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ABSTRACT: The evolution of the optical properties of gold nanoclusters
(NCs) versus size is of great importance because it not only reveals the nature of
quantum confinement in NCs, but also helps to understand how the molecular-
like Au NCs transit to plasmonic nanoparticles. While some work has been done
in studying the optical properties of NCs of certain individual sizes, the global
picture remains unclear, such as the detailed relationship between size/structure
and properties. Here, we investigate the grand evolution of the optical properties
by comparing the steady-state absorption, bandgap, transient absorption, as well
as carrier dynamics of a series of thiolate-protected gold NCs ranging from tens
to hundreds of gold atoms. We find that, on the basis of their optical behaviors,
gold NCs can be classified into three groups: (i) ultrasmall NCs (ca. <50 Au
atoms) are nonscalable as their optical properties are strongly dependent on the
structure rather than size; (i) medium-sized NCs (about 50—100 Au atoms)
show both size- and structure-dependent optical properties; and (iii) large-sized
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gold NCs (ca. >100 Au atoms) exhibit optical properties solely dependent on size, and the structure effect fades out. Unraveling
the grand evolution from nonscalable to scalable optical properties and their mechanisms will greatly deepen scientific

understanding of the nature of quantum-sized gold NCs and will also provide implications for plasmonic NPs.

1. INTRODUCTION

The optical absorption and scattering by metal nanoparticles
(NPs) are dominated by surface plasmon resonance (SPR),
which depends on the size, shape, composition, and
surrounding environment."” According to Mie’s theory,” the
absorption and scattering spectra of metal NPs can be
calculated with the dielectric constants of the particle material
and the environment. Ultrasmall metal NPs, commonly called
nanoclusters (NCs), start to exhibit quantized electronic
energy bands and accordingly multiple discrete absorption
peaks.” It took major efforts to control metal NCs with atomic
precision. With the success in atomically precise nano-
chemistry, such NCs have emerged as a new, unique class of
materials with wide tunability, which have attracted significant
research interest in both fundamental studies and develop-
ments of applications.*"" Among the physical properties, the
optical properties of metal NCs have received great research
interest because of the structure-enabled understanding and
manipulation of such properties at the atomic level.'”>”"> The
optical absorption of NCs is closely related to their structures,
and theoretical simulations based on structures have
contributed greatly to the understanding of optical absorp-
tion.">!”
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Thiolate-protected Au NCs (Au,(SR),, for short) constitute
a paradigm system, and their structures typically comprise a
metal core and staple-like surface motifs (containing both
surface Au atoms and SR ligands).* The presence of staple
motifs leads to complicated optical properties due to the fact
that both the metal core and surface staple motifs contribute to
the frontier molecular orbitals."> The strong quantum
confinement in small gold NCs (such as the Au,s system)
makes their optical properties very sensitive to a small change
in the structure and/or composition.” Indeed, a subtle change
in structure or single atom replacement gives rise to a large
change in the UV—vis absorption and other optical properties
such as luminescence and excited-state dynamics;ls_B thus,
the optical properties in the small size regime are distinctly
nonscalable. As the size becomes larger (e.g., more than 100
Au atoms), the quantum confinement becomes weaker and the
absorption peaks also become crowded or overlapped and
hence less prominent.”* For such large sizes, changing the
surface ligand or core structure would be less likely to induce

drastic changes in the optical absorption spectra.”
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Figure 1. (A) UV—vis absorption spectra of a series of gold NCs. The lowest absorption peaks are marked with arrows. (B) Transient absorption
spectra probed at 10 ps with 360 nm excitation. The GSBs from the lowest absorption peak are marked with arrows. (C) Kinetic decay obtained
from nanosecond time-resolved transient absorption spectroscopy. (D) Crystal structure of these Au,(SR),, samples. Carbon tails are omitted for

clarity. Color labels: magenta = Au, yellow = S.

Much effort has been made to study the optical properties of
some individual sizes of Au,(SR),,. Back in 2008, Jin and co-
workers for the first time correlated the optical absorption of
the Au,s nanocluster with its structure.'® Tsukuda et al. studied
the photoluminescence of a series of gold NCs,*® as well as the
absorption and structure evolution in gold NCs.”**” Aikens et
al. performed theoretical calculations on the excited states and
photoluminescence of gold NCs.”*™*° Pei and Jiang et al. also
investigated the optical property evolution in different types of
structures by theoretical calculations.'”*'~** Hikkinen and
Lopez-Acevedo et al. theoretically simulated the optical
absorption of a series of large gold NCs.>*** Goodson et al.
investigated the optical properties of five different-sized NCs
and found that the critical size for the emergence of molecular
behavior is <2.2 nm.*® Ramakrishna et al. studied the nonlinear
optical properties and electron—phonon coupling in different
gold NCs."**7*® Knappenberger et al. used multiple time-
resolved spectroscopy methods to understand the different
excited states in Au,s NCs.>”~*' Pettersson et al. probed the
electron dynamics of Aujp, and Auyy NCs using mid-IR
pump—probe spectroscopy.”* Stamplecoskie et al. inves-
tigated the size-dependent carrier dynamics of water-soluble
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Au, NCs (n = 10—12, 15, 18, 25) and also probed their
photocatalytic activity.***> Xie et al. identified a highly
luminescent Au,, nanocluster (QY = 8%) and explained the
mechanism as aggregation-induced emission.”* Lee et al.
further increased the quantum vyield of Au,, to 40% by
rigidifying the surface ligands with bulky molecules.”” Biirgi et
al. systematically studied the chirality and circular dichroism of
Au,(SR),, and doped NCs.***’ Very recently, Zhou et al.
found an astonishing 3 orders of magnitude variation in carrier
lifetime by tailoring the crystal phase of gold nanoclusters,
indicating the critical role of atom packing in dictating the
exciton lifetime and insight into the nonscalability.”

