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of Chemistry The metallic bond is arguably the most intriguing one among the three types of chemical bonds, and the
resultant plasmon excitation (e.g. in gold nanoparticles) has garnered wide interest. Recent progress in
nanochemistry has led to success in obtaining atomically precise nanoclusters (NCs) of hundreds of
atoms per core. In this work, thiolate-protected Au,79(SR)g4 and Auszz3(SR);9 NCs, both in the nascent
metallic state are investigated by cryogenic optical spectroscopy down to 2.5 K. At room temperature,
both NCs exhibit distinct plasmon resonances, albeit the NCs possess a gap (estimated 0.02-0.03 eV,

comparable to thermal energy). Interestingly, we observe no effect on plasmons with the transition from
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Accepted 13th January 2022 the metallic state at r.t. to the insulating state at cryogenic temperatures (down to 2.5 K), indicating

a nonthermal origin for electron-gas formation. The electronic screening-induced birth of metallic state/

DOI: 10.1039/d1sc06819a bonding is discussed. The obtained insights offer deeper understanding of the nascent metallic state and
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Introduction

Metallic gold nanoparticles (e.g., 3-100 nm diameter) show
elegant surface plasmon resonance (SPR) in the visible wave-
length range, which has stimulated great research interest since
Faraday's early scientific work in the mid-19™ century.* In
particular, the recent two decades have witnessed intensive
research on shape control, hierarchical assembly, and other
aspects of nanoparticles, as well as their applications in catal-
ysis, nanoelectronics, optics, sensing and biomedicine.
Toward the smaller end of gold NP sizes (i.e., <3 nm), the SPR
gradually fades out with decreasing size due to the quantum
size effect,*** hence, exhibiting a transition from the metallic to
the nonmetallic state; the latter is manifested in the emergence
of a distinct bandgap or a HOMO-LUMO gap (E,)."*">* On that
note, the term ‘nonmetallic’ is equivalent to molecular, semi-
conducting, or insulating, and all of them have been used in the
literature. If one starts with the smallest cluster (i.e. diatomic
Au,), the bond in Au, is apparently a covalent bond (being
nonmetallic), and that in Mg, is van der Waals interaction.”
With increasing number of atoms in the cluster, the E, value
decreases generally (albeit with some local zig-zag behavior*),
and over the size range of tens to hundreds of metal atoms the
bonding orbitals become more and more closely spaced, ulti-
mately forming a quasi-continuous band (i.e. valence band),
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covalent-to-metallic bonding evolution, as well as plasmon birth from concerted excitonic transitions.

and similarly the antibonding orbitals give rise to the conduc-
tion band. When the gap between the two bands is so small,
thermal excitation of valence electrons in fully occupied levels
into the upper levels becomes predominant and the metallic
state is formed.

Theoretically, by setting up the one-electron Schroédinger
equation for electrons and ignoring the electron-electron and
electron-nuclear interactions (potential energy V = 0), one
obtains the equation for a single valence electron (mass m)
confined in a volume,

2
H‘P:(—h—V2+V)‘l!:E11! (1)
2m

For a cubic system of edge length a, the equation can be
readily solved to obtain the energy (E,) for quantized levels of
the electron,

W x e,

E, = ——mn (2)

n
2ma?

where n* = n,” + n)> + n,’, and ny, n, and n, are the integer
quantum numbers. The E, ~ n” relation indeed forms a sphere
of radius n (only one octant of the sphere).

