupling (e—p coupling) is therefore
involved in the absorption spectra of molecular-like gold
NCs, and such an effect becomes more prominent for those
ultrasmall sizes.’"* As a result, one can observe much more
significant temperature dependence in UV—vis absorption
spectra for ultrasmall gold NCs (see Figure SB) as the thermal
vibrations (or phonons) of the metal core are significantly
reduced at lower temperatures. Therefore, by looking into the
temperature-dependent UV—vis—NIR absorption spectra, it is
also possible to differentiate molecular and metallic Au NCs.

Transient Absorption Spectra: Single Peak versus
Multiple Peaks. Compared to the steady-state spectroscopy,
time-resolved spectroscopy provides additional information on
the electronic structure as well as the dynamics of photoexcited
states. Time-resolved transient absorption spectroscopy (TAS)
is a powerful tool to probe the excited-state dynamics of many
materials, including metal NCs.>*7%° Since TAS measures the
absorption difference between the excited state and the ground
state at different time delays,”"****"*® it does not require the
sample to be luminescent. Therefore, TAS is an ideal method
to investigate the excited states of gold NCs since most of
them are only weakly luminescent.**™* In the TA spectra
(difference in optical density (AOD) wvs wavelength), the
positive signal represents the excited-state absorption (ESA)
and the negative signal is the ground-state bleaching (GSB) or
stimulated emission (SE).

In molecular-state Au NCs, steady-state absorption spectra
exhibit multiple absorption peaks. Similarly, one should
observe several GSB peaks in the TA spectra, which arise
from the bleaching of the ground-state absorption (Figure
6A).°° Moreover, one would observe significant and broad
ESA bands in the TA spectra of molecular-state Au NCs.'"*°
Those intense ESA bands should originate from the discrete
energy levels in Au NCs. In metallic-state Au NCs and NPs, on
the other hand, UV—vis absorption spectra are dominated by
SPR. In the TA spectra, one would observe a strong GSB that
arises from the SPR absorption and two ESA wings on the left
and right sides of the GSB (Figure 6B, where the gray
horizontal lines represent the baselines).*®
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Figure 7. TA kinetics of a series of (A) nonmetallic Au NCs and (B) metallic Au NCs. Both panels are reprinted from ref 36. Copyright 2019

American Chemical Society.
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Figure 8. (A) TA kinetic traces of Au,,, under different pump power. Reproduced with permission from ref 34. Copyright 2017 Wiley-VCH.
(B) TA kinetic traces of Au,,, under different pump power. Reproduced from ref 35. Copyright 2018 American Chemical Society. (C)
Electron—phonon coupling times of different sized Au NCs with different pump fluences. Reprinted with permission under a Creative

Commons License from ref 21. Copyright 2016 Springer Nature. (D) Relaxation lifetimes of Au,,s and Au,,, under various pump power.
Reprinted from ref 35. Copyright 2018 American Chemical Society.

In time-resolved absorption spectra, the GSB peaks in both
molecular-like and metallic Au NCs are sharpened and hence
easier to identify than in the steady-state absorption spectra.
For example, at first glance, the Au,,4 steady-state absorption
spectrum appears metallic owing to the seemingly single
pronounced peak at 460 nm, whereas the 600 nm peak is faint
(Figure 4B); however, femtosecond transient spectra clearly
revealed multiple GSB peaks,* hence, nonmetallicity in Au, g,
albeit no distinct E, was found (i.e, below the detection limit)
in SWV analysis on Au,e’* This example illustrates the
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importance of multiple analyses rather than any single analysis
such as electrochemistry.

