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ABSTRACT: Electronic energy relaxation of Au144(SR)60
q ligand-protected

nanoclusters, where SR = SC6H13 and q = −1, 0, +1, and +2, was examined
using femtosecond time-resolved transient absorption spectroscopy. The
observed differential transient spectra contained three distinct components:
(1) transient bleaches at 525 and 600 nm, (2) broad visible excited-state
absorption (ESA), and (3) stimulated emission (SE) at 670 nm. The bleach
recovery kinetics depended upon the excitation pulse energy and were thus
attributed to electron−phonon coupling typical of metallic nanostructures. The
prominent bleach at 525 nm was assigned to a core-localized plasmon
resonance (CLPR). ESA decay kinetics were oxidation-state dependent and
could be described using a metal-sphere charging model. The dynamics,
emission energy, and intensity of the SE peak exhibited dielectric-dependent
responses indicative of Superatom charge transfer states. On the basis of these
data, the Au144(SR)60 system is the smallest-known nanocluster to exhibit
quantifiable electron dynamics and optical properties characteristic of metals.

■ INTRODUCTION

Metallic nanostructures represent a promising class of nano-
materials for catalysis, medical diagnostics, therapeutics, and the
utilization of electromagnetic energy.1−6 Many of these
opportunities depend on the unique optical and electronic
properties exhibited by metals confined to nanoscale
dimensions. For colloidal nanoparticles, these properties
change dramatically over the nanometer length scale, evolving
from subnanometer, quantum-confined nanoclusters with
discrete electronic orbitals and HOMO−LUMO energy gaps
to the collective properties of plasmon-supporting nano-
particles (>2 nm). Although significant progress has been
made using Superatom models to describe the electronic
structure of smaller nanoclusters,7−15 and classical approaches
accurately account for the optical and electronic characteristics
of larger nanoparticles,16,17 the propertiesincluding the onset
of metallic behaviorof intermediate (∼1.5 nm) nanometals
are poorly understood. Monolayer-protected gold nanoclusters
(MPCs) are an emerging class of nanomaterials, which can be
examined in an attempt to bridge the gap in understanding the
evolution from molecular to bulk metal behavior. Much like
gas-phase clusters, specific “magic” sizes of MPCs can be
isolated based on a combination of electronic and geometric
shell closings.7−15,18−20 Moreover, synthetic and electro-
chemical methods exist for tailoring the optical, electronic,
and capacitive properties of these materials.3,18,21−25

The Au144(SR)60 MPC, where SR is SC6H13, nanocluster is
especially well-suited for studying the properties of 1−2 nm
nanometals. Widely accepted DFT models that are consistent

with structural data posit a core−shell structure that contains a
polyhedral 114-atom gold core, which is protected by 30 RS-
Au-RS “staple” moieties in the outer shell.18,26 The core has
three concentric shells of 12, (42), and 60 symmetrically
equivalent atoms, yielding a total core diameter of 1.5 nm, with
a total inorganic diameter of 1.8 nm including the RS-Au-RS
units.18,27 The first evidence of the metal-like behavior for Au144
was obtained from electrochemical and tunneling microscopy
measurements that indicated that these nanoclusters could
accommodate classical double-layer charging,21 with up to 15
discrete charge states resolvable for this MPC.28 These results
are supported by recent infrared absorption measurements and
electronic-structure calculations that suggest Au144 nanoclusters
are gapless.25 A 20-meV energy gap was detected in the
HOMO−LUMO energy region, but this effect arose from
spectroscopic selection rules.25 Simulated optical spectra for
Au144(SH)60 included two peaks at 540 and 600 nm, for which
the electron densities are localized to the 114-atom core.18,29

Taken together, these results suggest Au144(SR)60 is an ideal
prototype for studying the onset of metallic electronic relaxation
and optical properties, including emergent plasmon phenom-
ena.
Femtosecond time-resolved differential extinction spectros-

copy is a reliable experimental diagnostic for quantifying the
optical and electronic properties of metal nanostructures.30−41

