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Research on plasmons of gold nanoparticles has gained broad
interest in nanoscience. However, ultrasmall sizes near the metal-
to-nonmetal transition regime have not been explored until
recently due to major synthetic difficulties. Herein, intriguing
electron dynamics in this size regime is observed in atomically
precise Aus33(SR);9 nanoparticles. Femtosecond transient-absorption
spectroscopy reveals an unprecedented relaxation process of 4-5
ps—a fast phonon-phonon relaxation process, together with
electron—-phonon coupling (~1 ps) and normal phonon-phonon
coupling (>100 ps) processes. Three types of -R capped
Auss3(SR)79 all exhibit two plasmon-bleaching signals indepen-
dent of the -R group as well as solvent, indicating plasmon split-
ting and quantum effect in the ultrasmall core of Aus33(SR);9.
This work is expected to stimulate future work on the
transition-size regime of nanometals and discovery of behavior
of nascent plasmons.

atomically precise | gold nanoparticles | surface plasmon resonance |
ultrafast spectroscopy | phonon relaxation

lasmonics in nanoscale is being intensively studied owing to

rich fundamental science (1-3). Recent advances in studies
of plasmons and hot carriers have further accelerated the ad-
vancement of their applications into nanotechnology (4-6). To
explore new functionalities of such materials, it is of fundamental
importance to study the nascent state of surface plasmon reso-
nance (SPR) and excited-state dynamics. For example, SPR
disappears when the size goes down below 2 nm due to quantum
confinement effect and quantization of the conduction band (7).
Unlike the conventional, plasmonic gold nanoparticles of face-
centered cubic structure, the ultrasmall gold nanoparticles (so-
called nanoclusters) with discrete energy levels exhibit unique
geometrical (8-10) and electronic structures (11-13), and novel
properties for applications in biomedicine (14, 15), optoelec-
tronics (16, 17), and catalysis (18, 19).

To explore new nanocluster materials and their novel func-
tionalities, it is of fundamental importance to understand at what
size and how the transition from nonmetallic to metallic state
occurs, as well as the excited-state dynamics. Recently, a
breakthrough has been made regarding the long-standing ques-
tion on the birth of SPR (20-23). According to spectroscopic
analysis (20, 21), a sharp transition from nonmetallic to metallic
state occurs between Auys6(SR)gp and Au,79(SR)s4, with a mere
33 gold atom difference. This abrupt transition is unexpected
from the 50 y of theoretical prediction of a smooth transition by
Kubo et al. (24). Although the nascent SPR in Au,;9 showed
single SPR and power-dependent lifetime in transient absorption
(TA) measurements similar to conventional plasmonic nano-
particles (25, 26), a very long lifetime for phonon—-phonon cou-
pling process (>300 ps) was observed with broad excited-state
absorption (ESA) in the near-infrared (NIR) region up to 1,600-nm
wavelength (20). Such unique features of nascent SPR sug-
gested the need of further exploration near the transition size
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regime for gaining fundamental insights into the plasmon origin,
as well as a search for intriguing properties. Future work may
also include the effect of shape, surface, and the type of metal
(e.g., Ag) on the transition (27-31).

Because of major difficulties in the synthesis of atomically
precise plasmonic nanoparticles, the ultrasmall size regime (near
2 nm) has been hampered significantly. Previous studies by
femtosecond spectroscopy for plasmonic nanoparticles with
narrow distributions demonstrated the evolution of electron
dynamics in the size range of 5-100 nm (32, 33). Upon photo-
excitation with a pump pulse, the conduction electrons of metal
nanoparticles become thermalized on the timescale of 10-100 fs
via electron-electron scattering. The relaxation of excited metal
nanoparticles undergoes two processes to release the energy.
First, the energy in electronic excited state rapidly induces
phonons of the metal lattice in 1-10 ps via electron—phonon
coupling, and then the thermal energy of the lattice phonon is
dissipated into the environment in >100 ps via phonon—-phonon
coupling. These time constants increase with the increase in
pump fluence. The fundamental coupling times for electron—
phonon and phonon-phonon interactions decrease with size
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shrinking, as more efficient energy dissipation occurs with higher
surface-to-volume ratios in smaller sizes (25, 26, 34, 35).