Overall, multiple GSB peaks together with intense ESA
bands can be observed in molecular-state Au NCs, whereas a
single GSB peak with two ESA wings on two sides should be
observed in metallic Au NCs (for the spherical case only,
hence, requiring the knowledge of the NC shape®” or X-ray
structure”™”?). Note that it is nontrivial to resolve the
nonspherical or anisotropic shape of ultrasmall gold NCs of
1—3 nm. Nevertheless, Auy;; was identified to be somewhat
squashed, hence, two SPRs were seen in the TAS.”” Therefore,
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Figure 9. (A) Oscillations observed in the TA dynamics of 13 nm Au NPs (the inset shows the zoom-in of the oscillations). Reproduced
under a Creative Commons CC-BY license from ref 67. Copyright 2019 MDPI. (B) Coherent oscillations observed in the TA dynamics of
Au,, and rod-shaped Au,; NCs. Reproduced with permission from ref 34 (copyright 2017 Wiley-VCH) and reproduced from ref 68
(copyright 2011 American Chemical Society). (C) Oscillation frequency varying with 1/R of a series of Au NCs (the 1/R law for Au NPs is

shown by a dashed blue line).

TAS is more powerful than steady-state absorption to
differentiate molecular-like and metallic Au NCs.

Excited-State Lifetime and Power Dependence. The
relaxation dynamics of excited states is also different between
metallic-state and molecular-like Au NCs. In molecular-like Au
NCs, photoexcitation gives rise to single-electron transition
and the formation of excited states, which then experience an
ultrafast cooling (<1 ps) to a lower excited state and finally
return to the ground state.”® The excited-state lifetimes of Au
NCs (n < 100, E, > 0.5 eV) are a few nanoseconds to
microseconds.*®>? As the size of Au NCs increases, the E, will
decrease accordingly, which will lead to shortening of the
excited-state lifetime (Figure 7A).*° In metallic Au NPs and
NCs, which show negligible E, after photoexcitation, collective
excitation will heat up the electrons to a very high temperature
(eg, >1000 K)."*>* The energy will be released from the
electron to the lattice via electron—phonon coupling (typically
1-S5 ps), and finally, the energy will be dissipated into the
environment by phonon—phonon coupling (ph—ph cou-
pling).”" Therefore, molecular-like Au NCs show excited-
state lifetimes longer than those of metallic Au NCs (few
picoseconds) However, for those large Au NCs with kzT level

E, the excited-state lifetime decreases to a few picoseconds
because of the diminishing E, (Figure 7A). 112124272932 Which
becomes comparable to that of the metallic state (Figure 7B).
Therefore, comparing the excited-state lifetime cannot reliably
determine the metallicity of large-sized Au NCs. Again,
multiple analyses are required to reach the conclusion of
metallic or nonmetallic state.

To further differentiate large-sized yet nonmetallic Au NCs
and metallic ones, one needs a more effective strategy. In
molecular-like Au NCs, relatively low carrier concentrations
will give rise to suppressed Auger recombination, which makes
the relaxation of the excited state less sensitive to pump power
(Figure 8A).** In metallic Au NCs, the relaxation dynamics
can be described by a two-temperature model:"

T,
= —¢(T, - T)

e

C a1 (T.- 1)

1 dt FAEN 1 (3)
where T, and T) are the temperature of electrons and lattice,
respectively, C, and C; are the heat capacity of electrons and
lattice, respectively, and g is the electron—phonon coupling
constant. Because C, is dependent on the electron temper-
ature, the e—p coupling is dependent on pump fluence and the
excited-state dynamics is power-dependent (Figure 8B).** The
pump power dependence of TA dynamics has been widely
used to determine the metallicity of Au NCs. In 2002, Link et
al. compared the relaxation dynamics of small Au NCs and
plasmonic Au NPs and found that molecular-like Au NCs
show power-independent dynamics.”® In 2015, Mustalahti et
al. reported power-independent mid-IR TA dynamics of Au,,
and Au3, dynamics, which proved that both NCs are
nonmetallic.’* In 2016, Zhou et al. compared the power
dependence of TA dynamics of a series Au NCs protected by
the same type of ligand and mapped out the trend of e—p
coupling versus the size (Figure 8C).”' In 2018, Higaki et al.
further observed that the nonmetal to metal transition occurs
sharply between Au246(SR)80 and Au,;(SR)g, using a similar
method (Figure 8D).”> To obtain accurate results, the power-
dependent dynamics experiment needs to be performed within
a linear power regime; that is, the initial TA signal intensity
should increase linearly with the pump power so that the
carrier density would not be too high to generate higher-order
recombination.