For the spherical coordinate system (radius a for the sphere),
one can similarly solve the one-electron Schrédinger equation
and obtain,

P,

B S G

where «,,; represents the n'® zero of the I™ spherical Bessel
function of the first kind.
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With the discrete values of n,, , or a,;, one can construct the
energy-level diagram. The average spacing (6) between succes-
sive levels can be estimated from the reciprocal of the density of
states according to eqn (2),>>2°

4K
b= 3N @

where Ef is the bulk metal's Fermi energy, and N is the total
number of valence electrons, which is equal to the total number
of gold atoms since gold only contributes one 6s electron. In the
case of a sufficiently large number of atoms in the particle, the
discrete quantum numbers (7, , in the cubic particle, or (r, I) in
the spherical one) become very large. Apparently, the level
spacing follows an inverse scaling relation with the size (N) and
thus reaches the criterion E, = 0 for a bulk solid being metallic (N
— ). However, for a finite system (e.g. NPs), the E, value never
reaches zero, no matter the particle is in the nonmetallic- or
metallic-state. Thus, Kubo suggested a metallicity criterion for
particles by comparing the E, with the thermal energy,* that is,

E, = 0 < kgT (Kubo criterion) (5)

where kg is the Boltzmann constant and T'is the thermodynamic
temperature in Kelvin. This implies temperature dependence of
the metallic state, but it has not been explicitly discussed or
experimentally tested over the past few decades.”””® The Kubo
criterion has been widely used in the cluster science field, in
particular the gas phase bare clusters of metal elements*»** and
the metal islands®" on substrates. To test the criterion experi-
mentally, well-defined nanoparticles in the nascent metallic
state are required, but this has long been a major challenge.

In recent years, solution phase nanochemistry has advanced
significantly,” and recent progress has indeed led to the devel-
opment of atomically precise metal nanoclusters (NCs) pro-
tected by ligands.'*** Unlike the gas phase NCs for which
spectroscopic probing is quite challenging,® solution phase
NCs can be readily subjected to any spectroscopic character-
ization.***” In addition, solution phase syntheses can be readily
scaled up (e.g., milligrams to grams®). The creation of size-
discrete NCs in the protected form opens up opportunities for
probing the properties of the nascent metallic state and metallic
bond formation in ultrasmall NCs.>***

In this work, we report the cryogenic spectroscopic probing
of whether the nascent metallic state in gold NPs is temperature
dependent or not by utilizing atomically precise gold NCs. Two
sizes, Au,,o(SR)gs and Ausss(SR);0, are selected for this study,
together with a nonmetallic Auy44(SR)so NC for comparison.
Surprisingly, although the gaps of Au,,¢ and Auz;; are of ~kgT at
room temperature (kg7 at r.t. ~25 meV), no effect on plasmon
resonance from the transition to an insulating state at cryogenic
temperatures is observed by monitoring the SPR (a signature of
the electron-gas), even when the temperature is decreased to 2.5
K (i.e., ~0.2 meV), at which the E, is already >100 times larger
than the NC's thermal energy (i.e., nonmetallicity by eqn (5)).
Based on the result, we further discuss some insights into
metallic bond formation and nascent plasmon resonance
emerged from coherent excitons.
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Results and discussion

The Auy44(PET)so and Auss;3(PET),9 NCs (where PET = SCH,-
CH,Ph) were synthesized by a size-focusing methodology re-
ported in our previous work.***»* Briefly, a narrow size-
distributed Au,(PET), mixture was first synthesized following
the method of kinetic control, and such a crude product was
then subject to size-focusing (e.g. thermal reaction with excess
PET thiol at 80 °C for 2 days). The resulting Au,,, and Aus;z; were
separated by thin-layer chromatography (TLC, with CH,Cl,/
methanol (6 : 1, v/v) as the eluent). The Au,,o(TBBT)g, (Where
TBBT = S-Ph-p-C(CH;);) was synthesized by the ligand
exchange-induced transformation method.**** More
experimental details, including the -characterization,
provided in the ESLf