All these advances are of great help with the understanding
of the optical properties of gold NCs. Nevertheless, several
important questions still remain unknown. First, how do the
optical absorption, carrier dynamics, and their evolution relate
to size and structure? Second, what role does the structure play
in the optical properties of gold NCs with different sizes from
small to large? Third, is there any correlation among the
bandgap (E, or HOMO-LUMO gap), carrier lifetime, and
nanocluster structure? Answering these questions requires a
full size-series of gold NCs, and a grand view of the optical
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properties is critically important for understanding the
nonmetallic and metallic behaviors and further tailoring of
the optical properties of metal NCs.”® The intense research in
recent years has accumulated a full series of nanocluster sizes,
which motivated our current study.

Here, we discuss the grand evolution from nonscalable to
scalable optical properties, including the bandgap (ie.,
HOMO-LUMO gap in the quantized conduction band),
optical absorption, transient absorption, and carrier dynamics
of gold NCs ranging from tens to hundreds of gold atoms. By
comparing their optical properties and correlating them with
size/structure, we categorize the Au,(SR),, NCs into three
groups: (i) ultrasmall gold NCs (ca. <50 gold atoms), which
show optical properties that are highly dependent on the
structures so that they are nonscalable; (ii) medium-sized NCs
(50—100 gold atoms), which exhibit both size and structure-
dependent optical properties so that they are in the transition
regime from nonscalable to scalable; (iii) large-sized NCs (ca.
>100 gold atoms), which show optical properties being only
dependent on size while the structure effect disappears, and
thus exhibit scalable optical properties. Building on the results,
we also put forth some criteria for determining the metallic
state of gold nanoclusters. Overall, this work reveals a grand
“map” for the evolution of gold NCs from the quantum-
confined state in ultrasmall sizes (<2 nm) to the metallic/
plasmonic state (at 2.2 nm) and serves as a paradigm for future
research on other types of metal nanoclusters.

2. RESULTS AND DISCUSSION

2.1. Nonscalable Optical Properties of Small Gold
NCs. It is worth mentioning that plasmonic Au or Ag NPs
follow uniform scaling laws, such as the nearly linear
relationship of SPR peak wavelengths vs dimensions (diameter
for nanospheres® or aspect ratio for nanorods’> and
nanoprisms’). When the particle size is shrunk to the
quantum-size regime, whether or not there is any universal
scaling law remained elusive in the literature.

When the size of gold NCs approaches the de Broglie
wavelength of Fermi electrons, 4 = h/m.v ~ 0.52 nm (where h
is the Planck constant, m, is the electron mass, and its velocity
(v) is taken as 1.39 X 10° m/s), significant quantum
confinement effects occur, which give rise to discrete electronic
structure and multiple excitonic peaks. Figure 1A shows the
UV—vis absorption spectra of Au,3(SR);s Auy,(SR),,
Auys(SR) 15, Augs(SR)0, Ausg(SR)y4 Augg(SR)yy Augy(SR)ss,
and Aus,(SR)3, (Auy;, Auyy, Au,g, Au,g, Ausg Ausg, Auy,, and
Aug, for short) NCs. Multiple absorption peaks are observed in
all these gold NCs. The E, of NCs in this size range can be
easily obtained by extrapolating the absorbance to zero. As the
size increases, the position of the lowest absorption peak, and,
thus, the E, exhibits a zigzag trend. For example, from Au,; to
Auy,, an addition of one gold atom gives rise to an E, increase
from 1.9 to 2.07 eV, instead of an expected reduction with
increasing size. From Auy, to Auys, E, largely drops from 2.07
to 1.3 eV with the addition of one gold atom, instead of being
scalable with the well-known 1/R? law (R = radius) dictated by
quantum confinement.”> From Au,g to Au,g, the E, again
increases from 1.3 to 1.77 eV as opposed to the expected drop.
One can observe that the structure, rather than size, plays a
dominant role in the E, and optical property evolution in these
ultrasmall NCs. From the UV—vis absorption, Au,s and Ausg
NCs, which possess icosahedral cores,"** exhibit relatively
small E; values. On the other hand, Au,; and Au,,, with a

cuboctahedral Au,; and a bitetrahedral Aug metal core,”>*°

respectively, show larger E, values. As reported previously, the
face-centered cubic (fcc) series (Au,g, Ausg, Auy,, Aus,)
exhibits a uniform evolution in optical absorption and the E,
decreases slowly as the size increases.””*® This is because the
effect of structure has been eliminated since they all share the
same type of structure and a uniform growth pattern.