On the other hand, metal nanoclusters in nonmetallic (exci-
tonic) state show multiple ground state-bleaching (GSB) bands
(like organic molecules) upon photoexcitation (11-13, 36). The
photogenerated exciton experiences a relaxation process of
electron-hole recombination, and its lifetime depends on the size
and structure. The lifetime of nanoclusters is independent of
pump fluence, in contrast to that of plasmonic nanoparticles.
However, accurate and systematic analyses for smaller plasmonic
sizes near the plasmonic origin (e.g., between 2 and 4 nm) are
still challenging, so the detailed spectroscopic studies are very
limited (37-41). Therefore, fundamental research on metal
particles in the ultrasmall size regime remains to be explored,
especially the new optoelectronic behavior in such materials, as
these will impact both scientific understanding of metallic-bond
formation and practical applications in photocatalysis and solar
energy conversion.

Here, we report the unique excited-state dynamics of Aus;3(SR)79
nanoclusters with nascent SPR. The Aus33(SR);9 nanoclusters (with
SR = 2-phenylethanethiolate, PET for short; 1-butanethiolate, SCy;
1-hexanethiolate, SCy) all show a single peak in the steady-state
absorption spectrum at room temperature. Interestingly, cryo-
genic spectroscopic analysis shows peak splitting. Further studies
by femtosecond TA spectroscopy reveal that Auss; nanoclusters
exhibit two distinct GSB signals. Global-fitting analyses of TA
spectra demonstrate that the electron dynamics of Auss; involves
a 4- to 5-ps rapid phonon relaxation process in addition to the
typical electron—phonon coupling (~1 ps) and thermal dissipa-
tion (>100 ps). This unprecedented process is regardless of the
type of —SR thiolate. The fundamental coupling time of this
unique phonon process in Auss33(PET)s is determined to be
3.9 + 0.1 ps by power-dependence analysis. The two GSB bands
and additional relaxation process are also independent of sol-
vent polarity, suggesting that they originate from the unique
geometry of metal core. These results may stimulate future
studies on the ultrasmall sizes near the metal-to-nonmetal
transition regime, and the fundamental insights will lead to
enhanced or tailored functionality of metal nanoclusters with
nascent plasmons.

Results and Discussion

Synthesis and Steady-State Absorption. The three types of
Aus33(SR)79 nanoclusters were synthesized via a size-focusing
method developed by us in a previous report (42), but with
some modifications (see Experimental Procedures for details).
The steady-state optical absorption spectra of the three
Aus33(SR)g4 nanoclusters with different R groups (i.e., C;H,Ph,
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Fig. 1. Steady-state optical absorption spectra of Aus33(SR);9. (A) Room

temperature optical absorption of Auss3(PET);9, Aus33(SCs)70, and Auss3(SCe)79

in dichloromethane. (B) Temperature-dependent steady-state optical absorp-

tion spectra of Auss3(PET)7g in 2-methyl THF.
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C, and Cg) all showed a single peak at the same position (498 nm)
at room temperature (Fig. 14), with the spectra resembling that of
conventional plasmonic nanoparticles of spherical shape (25,
26). The absorption spectrum of Auzs3(PET);9 was further
measured at low temperatures, and interestingly, a new peak
appeared at 442 nm with temperature decrease to 80 K (Fig. 1B),
but the 498-nm peak remains unshifted from 300 K down to 80
K. The emergence of a new peak in Auz33(SR)7o is intriguing and
unprecedented, which differs from the typical behavior of
plasmonic nanoparticles.