size
are

Mass spectrometry and room temperature optical
spectroscopy analyses

The high purity of the three NCs is confirmed by matrix-assisted
laser desorption ionization (MALDI) and electrospray ionization
(ESI) mass spectrometry analyses. As can be seen in Fig. 1A,
MALDI analyses show a narrow peak at ~35 kDa for
Auy44(PET)eo and a ~75 kDa peak for Auss;(PET),o, whereas the
MALDI spectrum of Au,,9(TBBT)g, shows a 1+ charged peak at
~65 kDa (intense) and also a 2+ peak at ~32.5 kDa (weak). No
impurity was observed in the wide-range MALDI spectra. The
precise masses of the NCs were determined by ESI-MS (Fig. 1B).
The Au;44(PET)go spectrum shows two dominant peaks of
molecular ions at m/z 9149 (M*") and 12 199 (M**), plus a minor
peak at 18 297 corresponding to the 2+ ion [Auy(PET)e0]”
These ions are formed under the ESI conditions, as the native
state is charge-neutral. All three peaks are consistent with the
expected formula weight of Au,,44(PET)s, (FW = 36 597.48 Da).
The Au,,o(TBBT)g, (FW = 68 835.77 Da) spectrum shows peaks
at m/z 17 209 (4+) and 22 945 (3+); note that the 2+ and 1+ peaks
are beyond the mass detector's range and species of higher
charges are not observed due to much less abundances under
our ESI conditions. Finally, the ESI spectrum of Auszz3(PET);o
(FW = 76 430.23 Da) shows predominant mass peaks at m/z
15 286 (5+) and 19 108 (4+). The three NCs are all charge neutral
in their native state.

The UV-vis absorption spectrum of Auy,, (dissolved in
CH,Cl,) exhibits multiple peaks at 337, 463, 517, and 700 nm
(Fig. 2A), consistent with previous reports.*** It is worth noting
that Au,44 shows extra peaks in the near-infrared (NIR) range
(ESI Fig. S1t). The multi-peak feature indicates the nonmetallic
state of Au, 44, that is, Auy44 possesses discrete electronic energy
levels and gives rises to single-electron transitions (excitons),
much like small molecules. Recent electrochemical measure-
ments on Au, 44 indeed revealed a 0.17 eV HOMO-LUMO gap at
room temperature (r.t.),** and the gap became slightly larger
with decreasing temperature, resembling the semiconductor
behavior.*® In contrast, Au,, and Ausz; both show a nascent
SPR peak at ~500 nm (Fig. 2B and C),***” and no measurable
gap was observed in electrochemical measurements.*® Accord-
ing to the independent-electron theory (eqn (4)), there should

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Mass spectrometry characterization of Auy44(PET)e0, AU279(TBBT)g4 and Auzz3(PET);0, (A) MALDI mass spectra; (B) ESI mass spectra. In both
the MALDI and ESI analyses, the neutral NCs become singly and/or multiply charged after ionization.
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Fig. 2 Room temperature optical absorption spectra of (A) Au144(PET)s0, (B) Auy79(TBBT)g4, and (C) Auss3(PET),9 in the solid film and solution,

respectively.

be an ultrasmall gap in metallic Au,,¢ and Aus;;, as well as
nonmetallic Au,,6(SR)go (its nonmetallicity confirmed by ultra-
fast spectroscopy analyses*®), since they are finite systems.
However, ultrasmall gaps (e.g. at the meV scale or kz7) is beyond
the detection limit of electrochemical and spectroscopic
measurements.*®*® Perhaps scanning tunneling spectroscopy at
cryogenic temperatures or even millikelvin temperatures (e.g:
using a dilution refrigerator as in quantum computing systems)
may permit the measurement of the meV gaps.

Cryogenic spectroscopy probing of NCs down to 2.5 K

To test the possible temperature dependence of the nascent
metallic state, we carried out cryogenic optical spectroscopy
measurements (from r.t. down to 2.5 K). On that note, the
cuvette-based measurement was only successful down to ~70 K
but failed at lower temperatures due to shattering of cuvettes
(even the cryogenic compatible ones), thus we switched to the
thin-film based measurement for temperatures down to 2.5 K.
The NCs are uniformly embedded in polystyrene thin films to
acquire high quality spectra. Atr.t., the film's optical spectra are
almost superimposable to the solution spectra (Fig. 2A-C),
albeit with a slight broadening of peaks. A sub-10 nm shift of
absorption maxima is observed in Au,,¢ and Aus;;, whereas the
peak shift in Auy,, is trivial. For nonmetallic Auy,4, the