After comparing the UV—vis absorption spectra of these
small gold NCs, here we further study their photodynamics by
comparing their time-resolved transient absorption spectra in
Figure 1B. Transient absorption (TA) measures the difference
between the absorption of the excited state and that of the
ground state (i.e, AA). The positive signal in AA represents
excited-state absorption (ESA) whereas the negative signal
stands for ground-state bleaching (GSB). We chose the TA
spectra probed at 10 ps so that the hot carriers have cooled
down. One can observe that these gold NCs show broad ESA
spanning all over the visible range (400—800 nm) overlapped
with GSB peaks (i.e.,, dips on the positive signal). The broad
ESA, which is commonly observed in all sizes, suggests that
these gold NCs have very dense excited states; this is different
from the small organic molecules. Those lowest-energy GSB
peaks are marked with arrows, and it is found that they exhibit
a trend similar to that of the steady-state UV—vis absorption. It
is also found that the profiles of the TA spectra are very
different from one size to another, indicating drastically
different electronic structures among these different sizes.
This feature is consistent with the nonscalable feature of this
size regime.

We now further compare their carrier lifetimes from the
transient absorption measurements (Figure 1C). Since these
small NCs show relatively long carrier lifetimes (>10 ns), a
nanosecond probe (white continuum) was used in measure-
ments. It is found that, with similar excitation energy, the hot
carrier lifetime of these NCs generally increases as E, decreases
(see Figure SI1A,B in Supporting Information). On the other
hand, their band-edge carrier lifetimes exhibit an interesting
trend: Except Ausg, which exhibits a short lifetime of 4 ns, all
other sizes show long carrier lifetimes ranging from 90 to 200
ns. The very short lifetime in Au,q can be explained by its very
small E, (0.9 eV) (see Figure S2A,B). For all other sizes, the
carrier lifetime only shows very subtle differences, which
indicates that the size does not play an important role in the
carrier lifetimes of these ultrasmall gold NCs. Very recently, we
reported that the hexagonal close-packed (hcp) Ausp(SR);g
nanocluster showed a very short carrier lifetime of 1 ns while
the body-centered cubic (bcc) AusgS,(SR),o with comparable
E, showed a very long carrier lifetime of 4.7 ps.” Such an
observation further indicates the importance of structure in
small gold NCs. It is worth noting that altering the surface
ligand’s carbon tail may change the carrier lifetime to some
extent;”” however, the structure of the metal core plays a
dominant role in carrier lifetime because the strong quantum
confinement effect occurs in the metal core. Therefore, under
similar experimental conditions (the same solvent, concen-
tration, and pump power), the carrier lifetimes of these NCs
are essentially dependent on their structures.

On the basis of the UV—vis absorption, TA spectra, and
carrier lifetimes of these small NCs, it is concluded that these
small NCs show nonscalable electronic and optical properties.
Their properties are largely dependent on the structures
(Figure 1D). Tailoring the core structure and composition of
the metal core as well as the core—shell interaction will help to
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broaden their optical applications, including photolumines-
cence, lasing, two-photon absorption, and solar energy
harvesting.

2.2. Optical Properties of Medium-Sized Gold NCs. As
the size increases, quantum confinement will become weaker,
thus giving rise to smaller bandgaps and less pronounced
absorption peaks due to crowdedness of electronic states. To
resolve their optical gaps, absorption spectra in the NIR region
will be needed. Here, three sizes are available, Aug,(SR);,,
Aug,(SR) 4, and Auge(SR),"™% (Aug, Aug,, and Aug, for
short), for comparing their optical properties and for mapping
out the trend of optical properties in the medium size range.
Among these three NCs, only the structure of Aug, has been
solved and it shows an fcc metal core.”!

Figure 2A,B shows the UV-vis—NIR (300—3300 nm)
absorption spectra on wavelength and energy scales,
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Figure 2. (A) UV—vis—NIR absorption spectra of medium-sized gold
NCs. The lowest absorption peaks are marked with arrows (solvent:
CCl,). (B) Absorption spectra in energy scale. (C) Transient
absorption spectra probed at 10 ps with 360 nm excitation. (D)
Kinetic decays obtained from femtosecond and nanosecond time-
resolved transient absorption spectroscopy.

respectively. The lowest absorption peak in Aug, is measured
to be at ~1000 nm (1.2 V), and by extrapolating the peak to
zero absorbance the E, is estimated to be 1.0 eV. As the size
increases to Aug,, one can observe that, in addition to the
absorption peak at 1150 nm (1.08 eV), there is another
shoulder at ~0.7 eV (Figure 2B). Therefore, the E, of Auy, is
estimated to be ~0.6 eV, which is comparable to the value of
0.49 eV measured by differential pulse voltammetry (DPV).%*
Interestingly, Auy, exhibits a sharp absorption peak around 440
nm, which seems to be a typical feature of the fcc series.”” Such
a feature indicates that structure can still play an important role
in the optical properties of gold NCs as large as Aug,. When
the size further increases to Aug, one can hardly observe any
sharp absorption peaks and the spectrum starts to show only
broad bands or humps. The E, of Aug, is estimated to be ~0.44
eV on the basis of the optical absorptlon (see Figure S3A,B for

details), which is similar to the value measured by DPV (0.4
eV).%* Overall, from Aug, to Aug, one can see that E,
drastically decreases from 1 to 0.44 eV, which offers a good
series to study the photodynamics versus bandgap of gold
NCs.