Very recently, the photophysics of Au,g;(SR)gs was reported,
in which both multiple absorption peaks in the steady-state
spectrum and power-dependent electron dynamics were
observed.’’ In earlier work, both multiple GSB peaks and
power-dependent electron dynamics were also reported for
Auy,, and Au,y,_Ag, NCs.>” 2 We believe that these three
NCs should still be nonmetallic (at least Au, 4, with E, = 0.17
eV),” but the origin of the power-dependent dynamlcs for
these molecular-like Au NCs remains to be explained, and
further experimental and theoretical studies are required.
These cases also imply that multiple criteria should be applied
to determine the metallicity of metal NCs between Au,,, and

1.
dt

@)

Au,g.
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Table 1. Criteria for Differentiating Metallic and Nonmetallic Au NCs and Distinct Features

criteria metallic Au NCs

definition E; < kgT
optical absorption measurements of E,
electrochemical measurements of E;
UV—vis—NIR absorption

cryogenic absorption

single peak (spherical particles)
no sharpening
single GSB peak (spherical particles)

1-S ps (e—p coupling),
10—100 ps (ph—ph coupling)

TA power dependence yes

TA spectra
TA decay lifetime

TA oscillation frequency 1/R law, size-dependent

nonmetallic Au NCs fidelity
E, > kgT (theoretical)
down to ~0.5 eV medium
down to ~0.1 eV (perhaps 0.05 eV) high
multiple peaks (regardless of shape) medium
sharpening high
multiple GSB peaks (regardless of shape) medium

several ps to us (dependent on size and structure) ~ low/medium

no medium

no 1/R law, structure-dependent medium
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Figure 10. Photophysical properties of Au,,. (A) UV—vis—NIR TA data map of Au,,, pumped at 370 nm. (B) Comparison of TA kinetic
traces probed in visible and NIR ranges. Both panels are reprinted from ref 35. Copyright 2018 American Chemical Society.

Coherent Oscillations in TA Dynamics. In the TA
dynamics of Au NCs and NPs, coherent oscillations are often
observed when the laser pulse is short enough. In plasmonic
Au NPs, collective photoexcitation of electrons will heat up the
lattice, and the heating effect will cause the Au core to expand,
which will cause the lattice vibration and accordingly a periodic
shift of the SPR peak position.”® Since the ultrashort laser can
induce a rapid lattice heating and expansion (<100 fs), it will
impulsively excite the breathing modes because the lattice
heating is much faster than the period of the vibrations.*> Such
a shift of the SPR peak caused by the breathing vibration will
give rise to oscillations in the TA dynamics. In molecular-like
Au NCs, following the single-electron photoexcitation, a
wavepacket motion will be generated on the excited state,
which will also be projected to the ground state via an
impulsive stimulated Raman process.**®*®* Therefore, the
oscillations in TA dynamics could originate from the
wavepacket on both the excited state and the ground state,
but the position of the phase shift can determine which one is
detected.**® The wavepacket motions will then be observed
as oscillations in the TA dynamics as a result of e—p coupling.
Not only are the origins of such oscillations different for
molecular and metallic-state Au NCs, but also their behaviors
are different. In metallic Au NPs and NCs, the oscillations are
often observed on the two sides of the GSB peak, and the
amplitude is relatively weak compared to the electron
dynamics (Figure 9A).°” In molecular-state Au NCs,
oscillations could be observed over all the probe wavelengths,
and the amplitudes of the oscillations are very strong in the
initial few picoseconds compared to that of the electron
dynamics (Figure 9B).**%® In other words, with a similar
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carrier concentration (number of carriers in unit volume),
oscillations in TA would be much easier to observe in
nonmetallic Au NCs.

