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ABSTRACT: The magneto-optical absorption properties of colloidal metal nanoclusters
spanning nonmetallic to metallic regimes were examined using variable-temperature
variable-field magnetic circular dichroism (VTVH-MCD) spectroscopy. Charge neutral
Au25(SC8H9)18 exhibited MCD spectra dominated by Faraday C-terms, consistent with
expectations for a nonmetallic paramagnetic nanocluster. This response is reconciled by the
open-shell superatom configuration of Au25(SC8H9)18. Metallic and plasmon-supporting
Au459(pMBA)170 exhibited temperature-independent VTVH-MCD spectra dominated by
Faraday A-terms. Au144(SC8H9)60, which is intermediate to the metallic and nonmetallic
limits, showed the most complex VTVH-MCD response of the three nanoclusters,
consisting of 19 distinguishable peaks spanning the visible and near-infrared (3.0−1.4 eV).
Variable-temperature analysis suggested that none of these transitions originated from
plasmon excitation. However, evidence for both paramagnetic and mixed (i.e., nondiscrete)
transitions of Au144(SC8H9)60 was observed. These results highlight the complexity of gold
nanocluster electronic transitions that emerge as sizes approach metallic length scales. Nanoclusters in this regime may provide
opportunities for tailoring the magneto-optical properties of colloidal nanostructures.

Gold nanostructures are subject to a great deal of study
due to their potential applications as photonic,

therapeutic, or catalytic material.1−6 The optical and electronic
properties of these structures are influenced by their size,
composition, and morphology, allowing for several potential
degrees of freedom by which these systems can be tailored to
meet specific applications.7,8 One area of particular interest
involves understanding the magneto-optical responses of gold
nanostructures, which provide opportunities for polarization-
selective applications, such as chiral catalysis, spin dynamics,
and chiroptical spectroscopy.9 An effective method for
studying magneto-optical extinction properties is magnetic
circular dichroism (MCD), which describes changes to the
dichroic response of a material upon application of a magnetic
field. Here, we report on the MCD responses of a series of
colloidal gold nanostructures that span the nonmetallic and
metallic limits. Our distinction between these two categories is
the difference between so-called discrete (nonmetallic) and
collective (metallic) electronic excitation.
The dominant optical feature of metallic gold nanoparticles

is the localized surface plasmon resonance (LSPR). In general,
metallic colloidal nanoparticles show distinct MCD responses
that depend on the order of the photoexcited LSPR mode. For
example, a single asymmetric derivative response is observed in
isotropic gold nanospheres, which support a dipolar plasmon
mode.10 This observation contrasts with nanostructures that

support higher order plasmons, such as the quadrupolar modes
of colloidal nanoprisms and nanodecahedra. In these cases, the
quadrupolar excitation has a clearly distinct Gaussian MCD
response.11 Similarly, gold nanorods show mode-specific MCD
responses. The nanorod transverse LSPR shows a derivative
line shape, similar to that observed for nanospheres, whereras
the longitudinal LSPR shows a Gaussian MCD response.12

However, this Gaussian response arises as a consequence of the
low rotational symmetry about the transverse axis of the
nanorod, unlike the order-dependent response observed in
nanoprisms or nanodecahedra.12 Taken together, these
examples show the potential for using nanoparticle structure
to controllably modulate the amplitude and polarization of
light transmission.
Contrasting with the collective plasmon excitations that are