Excitation of metals by short-pulse lasers generates a non-
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equilibrium electron gas, which subsequently cools through
coupling with the phonon bath of the metal lattice over a
picosecond time scale.29 Formation of the hot electron gas
results in a transient bleach in the differential extinction spectra
at the plasmon resonance wavelength of the nanoparticle. The
dynamics of the approximately picosecond electron−phonon
equilibration can be recorded by monitoring the time-
dependent recovery of the plasmon bleach. For metals, these
electron cooling rates depend directly on the excitation pulse
energy.30

Here, we present the results of a study of femtosecond time-
resolved transient extinction measurements of Au144(SC6H13)60
manipulated by bulk electrolysis into 4 different oxidation
states, q (q = −1, 0, +1, +2). We provide the first direct
experimental evidence of MPCs displaying electronic energy
relaxation characteristic of metallic nanostructures, with a
quantifiable electron−phonon coupling constant. Also, tran-
sient difference spectra included discrete peaks at visible
wavelengths, consistent with a collective resonance of the free
electrons, which we described as a core-localized plasmon
resonance (CLPR). Although significant contributions from
Superatom orbitals were required to account fully for the
observed relaxation dynamics, the 144-gold-atom nanocluster
is, to date, the smallest cluster known to exhibit metallic
electronic-energy relaxation dynamics and optical properties.

■ RESULTS AND DISCUSSION

For all time- and wavelength-resolved transient extinction
measurements, Au144(SR)60 nanoclusters were excited using the
400-nm second harmonic of an amplified Ti:sapphire laser, and
the time domain relaxation dynamics were recorded using a
temporally delayed broad-bandwidth visible continuum pulse.
The experimental setup has been described previoulsy;42

pertinent details are provided as Supporting Information. The
400-nm excitation was resonant with multiple nanocluster
states that included contributions from the ligand shell and the
gold interband transition.18 Figure 1 portrays typical transient
differential extinction spectra for nanoclusters in the q = −1 (a),
0 (b), +1 (c), and +2 (d) oxidation states recorded at a pump−

probe time delay of 0.8 ps. For all oxidation states, the transient
spectra included three distinct components: (i) ground-state
bleach at short wavelengths, (ii) broad excited-state absorption
(ESA) that spanned most of the visible spectrum, and (iii)
transient induced transparency at 670 nm, which we attributed
to stimulated emission. Analysis of the time-domain response
was complicated by the spectral overlap of the three
components described above, which resulted primarily from
the broad ESA peak. Although the general features of the
transient spectra were consistent for all four oxidation states,
the magnitude of the stimulated emission decreased with
increasing oxidation state.
To study the dynamics of electronic relaxation, the transient

data were analyzed using global analysis and singular value
decomposition methods.43 In this way, the contribution of each
component to the time-dependent decay of the transient data
could be resolved. Figure 2 portrays the results from global

analysis. For the q = 0 and −1 oxidation states, the best result
included three components, which distinguished ground-state
bleaching, excited-state absorption and stimulated emission.
The stimulated emission component is amplified in the inset of
Figure 2a. In contrast, only two components were included in
the global analysis results for the q = +1 and +2 oxidation states
(Figure 2b), which corresponded to ground-state bleaching and
excited-state absorption. This result was not surprising based

Figure 1. Differential transient extinction spectra obtained for
Au144(SR)60 MPCs in the (a) q = −1, (b) q = 0, (c) q = +1, and
(d) q = +2 oxidations states. Transient spectra were recorded at a
pump−probe time delay of 0.8 ps, following excitation by 90-fs pulses
of 400-nm light.