The TA spectra of all three NCs are quite congested,
consisting of broad ESA overlapped with several GSB peaks
(Figure 2C). One can observe that TA spectra of Aug, show a
strong GSB at 525 nm and two weak GSBs at 650 and 750 nm
(Figure 2C), which agrees with the steady-state absorption
spectrum (Figure 2A). Similarly, in the TA spectra of Auy, and
Auyg, one can observe three and four GSB peaks, respectively,
overlapped with the broad ESA band in the visible range.
Within the first 5—10 ps, the ESA peaks for all three NCs
exhibit a fast decay, which should be explained as the hot
carrier cooling to the band edge (see Figure S4A—D and Table
S1 in Supporting Information for details). In the following 1—
100 ns, the electron—hole recombination occurs and the TA
signal decays to zero. The carrier lifetimes of Aug,, Aug,, and
Auy, are determined to be 11.5 ns (Figures SSA,B and S6A), 1
ns (Figure S6B), and 700 ps (Figure S6C and Figure 7A—D),
respectively. These are much shorter than the ~10” ns lifetimes
of smaller NCs (n < ca. 50).

From both the evolution in E, (Figure 2B) and carrier
dynamics (Figure 2D), one can observe that the size starts to
play an important role in the optical properties of medium-
sized gold NCs, which is in contrast to the previously discussed
ultrasmall sizes. Meanwhile, the spectral features of medium-
sized gold NCs are still largely dependent on their structures.
Therefore, in the medium size range (Aug—Auy,), both
structure and size determine the optical properties of gold
NCs.

2.3. Optical Properties of Large-Sized Gold NCs.
When the gold NCs contain more than ca. 100 Au atoms, their
UV—vis spectra typically show broad and weak absorption
bands. Moreover, it is almost impossible to resolve their optical
bandgaps since the E is smaller than 0.4 eV, i.e., extending into
the IR region, where absorptions by solvent and surface
functional groups dominate. Their E, values can only be
determined by electrochemical DPV measurements ® Here,
we compare the optical properties of Au;y;S,(SR),;,
Auy30(SR)s0, Aups3(SR)sy Aupyy(SR)sp, and Auyys(SR)g
(Auygs, Aujsg Augys, Al Auy for short). #25,65767 The
crystal structures of all of these five NCs have been solved. As
shown i n Figure 3A, Au,; possesses a Marks decahedron Aus,
kernel,” and Au, s, shows an Au,gs decahedron core.’® Au,s;
and Auy,, have icosahedral Au,y, and Au,,, cores,
respectively, and Au,,s shows a metal core composed of an
Ino decahedron Au,4 plus a Aug, shell®” Interestingly, the
smaller four NCs exhibit relatively weak and broad absorption
peaks, while Au,,4 exhibits a prominent absorption peak at 460
nm (Figure 3B). It is also worth noting that all four smaller
NCs (Aujoy, Auyzg, Auyss, Auy,) show very similar UV—vis
absorption profiles.

The transient absorption spectra of these large NCs are
compared in Figure 3C. Surprisingly, the TA spectra of Au,;,
Au,3o, Au,33, and Auyy, show very similar profiles, which agree
with their UV—vis absorption. If we further compare the TA
spectra of these four NCs with that of Auy, it is found that
they all share some common features (Figure SSA—D): (1)
Three major GSB peaks in the visible range (400—800 nm),
and (2) both ESA and GSB peak intensities are rather low (less
than 2 milli-OD). It is known that the steady-state and
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Figure 3. (A) Crystal structures of Au,;, Au, 30, Au,33, Auyyy, and Au,,s NCs (color labels: magenta = Au, yellow = S, carbon tails are omitted for
clarity). (B) UV—vis absorption spectra of all five gold NCs. (C) Transient absorption spectra of the five NCs at time delay 1 ps. (D) Kinetic

decays probed at selected wavelengths.
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Figure 4. (A) UV—vis absorption spectra of a series of atomically precise, plasmonic Au NPs. (B) Transient absorption spectra of these NPs
probed at 0.3 ps. (C) Kinetic traces probe at the maximum of the SPR of all gold NPs.

transient absorption spectra of small-sized gold NCs are closely
related to their structures. Here, similar TA spectra indicate
that although they possess different numbers of gold atoms in
the core and different structures, their electronic structures are
indeed similar. Such an observation indicates that the structure
effect fades out in these large gold NCs and the size solely
dominates and plays the decisive role in their optical
properties.