Ultrafast Electron Dynamics. To further probe the optical proper-
ties of Aus33(SR)79, we chose Auss3(PET)7o to perform a detailed
analysis by femtosecond TA spectroscopy. Upon photoexcita-
tion at 360 nm, the TA data maps of the Auss33(PET)79
nanoclusters showed two GSB bands at 485 and 540 nm, to-
gether with broad ESA below 400-nm and above 600-nm
regions (Fig. 2 A and B). The dual GSB bands in the TA are
distinctly different from that of typical plasmonic gold nano-
particles of spherical shape; the latter shows a single GSB at
the same position as the steady-state absorption peak.

To further study the process and the dynamics, global fitting
was performed for the TA data of Aus33(PET)9 (Fig. 2C). The
relaxation dynamics of excited nanoclusters consist of three pro-
cesses with different lifetimes. The faster process (Te.pn = ~1 ps)
and slower process (Tph.pn = >100 ps) were assigned to electron—
phonon coupling and phonon—phonon coupling, respectively.
The spectroscopic features in the faster and slower processes,
i.e., strong net GSB with two ESA wings and weak featureless
profiles, respectively, agree with the previously reported electron—
phonon and phonon-phonon coupling processes for gold
nanoparticles (25, 26). However, the Aus33(PET)9 nanoclusters
showed an unexpected third process with 5 ps in the relaxation
dynamics. The two GSB bands in the spectral profile are con-
sistent with the steady-state absorption peaks at cryogenic tem-
peratures (Fig. 1B), including peak shifts of >20 nm reported for
nascent SPR (20).

Laser power-dependence analysis was performed for Ausz3(PET)79
to clarify the origin of the observed unique relaxation process of 4-5
ps. Upon photoexcitation at 360 nm in toluene, fundamental cou-
pling times from global fitting analyses were extracted as a function
of pump fluence (Fig. 2D). Both decay processes (~1 and 4-5 ps)
showed weak but certainly power-dependent dynamics, indicating
that both processes originate from continuous-band electronic
structure in metallic state (Fig. 2D and SI Appendix, Fig. S1). The
extracted fundamental coupling times for ~1- and 4- to 5-ps pro-
cesses were 3.9 + 0.1 and 1.33 + 0.05 ps, respectively. The kinetic
traces probed at 485 and 565 nm (for ~1- and 4- to 5-ps processes,
respectively) indeed showed different decays (SI Appendix, Fig. S2).
According to the previous reports on the ligand-protected particles
with amplified laser systems, the 1.33-ps relaxation is reasonable
as the electron—phonon coupling process of Auss; (25, 26, 40).
Of note, the coupling time is even shorter under very low power
measurements for colloidal gold nanoclusters or bare gold
nanocluster embedded on Al,O3 (35). In contrast, the process of
4-5 ps has a quite long lifetime as an electron—phonon coupling,
indicating the possibility for another relaxation process. Indeed,
the spectral profile of the 4- to 5-ps process is blue-shifted
compared with ~1-ps process, suggesting different thermaliza-
tion processes following the e—ph interactions. Careful compar-
ison of the normalized spectral profile with the three processes
actually demonstrates that the 4- to 5-ps process shares a similar
profile with the >100-ps process rather than the ~1-ps process
(81 Appendix, Fig. S3). Considering its bleaching signal in the
profile, the 4- to 5-ps process is thus assigned as the relaxation
process of phonons, which is surprisingly faster than the case of
typical plasmonic nanoparticles (typically >100 ps). It is worth
noting that our assignment is consistent with previous literature
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Fig. 2. TA spectra of Aus33(PET)s9 in toluene. (A) TA data map with pump
pulse energy of 1.6 pl/pulse. (B) TA spectra as a function of time delay be-
tween 0.4 and 100 ps. (C) Global-fitting analysis. (D) Extracted fundamental
coupling times from global-fitting analyses for ~1-ps (black) and 4- to 5-ps
(red) decays as a function of 360-nm excitation pump fluence for
Auzz3(PET)7e.

on metal nanoparticles about the core phonon relaxation short-
ening with decreasing size (34, 43). In our current work, the ob-
servation of two phonon-phonon relaxation processes (the
anomalous 4- to 5-ps process plus the typical >100-ps one) is
indeed unprecedented.