The phase and frequency information on coherent
oscillations in Au NPs and NCs can be obtained by fitting
the dynamics using a damped cosinusoidal function:**

2 2
AA =2 X [Ae 4 Ay

+ A cos(wt + @)] (4)

where ¢ is the standard deviation of Gaussian impulsive
function, 7; and 7, are the TA relaxation time constants, 7 is
the damping time of the oscillation, w is the frequency, and ¢
is the phase of the oscillation. It has been reported that the
oscillation in Au NPs will show a phase shift on the two sides
of the SPR peak.69 On the other hand, oscillations in
nonmetallic Au NCs will show a phase shift on the two sides
of ESA or GSB depending on the origin of wavepacket
motion.**®® Therefore, the phase shift of oscillation in TA
dynamics can also be used to determine the metallicity of Au
NCs.

In Au NPs, the oscillation originates from the acoustic
vibration of the metal nanoparticle, and the frequency of the
oscillation was found to be inversely proportional to the radius
(denoted R) of the particle (1/R law, Figure 9C).! In
molecular-state Au NCs, the frequencies of the oscillation
deviate from the 1/R law of the plasmonic NPs (Figure 9C),
which indicates that the continuum model is no longer valid
for molecular-like Au NCs. One can observe that molecular-
like Au NCs show oscillation frequencies below the 1/R plot,
and they are not strongly correlated with the size. Therefore,
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Figure 11. Photophysical properties of the Auy;; NC. (A) TA data map of Auyy; pumped at 360 nm. (B) TA spectra of Auyy; probed at
different time delays. (C) Decay associated spectra and time constant obtained from global fitting of the data in (A). (D) Decay time
constants as a function of pump laser power. Panels A—D are reprinted with permission from ref 57. Copyright 2019 National Academy of

Sciences.

the structure rather than size plays a more significant role in
the coherent vibration in these ultrasmall molecular-like Au
NCs. By looking into the amplitude, phase shift, and frequency
of the oscillation in TA, one would be able to differentiate
metallic and nonmetallic Au NCs. Of note, Maioli et al.
recently investigated the breathing modes of very small Au
NCs and found that a 1/R dependence of the breathing mode
persists to very small sizes.”® Further experimental and
theoretical works are still required to deeply understand the
coherent oscillations in Au NCs.

Summary of Various Criteria. In Table 1, the criteria
discussed above are summarized, and the different behaviors of
metallic and nonmetallic Au NCs are also listed. A single
criterion or method may not be of high fidelity in
differentiating the molecular versus metallic state; rather, by
combining multiple testing methods and criteria, it becomes
more reliable to analyze the metallicity in Au NCs.

GOLD NANOCLUSTERS WITH NASCENT SURFACE
PLASMON RESONANCE

Gold NCs with SPR are classified as metallic since an electron
gas is formed at negligibly small E,. Interestingly, those Au
NCs with nascent SPR were reported to exhibit some different
photophysical behaviors compared to those of their larger
counterparts. In 2018, the electron dynamics of Au,,, the
smallest plasmonic Au NC, was reported.>*° UV—vis—NIR
TA measurements on Au,,, revealed that there is a broad ESA
shoulder in the NIR region (Figure 10A).”" Similar broad ESA
shoulders were also observed for Auss;, Au.s,, and AuNgéO
NCs (Figure 6B) but not in larger plasmonic NPs. "
Moreover, the intrinsic e—p coupling time of Au,, is 0.92
ps, and the ph—ph coupling time is around 300 ps (Figure
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10B). The ~1 ps e—p coupling time is normal for Au,,, while
the 300 ps ph—ph couplinﬁ time is very long (ph—ph time is
~10 ps for 4 nm Au NPs)”" considering its small size and large
surface-to-volume ratio. This observation makes the nascent
SPR of Au,,y quite interesting in optical properties compared
to larger-sized Au NPs. The origin of the unusual photo-
physical properties requires further experimental or theoretical
work.