After looking into the relaxation dynamics of these five NCs,
one can find that the decay becomes faster as the size increases
(Figure 3D). From Au,g; to Auy the decay lifetime drops

19758

from 400 to 2 ps.”"***>%%%° Moreover, the relaxation pathway
also experiences distinct evolution as the size increases. In
Auy;, one can observe an additional fast decay (~1 ps) with
360 nm (3.4 eV) excitation, which is absent when pumped at
1200 nm (~1 eV).%® This fast relaxation should be explained as
internal conversion or hot carrier cooling, which occur over a
very short time. In Au,3; and Au,,, on the other hand, the fast
relaxation is absent even with UV excitation. Moreover, the
decay time constants are independent of the excitation energy.
We have tested the power dependence on all of these five gold
NCs, and their TA decays are found to be independent of the
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pump fluence.>"***%% In contrast to plasmonic gold NPs,
the power-independent dynamics suggests that all these NCs
are still in the molecular state.

On the basis of the results discussed above, we can conclude
that gold NCs larger than ca. 100 atoms can be viewed as
entering the scalable size regime, in which the structure plays a
less important role in their optical properties and the size
instead becomes the sole dominant factor determining their
absorption and electron dynamics. Of note, the giant Au, .4
(2.2 nm metal core diameter) is the largest nonmetallic gold
nanocluster reported so far.

2.4. Optical Properties of Giant Gold NCs with
Nascent SPR. Recently, we reported that, with addition of
merely 33 gold atoms, ie., from Auyy to Au,,g, a sharp
transition from a nonmetallic to a metallic state occurs.’”””
Such a sharp transition is not only reflected in UV—vis
absorption spectra, but also in the transient spectra and
electron dynamics. For those sizes > Auy,, (including Au,y,,
Ay, Algy0 AU_gy),”"”° one can observe an SPR peak in the
UV—vis absorption spectra (Figure 4A). These SPR peaks are
less prominent due to smaller sizes (2.2—3 nm) compared to
conventional NPs with SPR (>S5 nm). The weaker SPR in
these thiolate-protected Au, NCs or NPs can also be ascribed
to chemical damping>' as well as the thiolate ligands that give
rise to scattering of electrons across the inorganic/organic
interface.”" It is worth noting that the SPR peak becomes more
significant in Aus;; and then weak again in Au_ gy, and Au,_gy.
Such an observation indicates that Aus;; is special among these
four nanoparticles.

When one examines the transient absorption spectra of these
Au, NPs, one can observe very similar features: a broad
negative GSB due to the SPR and two ESA wings on the two
sides of the GSB (Figure 4B). Such a spectral profile is a typical
observation in plasmonic gold NPs. In contrast to the case of
smaller, nonmetallic gold NCs, there is no bandgap in these
plasmonic Au, NPs. A femtosecond laser will heat the
electrons in these Au, particles to a very high temperature.””
Following the electron—phonon coupling process, the Au®
lattice will expand, and the SPR will broaden. Therefore, the
bandwidth of the GSB due to SPR is also dependent on the
electron temperature. Here, we compare the TA spectra at low
pump fluence (<3 uJ/cm?) so that the pump laser will not lead
to broadening of the SPR. One can see that the evolution of
GSB in TA is similar to that in UV—vis absorption: in Au,,,,
Au,_sy0, and Au_gy their GSB is uniformly located at 525 nm,
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while in Ausy;, two GSB bands at 480 and 540 nm can be
observed.

The electron dynamics in plasmonic gold NPs can be
explained by a two-temperature model." As the electrons are
heated up by the laser, heat will flow from electrons to the
lattice via electron—phonon coupling (e—p for short); then,
the energy will further dissipate into the environment through
phonon—phonon coupling (ph—ph). The e—p process is
dependent on the initial electronic temperature and thus
dependent on pump fluences. Typically, e—p coupling occurs
between 1 and S ps, dependent on the pump fluences. Figure
4C shows the kinetic decays probed at GSB maxima in these
Au, NPs with very low pump fluences (<3 pJ/cm?). In Auy,
Au_ gy, and Au,_g,0, we compared the kinetic decays probed at
525 nm. In Ausy;, on the other hand, we plot the decays
probed at 540 and 480 nm. The TA dynamics in all Au, NPs
experience a fast decay within § ps, followed by a slow decay
(>10 ps). In Auyyy, the TA decay probed at 540 nm is similar
to that of other sizes while the TA decay probed at 480 nm
shows a relatively slower decay. Such an observation again
indicates that Auys; is peculiar among these four Au, NPs,
which was explained as the anisotropic shape.”® The fast decay
components in all four NCs are around 1 ps, which should be
explained as e—p coupling. Our recent study has shown that
the e—p coupling time increases as the size increases.”’ Such an
observation further indicates that the size plays a major role in
the optical properties of these plasmonic NPs, which are hence
scalable in this size regime. It is worth noting that, in plasmonic
gold NPs, surface ligands could also change the optical
absorption by chan;ing the screening effect via withdrawing or
donating electrons.”" Therefore, changing ligands in plasmonic
gold NPs may also modulate their optical properties including
absorption and electron dynamics.

2.5. Bandgap Evolution in All Sizes of Thiolate-
Protected Gold NCs. After showing the optical properties
versus size in Au,(SR),, we then sort out the rules behind
these observations. First, we discuss the bandgap versus size.
Figure SA plots the E, versus the number of gold atoms in the
NCs. It can be seen that the E, generally shrinks as the size
increases, but the evolution is not smooth. The Au,;, Ausg,
Auys;, and Auy, samples exhibit much smaller bandgaps
compared to those with similar sizes; this is owing to the
nature of their icosahedral structures in which valence electron
wave functions are more extensive (i.e, over the entire core
without local segregation). For all other sizes, E, is inversely
proportional to the total number of gold atoms. Furthermore,
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there is a turning point at n ~ 100; it is found that the slope
becomes smaller for those sizes larger than ca. 100 atoms.