Of note, the linear TA intensity to the pump power rules out
the possibility of multiphoton process for the 4- to 5-ps re-
laxation or impurities resulted from photodamage to the
Auss3(PET)79 nanocluster (SI Appendix, Fig. S4). Furthermore,
TA with different excitation wavelengths was performed with 600
and 750 nm (in toluene), and the 4- to 5-ps process showed up
independently (SI Appendix, Fig. S5), ruling out the plausible
assignment of ~1- and 4- to 5-ps processes to intraband (sp) and
interband (d to sp) relaxations, respectively.

The other two nanoclusters, Aus33(SCs)79 and Auss3(SCg)7o,
were also analyzed by TA spectroscopy (Fig. 3 A and B). Upon
photoexcitation at 360 nm, both Aus33(SR)79 nanoclusters also
showed GSB bands at 485 and 540 nm, indicating that the unique
features in TA are common for Aus33(SR);9 with different types
of thiolates. Therefore, the observed GSB bands do not depend on
the carbon tail structure. Global-fitting analyses on Au333(SCs)79
and Aus33(SCg)79 also exhibited three processes: the faster
process (Te.ph = ~1 ps), the slower process (Tph.ph = >100 ps),
and the unusual process [5.6 and 4.5 ps for Au;33(SCy4)79 and
Aus;33(SCe)79, respectively] (Fig. 3 C and D).

The potential solvent dependence was examined for
Aus33(PET)79 to obtain deeper insights into the relaxation pro-
cess. The TA measurements for Auss3(PET)79 in tetrahydrofu-
ran (THF) and benzene were performed and are summarized in
Fig. 4 for comparison with the dynamics in toluene. The in-
stantaneous phonon relaxation is commonly observed in all of
the solvents, also with similar peak positions according to global-
fitting analyses (SI Appendix, Table S1). Thermal dissipation of
excited gold nanoparticles is reported to depend on the heat
capacity of the solvent based on the different efficiency in heat
transfer. Therefore, the unique phonon relaxation process in the
Aussz; occurs inside the core, followed by thermal dissipation to
the environment in >100 ps.

Higaki et al.

Overall, the similar peak positions summarized in SI Appendix,
Table S1 demonstrate that the two unique features (i.e., the 4- to
5-ps phonon—phonon coupling process and splitting of GSB into
two bands) should originate from the geometrical feature of the
metal core, with no significant influence from the thiolate’s -R
group or solvent polarity as demonstrated above.

High-Angle Annular Dark-Field Scanning Transmission Electron
Microscopy Analysis. To investigate the structural origin of the
unique 4- to 5-ps process, Aus33(PET)7 is studied by high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) analysis. Aberration-corrected STEM analysis
of the nanoparticles confirmed a high degree of uniformity in
size and shape (SI Appendix, Fig. S6 A and B). The nanoparticles
have a mean diameter of 2.17 nm and SD of 0.06 nm (SI Ap-
pendix, Fig. S6C), in excellent agreement with the expected size
by the number of atoms. Higher-magnification observations of
the nanoparticles confirmed their crystallinity (SI Appendix, Fig.
S7 A-C). The measured atomic lattice spacings were consistent
with the face-centered cubic structure revealed by power X-ray
diffraction. Image intensity profiles were acquired from many
nanoparticles and shown in SI Appendix, Fig. S7 D-F; the os-
cillations are from the periodic nature of the atomic planes/
columns. The profiles of the nanoparticles were predominantly
plateau-like, indicating a broader and flatter top facet compared
with the rounder, vicinal perimeter surfaces (SI Appendix, Fig. S7
D-F). A more spherical or hemispherical nanoparticle would
exhibit a more convex, arched intensity profile. The measured
plane spacings and slightly oblong hexagonal arrangement of the
atomic columns visible in the particles indicates that the flat top
facets are [110] type (SI Appendix, Fig. S7 G and H). Of note,
even at the low beam currents used, the surface atoms of the
nanoparticles exhibited some degree of mobility, which would
help explain the variations in perimeter shape observed—while
retaining consistent overall size and top facet orientation.