© 2022 The Author(s). Published by the Royal Society of Chemistry

difference between the solid film and the solution spectra can
be ascribed to the coupling of electronic states with extra
vibrational states induced by stronger inter-molecular interac-
tions in the film state; whereas for Au,, and Ausss, a redshift of
SPR is caused by the larger dielectric constant of the film, and
a slight broadening of SPR due to accelerated ultrafast electron
dynamics.®

The absorption spectra of the three film samples from r.t.
down to 2.5 K are shown in Fig. 3A-C. For nonmetallic
Auy44(PET)e0, the bands at 517 nm and 700 nm clearly show
a blueshift and become sharpened as the temperature decreases
from r.t. to 2.5 K, and the peak shift fitting*>*° reveals a 15 meV
vibrational mode coupled with the 700 nm peak, indicating
a significant contribution of electron-phonon interaction. This
phenomenon disagrees with Kubo and Kreibig's earlier
prediction, ie., they believed that the electron-phonon scat-
tering should be suppressed in small-sized NPs (e.g. the number
of Au atoms < 240).>* An explanation for this contradiction is
that the interaction between the metal core and the protecting
ligands provides an extra energy relaxation pathway. In our
measurements, several new features appear in the absorption
spectrum of Au,44(PET)so at cryogenic temperatures, which
provides strong evidence for the discrete energy levels in
Auy44(PET)g0, consistent with the cryogenic measurements by

Chem. Sci., 2022, 13, 1925-1932 | 1927
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Fig. 3 Cryogenic optical absorption spectra of (A) Aui44(PET)g0, (B) Auz79(TBBT)g4, and (C) Auzz3(PET),9 in solid films (r.t. to 2.5 K, NCs being

embedded in thin films of polystyrene).

Weissker and Negishi et al. (their temperatures were only down
to tens of kelvins).?>* In contrast, the SPR peak of metallic-state
Au;;33(PET), and Au,;o(TBBT)gs NCs shows no shift, except for
a small increase in intensity and a negligible narrowing of
bandwidth with the temperature down to 2.5 K. Similar trends
were previously observed in larger sized, polydispersed Au
NPs.**

It is interesting to observe no effect on the nascent SPR in
Aus;33(PET);9 and Au,,o(TBBT)g, with their transition from the
metallic to insulating state over the temperature decrease from
r.t. to 2.5 K. We note that a temperature-dependent transition in
a single La@Cg, cluster was reported,® in which the scanning
tunneling measurements of current-voltage (I-V) curves of
La@Cso on graphite revealed a metal-to-semiconductor transi-
tion at 28 K, with the semiconducting state having a 40 meV
gap. Of course, a major difference in our system is that the
Auj;3(PET);9 and Au,;o(TBBT)g, NCs are optically excited (i.e.
much higher excitation energy than the ultrasmall meV gaps).

Here we estimate the E, of the three NCs by using the Kubo
formula, E¢/N (note: the factor of 4/3 is dropped for estimation
purposes). The first estimation takes all the gold atoms in the
particle to be the N value in the Kubo formula (Table 1), while
the second estimation takes the difference between the number
of gold atoms and the number of ligands under the assumption
that each thiolate ligand consumes one valence electron of gold
in forming the Au-S covalent bond. The E, values are compiled
in Table 1, from which the case of Au,4, shows a deviation of
a factor of ~2 when compared with the experimental value,
while there is no accurately measured E, of Au,,¢ and Aus;; for