hallmarks of metallic nanostructures, nonmetallic nanocluster
MCD spectra exhibit many peaks that are affected by factors
such as spin−orbit coupling, zero-field splitting of electronic
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fine structure states, valence electronic configurations, and
ligand-field symmetry considerations.9,12−18 For example, the
Au9(PPh3)83+ and Au25(SC8H9)− nanocluster ions display
several distinct MCD absorption features.13−15 Further work
has used magnetic circular photoluminescence (MCPL), the
emission analogue of MCD, to obtain a more complete
description of the magneto-optical responses of specific
clusters. One such investigation focused on the emissive states
of Au25(SC8H9)18, which allowed photoluminescence originat-
ing from metal−metal and metal-to-ligand transitions to be
distinguished.17,18 Work on systems of intermediate size
suggests a complicated change in magneto-optical properties
as plasmon-supporting domains are approached. For example,
in the Au102(pMBA)44 nanocluster, a temperature-dependent
variance in the Lande ́ g factor has been investigated, showing a
distinct change from diamagnetic to paramagnetic character
with increasing temperature. This effect has been primarily
attributed to a rehybridization of the d and sp bands due to
lattice-based expansion and contraction, which causes changes
in the electron vacancies at higher temperatures.16 Although
larger than the 9- and 25-metal-atom nanoclusters, the
Au102(pMBA)44 species is still a nonmetallic system. As such,
there exists a knowledge gap regarding the evolution of
magneto-optical properties in the size range intermediate to
the nonmetallic and metallic limits.
In order to help fill this gap, we have measured and

compared the variable-temperature variable-field magnetic
circular dichroism (VTVH-MCD) spectra for Au25(SC8H9)18,
Au144(SC8H9)60, and Au459(pMBA)170 monolayer-protected
nanoclusters (MPCs). MPCs are a class of structurally well-
defined colloidal metal nanoparticles, and as such, provide an
ideal platform for examining the size dependence of nanoscale
gold magneto-optical signals. The MPCs studied here span a
size range from 0.9 nm (Au25(SC8H9)18) to 2.4 nm
(Au459(pMBA)170).

19 Au25(SC8H9)18 was chosen because it is
nonmetallic, and its electronic configuration is accurately
described using superatomic models.20 Furthermore,
Au25(SC8H9)18 can be converted between diamagnetic and
paramagnetic behavior by oxidation, similar to other molecular
metal−ligand complexes.21,22 Hence, molecular-like MCD
responses can be expected for Au25(SC8H9)18. In contrast,
Au459(pMBA)170 is plasmonic and clearly in the metallic
regime.19 Au144(SC8H9)60 is an MPC that shows both metallic
and nonmetallic behavior. For example, Au144(SC8H9)60 shows
electrochemical charging trends consistent with metallic
nanoparticles.23 Electron−phonon scattering rates of
Au144(SC8H9)60 likewise follow two-temperature model
predictions for a metallic Fermi gas.24 Pair distribution
function analysis of powder X-ray diffraction of
Au144(SC8H9), however, suggests that the cluster is poly-
morphic, where one polymorph contains Au atoms arranged in
an icosahedral (nonmetallic) arrangement and a second form
contains multiply twinned fcc crystallites (metallic).25 Temper-
ature-dependent absorption and single-crystal X-ray diffraction
results show nonmetallic character in Au144(SC8H9)60.

26,27

Additional studies have observed that the transient dynamics of
Au144(SC8H9)60 display power independence and are inter-
preted to indicate that the cluster is nonmetallic.28,29 A
definitive transition to metallic properties appears to occur
somewhere between 144 and 187 gold atoms.30 Taken
together, these results indicate Au144(SC8H9)60 is an excellent
candidate for studying magneto-optical properties for domains
on the verge of metallicity. Our results reveal complex low-

temperature MCD spectra for Au144(SC8H9)60 most consistent
with nonmetallic character.
Spectrally resolved MCD signal, ΔA/E, can be understood

in terms of Faraday A-, B-, and C-terms, which describe the
effect of the applied magnetic field on excited states (A-term),
ground states (C-term), and mixing between states (B-term).
The MCD response is given as
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Where γ is the gyromagnetic ratio, μB is the Bohr magneton, kB
is the Boltzmann constant, T is the sample temperature in