Figure 2. (a) Global analysis results obtained from the differential
transient extinction spectra typical for Au144(SR)60 MPCs in the q =
−1 and q = 0. The spectra included three distinct components. (b)
Global analysis results obtained from the differential transient
extinction spectra typical for Au144(SR)60 MPCs in the q = +1, and
q = +2 oxidations states. The spectra included two distinguishable
components.
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on the relatively weak stimulated emission observed for
nanoclusters in positive oxidation states. Temporal analysis of
the three components yielded characteristic time constants of
(i) ∼1 ps, (ii) ∼3 ps, and (iii) ∼20 ps. These three
components, which provided direct experimental evidence for
metallic electron energy relaxation, as well as relaxation via
Superatom states, will be discussed separately.
Component 1: Ground-State Bleaching. Component

one contributes negative amplitude to the transient difference
spectra with an onset of approximately 630 nm, reminiscent of
the well-known LSPR bleach exhibited by larger colloidal gold
nanoparticles. This bleach component contributed two peaks
with maxima at 525 and 600 nm, consistent with electronic
structure calculations.18 The intensity of the 600-nm
component was most significant for nanoclusters with q = 0,
−1. To determine the nature of electronic energy relaxation in
the Au144 nanoclusters, the time dependence of the component-
1 bleach recovery was monitored. Time-domain data obtained
after electronic excitation of the Au144(0) nanocluster using a
range of excitation pulse energies are shown in Figure 3a. These
time-dependent traces were generated using the magnitude of
the 525-nm transient bleach signal as a function of time after
nanocluster excitation. For this sample, the pump laser power
was varied from 300 to 800 nJ per pulse, with larger pulse
energies resulting in longer relaxation times. The experimental
time-domain data were fit using an exponential decay function.
The instrument response function was deconvoluted to the
Gaussian pump and probe laser pulses using a program written
in house that relies on an iterative least-squares approach.42

To examine more carefully the excitation pulse energy
dependence of the data in Figure 3a, the resulting time
constants were plotted as a function of laser pulse energy in
Figure 3b. Although Figure 3b portrays only the data obtained
for the neutral Au144(SR)60 system, the relaxation time
constants for all four nanocluster oxidation states were linearly
dependent on excitation pulse energy; the complete data set is
provided as Supporting Information. Linear power-dependent
data are a characteristic feature of electron cooling in metallic
nanostructures and are accurately described using the two-
temperature model.44,45 The use of pulsed lasers to excite
metals results in the formation of a nonequilibrium electron
gas. In the two-temperature model, the electron gas and the
metal lattice are treated as two coupled subsystems at different
temperatures; upon impulsive excitation, the temperature of the
electron gas is determined by the laser pulse energy, whereas
the lattice remains at room temperature. The extent of
electron−phonon coupling determines the rate of energy flow
from the electron gas to the lattice. The two-temperature model
can be described using eqs 1 and 2:44,45

δ δ

δ δ

= − −

= −

C T T t G T T

C T t G T T

( )( / ) ( ) and

( / ) ( )
e e e e l

l l e l (1)
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where Te and Tl are the respective temperatures of the electron
gas and the lattice, and Ce and Cl are the electron and lattice
heat capacities. The coupling of Te and Tl is quantified by the
electron−phonon coupling constant, G. The linear dependence
of the relaxation time constant on the excitation pulse energy
results from the direct dependence of Ce on Te, as shown in eq
2 where γ = 66 J m−3 K−2 for gold.30

Hence, the pulse-energy dependence of the relaxation time
constants could be used to quantify the electron−phonon
coupling constants observed for the Au144 nanoclusters. First,
the room-temperature electron−phonon coupling time con-
stant was determined for the Au144 nanoclusters by applying a
linear fit to the data in Figure 3b and extrapolating to zero laser
pulse energy. The room-temperature time constant obtained in
this manner was then converted to the nanocluster electron−
phonon coupling constant using eq 3:30

τ γ= T G/0 0 (3)

Analysis of all four nanoclusters yielded an average electron−
phonon coupling constant of G = (1.68 ± 0.15) × 1016 W m3−

K−1. This value agreed well with the reported value of ∼2 ×
1016 W m3− K−1 for larger citrate-stabilized gold nano-
particles;30 using the same laser system as in the current
study, we recently obtained G = 1.85 × 1016 W m3− K−1 for
solid gold nanospheres ranging from 20 to 83 nm in diameter.42