If one further plots the E, as a function of the number of
gold atoms in the core (Figure SB), one can find that Au,g,
Augg, Auyyi, and Auyy, still exhibit much smaller E, values
compared to similar sizes. The evolution trend is similar to that
in Figure SA, and a good linearity can be found between E, and
the number of core gold atoms. There is also a turning point at
the Au,y; NC (note: it has 79 gold atoms in the core); those
larger than Au,y; show slower shrinking of E, as the size
increases. The turning point at ~100 gold atoms in both cases
is also coincident with the transition in their optical properties
discussed in Section 2.3, where all those NCs larger than Auy,
show similar UV—vis absorption and TA spectra.

The similar trend in E, versus the total gold atoms or the
core gold atoms indicates that the E, is largely determined by
the size of the metal core. Meanwhile, a relatively smaller E,
value in the icosahedral series (Au,s, Ausg, Au,s;, and Auy,)
suggests that the atomic structure can also affect the E, by
modulating the electronic structure in gold NCs.

2.6. Energy Gap Rule. Given all the time-resolved
experimental results, we are now able to picture the grand
evolution of carrier lifetime versus the size and bandgap of
Au,(SR),, as shown in Figure 6A,B. It is worth noting that all
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Figure 6. (A) Carrier lifetime versus the total number of gold atoms

and (B) carrier lifetime versus bandgap for thiolate-protected gold
NCs reported so far.

the TA measurements are performed in dilute toluene
solutions to rule out the effect of environment. Figure 6A
shows the carrier lifetime versus the total number of gold
atoms. One can observe that all those small sizes (<ca. 50
atoms) show similar carrier lifetimes (on the order of 10% ns)
except for Augg (4 ns) which has a small E, (0.9 eV). As the
size increases, carrier lifetime starts to decrease, and there is a
drastic decrease in lifetime starting from Au,3,. When the size
further increases from Au,, to Au,,e the carrier lifetime

remains the same (2—3 ps). After we further plot the carrier
lifetime versus E,, a stronger correlation can be observed in
Figure 6B. On the basis of their carrier lifetimes and bandgaps,
gold NCs can be clearly divided into three groups.

e Group I: For those with E; > ca. 1.3 eV (size n < ca. 50),
their optical properties are strongly dependent on the
structure, and interestingly, their carrier lifetimes are
relatively insensitive to the bandgap (except the hcp
Augy, and bee Augg,” not drawn here). One can observe
that Au,;, Au,,, Au,, and the fcc series (Au,g, Ausg, Auy,
and Aug,) have similar carrier lifetimes of ~100 ns
despite the change in E, from 1.3 to 2.07 eV.

e Group II: For NCs with E, between 0.44 and 1.3 eV,
their carrier lifetimes start to show a distinct dependence
on E,, and the lifetime varies between ~100 and ~1 ns.

e Group III: For NCs with E, < 0.44 eV, the carrier
lifetime is more sensitive to E, and accelerates rapidly
from 700 to 1.5 ps.

Unraveling such a grand evolution is very helpful for
understanding the optical properties of gold NCs. For those
gold NCs in group I, the structure plays a significant role in
their optical properties and E, plays a less important role in
carrier lifetimes. By tailoring the core and surface structure, it is
feasible to change their absorption, photoluminescence, and
other optical properties. For those in group II, the structure
still determines the optical absorption, but the carrier lifetime
starts to show a dependence on E,. In group III, the E; of NCs
is smaller than 0.4 eV; the structure plays a less prominent role
in their optical absorption, and the carrier recombination rate
is limited by E,. It is also interesting to see that although those
NCs in group II and group III are protected by different
thiolate ligands (i.e., different R groups), the carrier lifetimes
follow well the energy gap law, which indicates that surface
ligands (R groups) play a less important role in the carrier
dynamics.

According to the energy gap law, the nonradiative
recombination rate k,. can be expressed as a function of E,
as follows:”*

_ —vE,/ ho
k,=Ae "

Here, y describes the molecular parameters, and @ is the
highest vibration frequency involved in the nonradiative decay.
It is known that most of the gold NCs show very low
photoluminescence quantum yields (QY < 1%) so that the
carrier recombination is dominated by nonradiative decay.
Thus, the recombination rate measured by TA can be
estimated as k,, here. After we plot In k,, as a function of E,
(Figure 7), one can observe that k,, and E, show a good linear
relationship for those with E, less than 1.3 eV, and there is a
turning point at 0.44 eV, which agrees well with the trend in
Figure SA,B. The linear fitting gives two gradients of —5.5 eV ™"
and —15.1 eV~ for the regime 0.44 eV < E, < 1.3 eV and for
E;, < 044 eV, respectively. It is known that y/@ would
determine the nonradiative decay and a higher vibrational
frequency would give rise to faster nonradiative decay. Here,
we find an increase in the nonradiative decay for those larger
than Auge, which indicates that there should be a decrease in y/
@ value for those NCs with E, < 0.44 eV.