In another Au NC with nascent SPR, Aus;;(SR)59 (Auss; for
short), we also observed interesting optical properties.”” In the
TA data, one can observe two GSB peaks around 540 and 485
nm (Figure 11A,B). Moreover, an additional dip on the ESA
around 700 nm was also observed, which could be another
GSB peak. The observation of multiple GSB peaks in Auj;; was
also reflected in low-temperature steady-state absorption
measurements. Global fitting of the TA data revealed three
decay components, with the first two components both
dependent on the pump fluence (Figure 11C,D). The first
and second decay components have an intrinsic lifetime of 1.33
and 3.9 ps, respectively. The first decay component (1.33 ps)
was assigned to the e—p coupling of Auyy;, while the second
decay component (3.9 ps) and the third component were
explained as the ph—ph coupling processes. Such an
observation was partly ascribed to the oblate shape of Aujs;.
The interesting photophysical properties of Auss; will stimulate
future studies on those Au NCs with nascent SPR.

ESTIMATION OF ULTRASMALL ENERGY GAP BASED
ON EXCITED STATE LIFETIME

The onset of steady-state absorption in large-size Au NCs
(>100 gold atoms) lies in the NIR and even the IR region, thus
it is challenging to determine so small gaps by optical/IR
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measurements. Recent work by Zhou et al. showed that the
excited-state lifetimes of Au NCs decrease exponentially with
the energy gaps when E, < 0.5 eV (Figure 12A),>> which may
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Figure 12. Correlation between the energy gaps and the excited-
state lifetimes of Au NCs. (A) Excited-state lifetime versus E, for
large-size Au NCs; (B) Ink,, versus E, for large-size Au NCs.
Reproduced from ref 36. Copyright 2019 American Chemical
Society.

serve as an estimation. Based on the energy gap law, the
nonradiative recombination rate (k,) of Au NCs can be
expressed as®"*®

_ —YE,/ h
ko = Ae77 Y (5)

n

where y is the molecular parameter and @ is the highest
vibrational frequency involved in the nonradiative decay. For
large-size Au NCs, their relaxation dynamics is dominated by
nonradiative decay, and k,, can be calculated based on the
excited-state lifetime obtained from TA measurements. The
Ink, and E, plot exhibit a good linear relationship (Figure
12B). By measuring the average excited-state lifetime and
calculating the nonradiative recombination rate, one could
estimate the E; of large-sized Au NCs using the following
equation:

4

Ink,=InA Py E, ©)
In Figure 12B, the fitted intercept (InA) is 27.7 and the
gradient (—y/hw) is —15.1 eV~ For Au,s,, E, is negligibly
small and could be taken as zero, and the e—p coupling time
was reported to be 0.92 ps.”® If we view the e—p coupling rate
as the nonradiative recombination rate, k,, = 1.07 X 10" s},
that is, Ink, = 27.7, which matches well with the fitted
intercept value. Therefore, the excited-state recombination
lifetime measured by TA spectroscopy could be used to
estimate the energy gap of large-sized Au NCs (n > 100).

CONCLUSION AND FUTURE PERSPECTIVE

The size-induced transition from a metallic to a nonmetallic
state has been pursued for many decades, including in both
theoretical and experimental work.”*™® For the latter, a
prerequisite is to prepare a series of sizes (“snapshots” of the
size evolution), and it is also critical to solve the atomic
structures of those sizes (eg, their shape, symmetry, surface
ligands, and metal-ligand bonding modes) for correlating with
the spectroscopic results, but all of these were very daunting
tasks until the recent establishment of atomically precise
nanochemistry. With the great advances achieved in recent
years, it is now possible to investigate the decades-long
fundamental question through the structure—property corre-
lation, albeit it is still not an easy task.