a comparison. The estimated E; of Au,;o and Ausz; are
comparable to the r.t. thermal energy (0.025 eV), which seems to
explain the observed SPR and metallicity at r.t., because the r.t.
thermal energy can effectively excite the free valence electrons
to form an electron-gas. However, when the temperature is
decreased, the electron-gas state would be destroyed since the
electrons can no longer be excited thermally (Scheme 1); for
example, at 2.5 K, the thermal energy is only ~0.0002 eV, about
150 times smaller than the E, values (~0.03 eV for Au,;4 and
Auszs), and thus it would be impossible to stir up the orbital-
held electrons into an electron-gas. Therefore, one expects
that the Ausz; and Au,, transition to an insulating state at 2.5 K
(Scheme 1), and accordingly it would exert some effects on the
SPR, but no change to SPR was observed in our cryogenic
probing. This implies that both Au,,¢ and Auz;z; NCs, albeit with

r.t. 25K

A
Eg of meV

SPR - | SPR

Au,,4 with nascent metallicity and SPR

Scheme 1 Thermal excitation of electrons and the nascent plasma
state in Auyz9. The block arrow represents plasmon excitation as
opposed to single-electron (excitonic) excitation by incident light.

Table 1 Estimated £4 of Auiss, AUz and Ausss (the E¢ energy of bulk gold is taken as 5.5 eV)*

Au,44(SR)s0 Auy76(SR)s4 Auzs;3(SR)79

(1.7 nm core) (2.2 nm) (2.3 nm)
E, by taking the total number of gold atoms 0.038 eV 0.020 eV 0.016 eV
Eg by taking the number of gold atoms subtracting the number of ligands 0.065 eV 0.028 eV 0.022 eV
Experimental Eg at r.t. 0.17 eV n.d. n.d.

“n.d. = not determined, i.e. beyond the detection limit of electrochemical analyses.

1928 | Chem. Sci, 2022, 13, 1925-1932
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a nonzero HOMO-LUMO gap of ~meV, can sustain the plasma
state (ie. the electron-gas) without thermal contribution
(Scheme 1).

The one-electron treatment adopts a free-electron-gas model
and does not consider the electron-electron and electron-ion
interactions.?* A higher order theory (e.g. the Fermi liquid
model****) might be able to provide more insights into the
temperature-dependent metallic/insulating states in finite
systems. The above cryogenic spectroscopy result implies
a nonthermal origin for electron-gas formation. When the
energy level spacing is on the meV scale, the broadening of
energy-levels should be taken into consideration, and the
potential factors are the excited state lifetime-induced broad-
ening, electron-phonon coupling, electronic structure renorm-
alization upon excitation, etc., all being on the meV scale, so
that the meV HOMO-LUMO gap becomes smeared out, even in
the absence of thermal excitation. In previous theoretical
modeling using density functional theory (DFT), some
researchers reported that the plasmon state would be formed in
Au,,, and even the smaller Au,;; NC,**%” but recent careful
measurements do not support the theory because of the distinct
gaps observed in these two NCs.*® In addition, both NCs also
showed molecular-like electron dynamics,* as well as lumi-
nescence,*® hence, they are not in the metallic state. For large
sizes of NCs (e.g. more than one hundred atoms of gold), it is
still a major challenge to perform DFT analysis with sufficient
accuracy. Thus, developing new methods is highly desired, and
such efforts will contribute to addressing the fundamentals of
metallic-state formation with increasing size.*®**

Origin of nascent SPR

Here we further discuss the evolution of E, and optical
absorption spectra of gold nanoclusters with increasing size
(Fig. 4). Smaller NCs (n < 100 or so) possess distinct E,, such as
Au,; with a 0.4 eV gap (Fig. 4, green curve). In our recent work
we observed a sharp transition from nonmetallic Auy46(SR)g, to
metallic Auy;9(SR)gs.* The Au,ye NC exhibits multiple peaks (i.e.
multi-excitons) as revealed in both the steady-state and femto-
second transient absorption spectra, and its ultrafast electron
relaxation dynamics showed no excitation power dependence,
but with a mere 33-atom increase, the excitonic picture dis-
appeared in Au,;o — which exhibited a single SPR peak at
~500 nm and power dependence in ultrafast electron
dynamics.*® It seems that the excitons in NCs larger than Au,
start to “communicate” and develop a coherence, and the
concerted excitonic transitions are generated and manifested as
a plasmon excitation in Au,y, (Fig. 4). The development of such
coherence and oscillator energy merging into SPR energy (~2.5
eV) is intriguing (Fig. 4, comparing the Au, 46 and Au,,, Spectra).