All those NCs with E, larger than 1.3 eV show similar carrier
lifetimes. Such an observation indicates that the lifetimes of
these NCs are limited for some reason. A closer look at these
NCs indicates that they all share a metal core containing
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Figure 7. Plot of In k, versus E, for thiolate-protected gold NCs
(solid lines are best linear fits for the data).

segregated Au,-tetrahedron units (Auys, Au,y, Aty Ausg Auy,,
Aug,). The tetrahedron units are closely coupled to each other
so that energy will be dissipated to neighboring tetrahedron
units efficiently, leading to limited carrier lifetimes (100—200
ns). The feature of segregation of tetrahedral Au, fades out in
larger sizes, cf, Aus, and Aug,.””°" This explains the 1.3 eV
turning point seen at the transition from nonscalable to
scalable optical properties in gold NCs as discussed above.
Thus, the 1.3 €V turning point primarily reflects the structural
influence.

As for those NCs with E, < 044 eV, the carrier lifetimes
decrease faster with size than those of smaller sizes. This could
be explained by the stronger electron—phonon coupling in
larger sizes. For the latter, it is found that all these large-sized
gold NCs exhibit strong oscillations in their TA dynamics
(Figures S9A—F and S10A—F), which can be explained by the
coherent phonons.*””*~"” The coupling between phonon and
carrier recombination becomes larger as the size increases.
Especially in Au,,, the carrier lifetime is very close to the
lifetime of coherent phonons,®’ indicating very strong
coupling. Such a strong coupling can explain the decreases in
y/@ of those with E, < 0.44 eV. Furthermore, the stronger
coupling between the vibrations of surface ligands (carbon
tails) and the metal core relaxation could also explain the fast
recombination observed in large-sized gold NCs.**** Taken
together, the electron—phonon coupling and the core energy
dissipation through ligand vibrations explain the ~0.4 eV
turning point and the more rapid drop in lifetime for group III
than group IL

The structure effect on carrier lifetimes can be clearly
observed in group I NCs. All those NCs containing Auy-
tetrahedron units (Au,;, Au,,, Auyg, Ause Auy,, Aug,) show a
relatively large E, compared with other structures of similar
sizes; thus, a uniform evolution can be observed (Figure SA).
However, their carrier lifetimes are limited to ~100 ns (Figure
6B) regardless of E,, which is explained as efficient energy
transfer between neighboring Au, units. On the other hand,
icosahedral Au,s and Ausg nanoclusters show relatively smaller
E, values compared to other similar sizes (1.3 eV for Au,s and
0.9 eV for Auyg) as a result of more extensive valence electron
wave functions (see Section 2.5). Therefore, the carrier lifetime
decreases drastically from 100 ns for Au,s to 4 ns for Ausg. For
group II and III NCs (Eg < 1.3 eV), there is less structural
effect on carrier lifetimes (Figure 7), and E, plays a more
important role in determining the excited-state relaxation.
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2.7. From Nonscalable to Scalable Optical Properties.
According to all the above results and discussions, we can
summarize the grand evolution from nonscalable to scalable
optical properties in Au,(SR),,. On the basis of the UV—vis—
NIR absorption, transient absorption spectra, and carrier
lifetimes, gold NCs can be categorized into three groups
(Scheme 1):

Scheme 1. Summary of Evolution from Nonscalable to
Scalable Optical Properties in Thiolate-Protected Gold NCs

Non-Scalable Scalable

------ Auy; Augg - Augy, Augg Augy Augg Auygs ...... Auggy Auggg Augzg ......
1 1 1 1 1 1 1 L L 1
I ] PRI | ]
I T T T
0.[1 nm “1 nm 10 nm 109 nm
T T
Molecules Nanoclusters Plasmonic NPs

(1) Nonscalable NCs (small sizes, ca. <50 atoms): For those
ultrasmall NCs smaller than Aus,, the structure rather
than size determines the optical bandgap, UV—vis
absorption, and TA spectra, as well as carrier dynamics.
The optical properties of these ultrasmall NCs are thus
nonscalable.

(2) Medium-sized NCs: Gold NCs in the medium size range

(Augy, Augy, Auyg) show optical properties dependent on

both size and structure. The optical bandgap and carrier

lifetimes are significantly dependent on size, while the

UV—vis absorption spectra are still largely determined

by their atomic structures.

Scalable NCs (large sizes, ca. =100 atoms): For those

NCs larger than Auy, the effect of structure on optical

properties fades out and the optical properties show a

uniform size dependence regardless of the structure

types. Especially, the UV—vis absorption as well as TA
spectra are similar for those larger than Augy, and the
lifetime also decreases smoothly as the size increases.

Furthermore, those NCs larger than Au,, all show an

SPR peak and plasmonic optical properties. Therefore,

the optical properties of these giant NCs are scalable.

()

2.8. Criteria for Determining the Metallic State of Au
NCs. Since large Au NCs will become metallic Au NPs as the
size increases, it is important to understand and probe the
features of metallicity. On the basis of the studies on gold NCs,
we summarize the following criteria, which may provide
guiding principles for future studies on other metal NCs (e.g.,
Ag) and alloyed ones.