Conclusion

In this work, the observed plasmon splitting and electron dy-
namics of Aus33(SR)79 are intriguing and remarkable. Steady-
state absorption spectra revealed two absorption peaks at 442
and 498 nm at 80 K, which is different from the case of typical
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Fig. 3. TA data map (Top) and global-fitting analysis (Bottom); Auz33(SCs)79
(A and (), and Aus33(SC)79 (B and D) pumped at 360 nm in toluene.
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Fig. 4. Solvent-independent dynamics of Aus33(PET);o. TA data map (A and
B) and global-fitting analysis for electron dynamics of Auz33(PET)9 (C and D)
in THF (A and C) and benzene (B and D).

plasmonic nanoparticles. The laser fluence dependence of both
peaks indicates that both are plasmon peaks (as opposed to ex-
citons) (11-13, 40). The dual plasmons indicate a nonspherical
shape of Auss;. Of note, its atomic structure has not been de-
termined yet. The splitting of SPR band in Aus33(SR)79 could be
ascribed to an oblate core, which would give rise to splitting of
plasmon. The statement is partially supported by HAADF-
STEM analysis of the Auzs; nanoparticles. Previous work on
oblate nanostructures (e.g., nanoprisms) indeed showed an
unusual plasmon below that of spherical particle’s plasmon
wavelength, e.g., a 320-nm out-of-plane quadrupole plasmon of
Ag nanoprisms versus the ~390-nm dipolar plasmon for spherical
Ag nanoparticles (4). Multiple plasmons in the ultrasmall size
region were also reported to be related to the d band screening
effect (44). Future work on the determination of the total
structure of Aus33(SR)79 will eventually reveal the origin of its
plasmon splitting.

The TA spectra of Auss3(SR);9 with different —R groups
revealed that the two GSB signals are not dependent on the li-
gand’s carbon tail, nor the solvents (e.g., toluene, THF, and
benzene). Global-fitting analyses revealed that the unusual
process has a decay lifetime of 4-5 ps, whereas the ~1-ps elec-
tron—phonon coupling and the >100-ps phonon—phonon cou-
pling times are typical of plasmonic gold nanoparticles. The test
of laser power dependence at 485 nm confirmed that the 4- to 5-
ps relaxation process showed power-dependent dynamics, with
the extracted coupling time being 3.9 ps, which is larger than the
1.33 ps for the electron-phonon coupling time. The kinetic
traces at the two peak positions (485 and 565 nm) indeed show
different decay dynamics, where the peak at 565-nm decays to
zero in ~4 ps, but the peak at 485 nm takes more than ~10 ps,
indicating a difference in the origin of the two relaxation pro-
cesses (SI Appendix, Fig. S2); in other words, the additional 4- to
5-ps process is not due to e—p coupling, whereas the 1-ps process
is. We believe that the unique flat shape of Ausz; should be a key
to the intriguing 4- to 5-ps ph—ph process, albeit it remains to be
confirmed by theoretical simulation (which is very demanding for
such a large-sized cluster) (45).

The discoveries of an unusual relaxation process and plasmon
splitting in Aus33(SR)79 nanoclusters with nascent SPRs may

13218 | www.pnas.org/cgi/doi/10.1073/pnas.1904337116

stimulate further studies on the ultrasmall size regime of metal
nanoparticles in the future, in particular theoretical analysis. The
combined experiment and theory will lead to the discovery of
other intriguing phenomena in this ultrasmall size regime and
intriguing functionalities of this unusual type of materials.