Therefore, the bleach-recovery results for Au144(SR)60 nano-

Figure 3. (a) Bleach recovery kinetics observed for the 525-nm bleach
component (for the neutral species) for a series of laser excitation
pulse energies. The data were fit to an exponential decay function.
Longer relaxation time constants were obtained for higher laser pulse
energies. (b) Relaxation time constants determined for the 525-nm
(component 1) bleach recovery when different laser excitation pulse
energies were used to excite the sample. The two-temperature model
was used to determine the nanocluster room-temperature electron−
phonon coupling time constant from the y-intercept of the linear fit.
Data obtained from Au144(SR)60 nanoclusters provided good agree-
ment with data for citrate-stabilized solid gold nanospheres (inset,
panel b).
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clusters agreed well with electron−lattice equilibration, which
we attribute to interband excitation of the 114-atom gold core
of the nanocluster. The small differences in the G values of the
nanoclusters and nanoparticles could arise from the dispersing
medium and capping ligands; the nanoclusters are stabilized by
thiols whereas the large nanoparticles are capped using citrate.
Taken together, the transient bleach at 525 nm and the electron
cooling dynamics suggested that the Au144 nanoclusters
exhibited properties characteristic of larger plasmonic noble
metal nanoparticles. Although transient extinction measure-
ments have been performed on other ligand-protected gold
nanoclusters,46−50 these data provide the first experimental
evidence of quantifiable electron−phonon coupling that is
characteristic of a metal nanostructure. Previous experiments
carried out on Au55 revealed a rapid energy relaxation process
occurring on a picosecond time scale, but an electron−phonon
coupling constant could not be determined for those clusters.34

The electronic relaxation dynamics of the Au144 nanoclusters
were consistent with electronic structure calculations25 as well
as electrochemical measurements21 that predict a vanishing
energy gap separating the HOMO and LUMO levels and the
onset of metallic behavior. The gap closing also results in a high
density of states in the HOMO−LUMO region, leading to
efficient electrical charging.21 The capacitive properties of
Au144(SR)60 nanoclusters can be described using a metallic-
sphere model. Nonlinear absorption measurements provide
further evidence of metallic behavior for Au144(SR)60 nano-
clusters.51 Recent electronic structure calculations indicate that
optical excitation of Au144(SR)60 nanoclusters results in a
collective resonance that is localized to the nanocluster core.29

This collective resonance likely gives rise to the transient bleach
observed at 525 nm in the differential extinction spectra
following 400-nm excitation of the Au144(SR)60 interband
transition. Because this resonance is confined to the interior
core of the core−shell nanoparticle, we distinguish it from the
localized surface plasmon resonances (LSPR) of colloidal
nanoparticles by calling it a core-localized plasmon resonance
(CLPR). To our knowledge, these transient data provide the
first experimental observation of a prominent CLPR transition.
Moreover, the 144-atom nanocluster is the smallest gold system
for which a plasmon resonance has been verified and
characteristic metallic electron cooling has been quantified.
Component 2: Excited-State Absorption. Further direct

evidence of the metallic behavior of Au144 nanoclusters was
obtained from the oxidation state-dependent kinetics of
component two (excited state absorption). In addition to
exciting the interband transition, the 400-nm pump pulse is also
resonant with excited states that include mixed contributions
from Au(sp) and ligand orbitals.18,25 For smaller nanoclusters,
these Superatom states relax by rapid internal conversion to the
HOMO level and subsequent charge transfer to states localized
on the “RS-Au-RS” staple unit (outer shell).46,47 For the
metallic Au144(SR)60, the HOMO consists of a manifold of
electronic states, which account for the capacitive properties of
the nanocluster. Consistent with the behavior of metal spheres,
charging of Au144(SR)60 nanoclusters induces small energy gaps
that separate the states located near the HOMO.18,21 In order
to study the oxidation-state dependence of states near the
HOMO, we analyzed the relaxation time constant of
component 2, which reports on electron thermalization near
the HOMO. The time-dependent magnitudes of the difference
absorption signal obtained for nanoclusters in q = 0 and q = +2
oxidation states are compared in the log−linear plot in Figure