Using atomically precise Au NCs as a model system, we have
discussed the distinct behaviors of the metallic state versus the
molecular (or nonmetallic) state. The criteria to determine the
metallicity of Au NCs include (1) E, determined by optical
and electrochemical methods (unfortunately, E; below 0.1 eV
is difficult to measure reliably, which calls for other analyses);
(2) steady-state UV—vis—NIR absorption spectra; (3)
cryogenic absorption spectra; (4) TA spectra; (S) TA lifetime
and dynamics power dependence; and (6) TA oscillation
phase and frequency. The major difficulty is the determination
of ultrasmall E, on the order of meV or kT for large-sized Au
NCs, for which we have proposed a method to estimate the
ultrasmall energy gaps based on the excited-state lifetimes of
NCs. These criteria are of major importance to understand the
metallic to molecular state transition in Au and other metal
NCs. The interesting photophysical properties of Au NCs with
nascent SPR are also discussed, which will stimulate future
experimental and theoretical studies on the properties and
applications of Au NCs, in particular, those in the metal to
nonmetal transition regime.

The sharp transition from Au,,s to Au,, came as a surprise,
and it implies that the simple theory’s prediction of E, versus 1/
n (where n is the number of metal atoms) is insufficient as this
relation cannot explain such an abrupt transition. This simple
relation does not take into consideration any structural effect
of the metal core nor the electron correlation effect. X-ray
crystallography revealed that Au,,¢ has a decahedral structure,
whereas Au,,, is face-centered cubic; thus, one may argue that
the potential structural influence might be in operation. Future
work should synthesize more Au,(SR),, sizes in the transition
region and carry out careful investigations to address the issues.

So far the vast majority of the reported Au,(SR),, structures
are quasi-spherical, especially those large sizes (including Au,
and Au,y). The influence of particle shape®*™** (eg, one-
dimensional rods and two-dimensional oblate structures) on
the nonmetal to metal transition remains unclear. In the
metallic/plasmonic regime, the shape effects are apparently
significant, but to what extent the shape influences the
transition in the quantum size regime remains to be mapped
out in future work.

The ligand factor is also of interest. While the majority of
reported NCs are protected by thiolate ligands, there have
been extensions to other types of ligands'®* such as alkynyl
and mixed ligands on the NCs. Future work will find out more
details of the ligand influence on the nonmetal to metal
transition. Related to the ligand factor, bare NCs without
ligand protection are also worthy of a comparison in future
research, though achieving large bare NCs and determining
their electronic and optical properties are certainly challenging.

Finally, an extension from the gold system to other metals
including Ag, Cu, Pd, Pt, and alloy systems is also suggested for
future work, especially the synergism in alloys deserves much
effort. Different metals exhibit distinct differences in electron
exchange and correlation effects, spin—orbit coupling,
electronic polarizability and other aspects. Thus, the extension
will certainly find out more fundamental details about the
emergence of metallic state and the nature of the metallic
bond. Understanding such fundamentals will greatly benefit
the design of functional materials for specific applications.
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VOCABULARY

Nanoclusters, atomically precise particles with definitive
formulas; nonmetallic state, the electronic structure being
composed of discrete states with an appreciable gap between
energy levels; metallic state, defined as the zero gap state for
bulk materials, but for a finite system (such as nanoclusters), a
theoretical definition is when the energy gap is smaller than
kgT; optical gap, when the optical absorbance is extrapolated
to zero, the intercept with the photon wavelength (or energy)
is taken as the optical gap, which equals to the HOMO—
LUMO gap in the case of dipole-allowed electronic excitation;
electrochemical gap, unlike the optical gap the electro-
chemical gap is not subjected to the dipole selection rule, but
the resolution in measurements is affected by the thermal
energy and the specific method as well as the fluctuations in

charging energy
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