Experimental Procedures

Chemicals. Chemicals were as follows: tetrachloroauric(lll) acid (HAuCl,:
3H,0, >99.99% metals basis; Aldrich), tetraoctylammonium bromide (TOAB)
(>98%; Fluka), 2-phenylethanethiol (PET) (CgHoSH, 98%; Aldrich), 1-
butanethiol (SC4, C4HoSH; Acros Organics), 1-hexanethiol (SCg, CgH13SH;
Acros Organics), and sodium borohydride (NaBH,4; Aldrich). Solvents were
as follows: methanol (HPLC grade, >99.9%; Aldrich), dichloromethane (ACS
reagent, >99.5%; Aldrich), toluene (HPLC grade, >99.9%; Aldrich), 2-
methyltetrahydrofuran (anhydrous, inhibitor-free, >99%; Aldrich), THF
(HPLC grade, >99.9%; Fisher Chemical), and benzene (HPLC grade, >99.9%;
Aldrich). All chemicals were used without further purification. Nanopure
water was prepared with a Barnstead NANOpure Diamond system.

Synthesis. The Aus33(SR)79 nanoclusters were synthesized by the size focusing
and solvent fractionation, according to previously reported methods with
slight modification (41, 42). For typical synthesis of Ausz33(PET);9, 100 mg of
HAuCl4-3H,0 was dissolved in 5 mL of nanopure water and 160 mg of TOAB
was dissolved in 10 mL of toluene. They were mixed in a 100-mL round-
bottom flask. Then the solution was vigorously stirred for 15 min to allow
all of the Au(lll) salt in the aqueous phase to be transferred into the organic
phase with the aid of TOA*. The colorless aqueous phase [no Au(lll) salt left]
was removed by a glass pipette. Then, 70 pL of PET was added to the flask
using a syringe. The color of the toluene phase changed from dark red-
orange to pale yellow and eventually colorless. The solution was kept stir-
ring for 30 min. Subsequently, 96 mg of NaBH, (dissolved in 5 mL of ice cold
nanopure water) was rapidly added to the reaction flask. The color of the
reaction mixture immediately turned black, indicating the formation of gold
nanoclusters. After 30 min, the aqueous phase was discarded by a glass pi-
pette, and the organic phase was dried by rotary evaporation. The as-
obtained polydisperse Au,(PET), nanoparticles were washed with metha-
nol three times to remove excess thiol and other side products.

The size-focusing methodology was applied to convert the initially poly-
disperse gold nanoclusters into specific-sized gold nanoclusters [containing
AU144(PET)g0, Auz33(PET)79, and Au.sq9(PET).104] (42). Typically, ~50 mg of
polydisperse Au,(PET), nanoclusters obtained from step | were dissolved in
1 mL of toluene and 1 mL of PET. The solution was heated to 80 °C and
maintained at this temperature under air atmosphere with gentle stirring.
After ~4 d of etching, Au44(PET)s0, Aus33(PET)79, and Au.s19(PET). 104 SUr-
vived as stable gold nanocluster species (left in the solution). Then, the
product nanoclusters were separated from the thiol/toluene solution by
adding excess methanol and further centrifugation at 10,000 rpm for 3 min.
The supernatant (which contains excess thiol) was discarded, and the black
precipitate (containing the product nanoclusters) was washed with metha-
nol three times. Then, the product nanoclusters were extracted from the
precipitate by methylene chloride.

Finally, the solvent fractionation methodology was applied to isolate
Auss3(PET);9 from the mixture of specific-sized gold nanoclusters [containing
Au144(PET)60, Auss3(PET)79, and Au._s519(PET). 104]. Typically, ~19 mg of crude
product is dissolved in 1 mL of methylene chloride. The solution is trans-
ferred to 1.5-mL microcentrifuge tube with 0.5 mL of acetone. After cen-
trifugation for 3 min, supernatant is discarded. This process is repeated with
stepwise increase of methylene chloride portion (e.g., methylene chloride/
acetone = 1.0/0.5, 1.1/0.4, 1.2/0.3, and so on) until complete removal of
Au144(PET)go from the mixture. Then, Auss3(PET);9 was extracted with mixed
solvent of toluene and methanol (2:1 in vol/vol). The typical yield of
Auszsz3(PET);9 was ~1.9 mg (~3% in gold atom basis).

Auz33(SCs)79 and Auzz3(SCs)79 Nanoclusters were synthesized by following
the same procedure but replacing PET with SC4 and SCg, respectively. For
solvent fractionation, toluene/acetonitrile was used to isolate Auss3(SR)79
from the mixture of gold nanoclusters as reported previously (41).