4a. The q = +2 nanocluster clearly exhibited a longer relaxation
time constant than the neutral species. The component-2 time

constants obtained for all four nanoclusters are summarized in
Table 1 and Figure 4b. The best fit to the data in Figure 4b

indicated that the component-2 relaxation time constant
exhibited a quadratic dependence on the oxidation state of
the nanocluster, with more oxidized clusters displaying longer
time constants.
The quadratic dependence noted in the data in Figure 4b can

be explained by considering the charging behavior of metal

Figure 4. (a) Comparison of the component 2 principle kinetics
obtained for Au144(SR)60 in the q = 0 (blue) and q = +2 (red)
oxidation states. The black lines represent fits to the data obtained
using an exponential decay function. The time-dependent data clearly
reflected slower relaxation rates for the nanocluster with a higher
oxidation state. (b) Component 2 (C2) relaxation time constant
plotted as a function of nanocluster oxidation state. The red line
portrays the quadratic fit that was applied to the data. The average and
standard deviation was obtained from statistical analysis of the results
from several experiments.

Table 1. Summary of Component 2 Fitting Results

cluster t2 (ps)

Au144(SR)60
−1 2.68 ± 0.20

Au144(SR)60
0 2.74 ± 0.06

Au144(SR)60
+1 3.13 ± 0.27

Au144(SR)60
+2 3.55 ± 0.18
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spheres. In this model, the energy required to add a charge to a
metallic sphere increases quadratically with charge state [E(Q)
∝ Q2/2C, where C is capacitance].21 Indeed, electronic
structure calculations for the Au144 nanoclusters examined
here reveal an energy gap that increases quadratically with
increasing charge state.18 Therefore, the oxidation-state
dependence of the data in Figure 4b clearly reflected charging
effects of the metallic nanoclusters. The time required for an
electron to relax from a higher- to a lower-energy state depends
upon the size of the energy gap separating the two states;
relaxation is fastest for the smallest gap and occurs more slowly
for larger gaps.52 Considering electronic relaxation through the
manifold of states near the HOMO level, the larger time
constants obtained for higher charge states of the Au144
nanocluster resulted from the larger energy gap separating
the states in this region.
Taken together, the excitation-pulse-energy-dependent elec-

tron−phonon equilibration (component 1) and electron
thermalization (component 2) provided strong, direct evidence
of the metallic properties of the Au144 nanocluster. To our
knowledge, this study, which combined ultrafast laser spectros-
copy with controlled electrochemical preparation of nano-
cluster charge states, provides the first experimental evidence of
metallic electron relaxation dynamics for ultrasmall, ligand-
protected nanoclusters.
Component 3: Stimulated Emission. The third compo-

nent of the transient spectra resulted from transient induced
transparency at 670 nm, which we attributed to stimulated
emission. The magnitude of the component 3 signal increased
concomitantly with the probe energy, and the peak energy,
amplitude, and width all exhibited time-dependent behaviors.
These factors implied that the spectral feature at 670 nm
resulted from stimulated emission rather than saturated
ground-state absorption.53 As portrayed by the transient spectra
in Figure 1, the relative contribution from stimulated emission
was largest for the q = 0, −1 nanoclusters, whereas only small
contributions were observed for the cationic species. Stimulated
emission is often observed in transient extinction spectra of
organometallic compounds, and it originates from charge-
transfer states.54 Ligand-to-metal charge transfer processes have
been invoked to account for NIR photoluminescence of smaller
(Au25) nanoclusters.

55 Nanocluster-to-ligand-shell charge trans-
fer has also been used to reconcile picosecond relaxation
dynamics of Au25.

46 However, for Au144, electronic energy
relaxation proceeds by rapid thermalization of a manifold of
states with an electron gap of approximately 20 meV. On the
basis of energy conserving arguments, this relaxation process
should preclude electron transfer from the nanocluster to the
ligand shell. One possible explanation to account for
component three dynamics is that the time-dependent
stimulated emission signal tracks electronic energy relaxation
of charge-transfer Superatomic orbitals with significant ligand
character that are excited independently of the nanocluster
core. On the basis of electronic structure calculations, 400-nm
pumping of Au144(SR)60 excites both the interband transition
and ligand states.25