(1) Steady-state and transient absorption spectra: In the
UV-—vis absorption spectra, molecular-like Au NCs show
multiple absorption peaks while metallic Au NPs exhibit
a single SPR peak (for spherical ones). Moreover, from
the UV—vis—NIR absorption spectra, it is possible to
estimate the optical bandgap of molecular-like Au NCs if
the gap is not too small (Eg > 0.4 eV), while metallic
AuNPs show zero bandgap. Similarly, Au NCs show
multiple GSB peaks in their TA spectra while Au NPs
show single GSBs corresponding to SPR (for spherical
shape).

(2) Cryogenic spectra: The absorption spectra of molecular-
like Au NCs will be sharpened, intensified, and blue-
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shifted as the temperature decreases,”” while those of
metallic plasmonic Au NPs are less affected by the
surrounding temperature.70

(3) Excited-state lifetime: As discussed in Section 2.6, the
excited-state lifetime of Au NCs is dependent on E, so
that it varies from several picoseconds to microseconds.
On the other hand, the electron dynamics of metallic
gold NPs show rapid e—p coupling (about 1 ps)
followed by a ~100 ps ph—ph coupling, which is less
dependent on their size.

(4) Power dependence: Molecular-like Au NCs show
power-independent electron dynamics, while metallic
Au NPs show observable power dependence in their
dynamics. As the size of Au NPs increases, the power
dependence becomes more significant and prominent.

(5) Coherent phonons: Both Au NCs and NPs show
coherent oscillations in TA dynamics, which originate
from coherent phonons. In Au NPs, the phonon
frequency (v) is inversely proportional to diameter'
(scaling law: v ~ d™'). In Au NCs, phonon frequency is
largely dependent on their structures.

3. CONCLUSION

In summary, we have systematically probed the three-stage
evolution from nonscalable to scalable optical properties in
thiolate-protected gold NCs, as well as the exciton to plasmon
transition. By comparing the bandgap, UV—vis—NIR absorp-
tion spectra, transient absorption spectra, and carrier dynamics,
we conclude that Au,(SR),, NCs can be categorized into three
stages: nonscalable sizes (n < ca. S0 atoms), medium sizes
(~50 to ~100), and scalable regime of large sizes (>ca. 100).
In nonscalable NCs (E, = 2.1-13 V), all the optical
properties are heavily influenced by the detailed atom packing
structures. In medium-sized NCs (E; = 1.3—0.4 eV), both size
and structure determine the optical properties. In the scalable
NCs (Eg = 0.4—0 eV), the structure effect essentially fades out
and the size solely determines their optical properties. The first
turning point of n ~ 50 and E; ~ 1.3 eV is largely due to the
structural effect (i.e, predominant segregation of tetrahedral
Au, in group I but fading out in larger sizes), whereas the
second turning point of n ~ 100 and E; ~ 0.4 eV is associated
with stronger electron—phonon coupling as well as core energy
dissipation via ligand vibrations in group III NCs. On the basis
of the analyses, we also put forth some criteria for determining
the nonmetallic and metallic states of gold NCs. The grand
evolution of gold NCs in optical properties and the obtained
principles will be of great importance to understand and
predict the optical properties of other metal NCs as well as
bimetal systems. The obtained insight will also provide guiding
principles for developing the applications of metal NCs in
photoluminescence, nonlinear optics, light harvesting, etc.

4. EXPERIMENTAL SECTION

4.1. Sample Preparations. The syntheses of all gold NCs in this
paper followed the methods reported previ-
ously 1521:2425,54=57,60-62,65-67,70

4.2. UV-Vis—NIR Absorption. The steady-state absorption
spectra were measured at room temperature using a Shimadzu UV-
3600+ spectrometer. For those absorption spectra measured between
300 and 1100 nm, toluene was used as the solvent. For those
absorption spectra measured between 300 and 3300 nm, carbon
tetrachloride (CCl,) was used as the solvent.

4.3. Transient Absorption Spectra. The femtosecond TA
spectroscopic measurements were performed on a commercial
Ti:sapphire laser system (Spitfire Spectra Physics). The ~100 fs
laser pulses in the ultraviolet and near-infrared regions of the
spectrum were generated by a 3.5 mJ regenerative amplifier system
(Spitfire, Spectra-Physics) and optical parametric amplifier (OPA,
TOPAS). A small portion of the laser fundamental was focused into a
sapphire plate to produce a supercontinuum both in the visible range,
which overlapped with the pump in time and space. Multiwavelength
transient spectra were recorded using dual spectrometers (signal and
reference) equipped with array detectors whose data rates exceed the
repetition rate of the laser (1 kHz). Dilute solutions of metal clusters
in 1 mm path length cuvettes were excited by the tunable output of
the OPA (pump). All the measurements were performed in toluene,
and the optical density was adjusted to be about 0.3 OD at the
excitation wavelength. Nanosecond transient absorption measure-
ments were conducted using the same ultrafast pump pulses along
with an electronically delayed supercontinuum light source with a
subnanosecond pulse duration (EOS, Ultrafast Systems).
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