Steady-State UV-Vis-NIR and Cryogenic Spectroscopy. UV-Vis-NIR spectra of Au
nanoclusters were acquired on a UV-3600 Plus UV-VIS-NIR spectrophotometer
(Shimadzu) at room temperature. The temperature-dependent experiments
were carried out on a home-built system comprising the UV3600Plus spec-
trometer, an Optistat CF2 cryostat (Oxford Instruments), a temperature
controller, and a vacuum pump. 2-Methyltetrahydrofuran was used as the
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solvent in the temperature range between 80 and 300 K for a clear glass
measurement.

Ultrafast Optical Measurements. Femtosecond TA spectroscopy was carried
out using a commercial Ti:sapphire laser system (Spitfire; Spectra Physics).
Briefly, the ~100-fs laser pulses in the UV and NIR regions of the spectrum
were generated by a 3.5-mJ regenerative amplifier system (Spitfire; Spectra-
Physics) and optical parametric amplifier (OPA) (TOPAS, Light Conversion). A
small portion of the laser fundamental was focused into a sapphire plate to
produce supercontinuum in the visible range, which overlapped in time and
space with the pump. Multiwavelength transient spectra were recorded
using dual spectrometers (signal and reference) equipped with array de-
tectors whose data rates exceed the repetition rate of the laser (1 kHz).
Solutions of clusters in 1-mm pathlength cuvettes were excited by the
tunable output of the OPA (pump). All of the measurements were per-
formed in toluene, benzene, and THF, and the optical density of the solu-
tions was adjusted to be about 0.3 OD at the excitation wavelength. During
the measurement, Teflon-coated magnetic bar was used to stir the sample
constantly and the UV-Vis spectrum remained the same before and after the
femtosecond experiments.

Data Analysis on the Electron Dynamics. Chirp correction has been made
before the global analysis. Before global fitting, singular value de-
composition has been performed to evaluate the number of time constants
needed. Subsequently, the TA map was global fitted with a parallel model to
give decay-associated spectra (DAS); the change of concentration can be
described as ¢/ (t) = exp(-t/z;).

HAADF-STEM Analysis. Specimens for transmission electron microscopy (TEM)
were prepared by suspending the Auss3(PET);9 nanoparticles in dichloro-
methane and drop-casting 4 pL of the solution onto ultrathin carbon-coated
Cu TEM grids (Ted Pella). The specimen was allowed to dry in air, and then
pumped down overnight in a vacuum desiccator. The TEM examination was
performed using a Thermo Scientific Titan Themis G2 aberration-corrected
scanning TEM operated at 200 kV in HAADF mode. The probe current was
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set to 15 pA, to reduce beam exposure, as a sensitivity of these nanoparticles
to higher current densities was observed.

As seen in S/ Appendix, Fig. S6, and in the full-range histogram in S/
Appendix, Fig. S9, a small number of larger nanoparticles were observed
(e.g., the small secondary peaks in the histogram, centered at 3 and 3.4 nm).
Closer examination of these nanoparticles strongly suggests that most of
them are merely multiple Aussz nanoparticles that have coalesced at some
point during sample preparation and observation. First, coalescence of
particles in close proximity could be induced to rapidly coalesce with higher
or longer exposure. Especially if a beam shower was performed on an area
to limit carbon buildup, nearby particles in the area would coalesce. Auzss
nanoparticles that were not in near proximity to another appeared to be
immune to this effect and maintained their original size, even with ex-
tended beam showers at high beam currents. Second, most of these larger
nanoparticles were composed of multiple grains, with each grain being
approximately the same size as an individual Ausss particle. Partially merged
particles, easily identified by their lobed or oblong morphology, were au-
tomatically excluded from the histogram measurement collection by placing
limits upon the circularity of acceptable particles (0.8-1.0). To help mitigate
coalescence, by minimizing beam exposure, the probe current was kept low
(15 pA) and the nominal magnification was kept to below 2Mx.
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