To examine whether component three resulted from
stimulated emission mediated by charge-transfer Superatom
states, we analyzed the integrated intensities (Figure 5a; blue)
and emission energy (Figure 5a; red) of the stimulated-
emission signal component in a series of solvents with dielectric
constants ranging from 2.4 to 9.1. The data in Figure 5a were
generated by analyzing the stimulated-emission peak for the

neutral nanocluster obtained at a pump−probe time delay of 1
ps. Upon increasing the solvent dielectric constant from 2.4 to
9.1, we observed an increase in stimulated emission intensity.
This observation was consistent with expectations because the
larger dielectric constant stabilized the charge-transfer state,
yielding greater stimulated-emission intensity. The shift to
lower energies with increasing dielectric constant was also
expected because of charge-transfer stabilization. In fact, the
temporal response provided evidence that the charge-transfer
states relaxed into a lower-energy stabilized-charge-transfer
state (Figure 5b). As the time-dependent stimulated emission
data in Figure 5b illustrate, the magnitude of the induced
transparency increased exponentially during the first few
picoseconds and then subsequently decayed with an apparent
time constant of 18 ± 2 ps (neutral Au144(SR)60 dispersed in
toluene; blue data). Upon increasing the solvent polarity (THF;
ε = 7.5),56 the relaxation time constant decreased to 8 ± 2 ps.
These data indicated that relaxation from an initial charge-
transfer state into a stabilized configuration was facilitated when
the nanoclusters were dispersed in solvents with large dielectric
constants. We also analyzed the time-dependent stimulated-
emission energy and bandwidth (Figure S3). As expected, the
bandwidth increased at longer pump−probe time delays owing
to thermalization processes.
Electronic energy relaxation of Au144(SR)60 nanoclusters

proceeds via several mechanisms. Systematic analysis of the

Figure 5. Component 3 (stimulated emission) solvent dependence
obtained for the neutral Au144(SR)60 nanocluster. (a) Integrated
intensity (blue) and emission energy (red) of the stimulated emission
peak plotted versus solvent dielectric constant. All data were obtained
from analysis of the stimulated emission peak recorded at a pump−
probe delay of 1 ps, following excitation using 400-nm light. The
average and standard deviations for the integrated intensities and
emission energies were obtained from statistical analysis of the results
from several experiments. (b) Normalized, and inverted, time-
dependent amplitude of the stimulated emission signal (blue, toluene;
red, tetrahydrofuran). The black line represents a fit using a
biexponential function that included an initial growth and subsequent
decay components. The energy, intensity and time-dependence of the
stimulated emission peaks were all sensitive to the dispersing solvent.
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multicomponent transient extinction spectra allowed for
elucidation of these processes. Two of these components (C1
and C2) exhibited the characteristic features of electronic
energy relaxation for metal nanostructures, thereby providing
direct evidence of the metallic behavior of the ligand-protected
Au144 system. However, analysis of component 3, which
showed signatures of charge-transfer states, suggested that
Superatom concepts are still needed for providing a complete
description of the electron dynamics of monolayer-protected
nanoclusters with diameters of approximately 1.8 nm.

■ CONCLUSIONS
We have presented the first systematic study of electronic
energy relaxation of Au144(SR)60 nanoclusters using a
comprehensive range of oxidation states. Our ultrafast transient
extinction data showed direct evidence of the metallic
properties of this nanocluster. To our knowledge, the
Au144(SR)60 species is the smallest gold nanoparticle to exhibit
quantifiable metallic behavior. The transient-difference spectra
obtained for Au144(SR)60 also provided compelling experimen-
tal evidence for collective optical excitations that localize
electron density to the interior core of the nanocluster. We
designate these optical transitions as core-localized plasmon
resonances. The potential impacts of metal nanostructure
optical, thermal, and electrical properties are far reaching, with
applications including applied spectroscopy, solar-to-electric
energy conversion, medical imaging and therapeutics, and
nonlinear optical technologies based on negative index
metamaterials. Clearly, gold nanoparticles with diameters of
approximately 1.8 nm are important nanomaterials for
developing a predictive understanding of the transition from
molecular to bulk-like properties.
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