In small NCs, a long-range electron-electron repulsion is
2
. e . .
present, Le. - (where e is the electron charge and r is the

distance). With increasing size, the electronic screening effect
2

builds up and leads to weak short-range forces, i.e. %exp (—7),

where [ is the screening length which is dependent on the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Evolution of E4 and optical absorption spectra with size
increasing from Au,s to Ausss (the asterisk at ~0.4 eV indicates the
solvent's vibrational overtone absorption peak. Solvents: CH,Cl, for
the UV-vis range, CCly for the UV-vis-NIR range. Temperature: r.t.).

electronic density (i.e. the higher the electronic density, the
shorter the I, hence, the electron's Coulomb interaction
becomes short-ranged). Ultimately, the strong screening effect
leads to the formation of nearly independent electrons (i.e. the
electron-gas). From the optical absorption spectra, we observed
that in NCs larger than Au, 3, long-wavelength absorption with
relatively large oscillator strength starts to retreat toward
shorter wavelengths (Fig. 4), indicating the excitons' peak
energy focusing. The free propagation or ‘roaming’ of electrons
in larger NCs such as Au,,s leads to stronger electronic
screening, hence the merging of various excitons, and finally,
giving rise to plasmonic excitation in Au,,e. It remains to be
elucidated whether the concerted excitonic excitations are
solely induced by the increased electronic density with
increasing size, or involve some other subtle factors. Hetero-
atom doping of Au,,o might provide more insights.

From the experiments, gold NCs with an ultrasmall E, of
~0.02-0.03 eV (comparable to kT at r.t.) seem to already reach
the metallic state or metallic bonding. Both Au,;9 and Aus;;
should transition to an insulating state at 2.5 K according to the
Kubo criterion, albeit no effect on SPR is observed in cryogenic
spectroscopic probing. The nonzero E, in finite-sized Au,,4 and
Augss; NCs is in contrast to bulk metals in which E, = 0. In future
work, it would be worthwhile to carry out far-infrared and ter-
ahertz absorption measurements to directly probe the ultra-
small E, as opposed to the high energy excitation in UV-vis-NIR

Chem. Sci., 2022, 13, 1925-1932 | 1929
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spectroscopy analysis. Future theoretical work may also reveal
more insights into the birth of coherence among the valence
electrons with a build-up of electronic screening, the emergence
of nascent plasmon resonances, and also the new properties of
nascent plasmons.

Conclusions

In summary, cryogenic spectroscopy of Au,;9 and Auzs; in the
size domain (2.2 to 2.5 nm) provides insights into the temper-
ature effect on the metallic state or metallic bonding in ultra-
small particles. Au,,¢ and Auszs; show nascent metallicity at r.t.
by exhibiting collective excitation of electrons (i.e. SPR), but no
effect on SPR is observed from the metal-to-insulator transition
(Eg >> ksT) when the temperature is decreased to 2.5 K, at which
the thermal energy (kg7 = 0.0002 eV) is already significantly
smaller than the estimated Kubo gaps (0.02-0.03 eV) of Au,;
and Aus;z;. The sustained electron-gas state in these ultrasmall
NPs from r.t. down to 2.5 K implies a nonthermal mechanism
for electron-gas formation. The electronic density-dependent
screening of Coulomb repulsions between electrons leads to
the formation of short-ranged electronic interactions with
increasing size, hence, the development of an electron-gas. The
coherence among excitons leads to the birth of SPR. The ob-
tained insights contribute to the understanding of the funda-
mental metallic bond formation and electronic interactions,
and also benefit the future applications of nanocluster mate-
rials in solar energy conversion, plasmonics, photocatalysis,
sensing, and other fields.
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