Kelvin, H is the applied magnetic field strength, f(E) is a
function describing the line shape, and A, B, and C refer to the
respective Faraday terms.31 The A-term reflects Zeeman
splitting in the excited state, which leads to a derivative-
shaped peak in the MCD spectrum. The B-term results from
field-induced mixing of states and is generally observed as a
Gaussian peak shape. The magnitude of this effect is inversely
proportional to the energy separation of the states involved.
Since the energy separation of electronic states tends to
decrease as energy increases, the B-term typically (but not
exclusively) reflects mixing of excited states. Both the A- and B-
terms are temperature-independent under most circumstances.
The C-term reflects Zeeman splitting of the ground state and is
only observed for systems with an unpaired spin (i.e., S ≠ 0).32

This term is temperature-dependent, since the relative
population of the Zeeman-split fine structure states of the
ground state depends on thermal energy. At low temperatures
and/or high applied field strengths such that μBH⃗ ≫ kBT, C-
terms dominate the MCD spectrum of paramagnetic systems.
The absorbance and MCD spectra of Au459(pMBA)170 are

shown in Figure 1a,b. The 1.6-K absorption spectrum is
plotted versus excitation energy from 1.6−3.0 eV (Figure 1a),
and the MCD spectra obtained at 10-T applied field strength
and several sample temperatures are overlaid (Figure 1b). The
Au459(pMBA)170 absorption spectrum contained a single
Gaussian peak with an approximate mean excitation energy

Figure 1. Absorption spectrum measured at 1.6 K (a) and subtracted
MCD spectra displaying the bisignate response at 10 T (b) of
Au459(pMBA)170 are shown. MCD spectra exhibit a bisignate response
at all temperatures (0.36, 1.6, and 4.2 K) similar to the observed

response of an LSPR in larger nanospheres. VTV H -MCD studies at
0.36, 1.6, and 4.2 K reveal linear (c) and temperature-independent
(d) magnetization responses, supporting assignment to a plasmon
excitation.
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of 2.3 eV, which was attributed to a localized surface plasmon
resonance. At all sample temperatures, Au459(pMBA)170 MCD
spectra contained a single peak superimposed on a linearly
increasing background signal (Figure S1). Previous reports on
the MCD from plasmonic nanospheres have shown that the
spectrum in this energy range contains a single asymmetric A-
term. Subtraction of the background signal from the
Au459(pMBA)170 MCD measurements yielded a bisignate
spectral response that resembled an A-term (Figure 1b). The
zero crossing of the Au459(pMBA)170 bisignate MCD response
agreed well with the energy of the LSPR absorption peak
(Figure 1a). Next, to compare the MCD response of
Au459(pMBA)170 to plasmonic nanoparticles, the temper-
ature-dependent MCD response was analyzed. The VTVH-
MCD response is shown, plotted as the MCD intensity vs
μBH⃗/2kBT in Figure 1c. As expected for a nonparamagnetic
system, the VTVH response is linear at 0.36, 1.6, and 4.2 K.
The temperature independence of the Au459(pMBA)170
response is further verified by overlaying the MCD intensity
vs applied field strength for all three temperatures in the Figure
1d. The three linear data sets overlay, confirming the MCD
temperature independence of the Au459(pMBA)170 plasmon
excitation. The MCD signal of the metallic Au459(pMBA)170
provides a reference to which the Au25(SC8H9)18 and
Au144(SC8H9)60 responses can be compared.
The Au25(SC8H9)18 and Au144(SC8H9)60 10-T MCD

absorption spectra are plotted for several sample temperatures
along with the 1.6-K linear absorption spectrum for each
cluster in Figures 2, S2, and S3. In contrast to the

Au459(pMBA)170 response, VTVH-MCD results for both
Au25(SC8H9)18 and Au144(SC8H9)60 nanoclusters show strong
sensitivity to sample temperature. The prominence of the
temperature dependence reflects the contribution of Faraday
C-terms to the VTVH-MCD signal, which is not observed in
the magneto-optical spectra for plasmonic excitation (Figure
1). Another clear distinction between the low-temperature
MCD response of Au25(SC8H9)18 and Au144(SC8H9)60 when
compared to Au459(pMBA)170 is the large number of distinct
peaks spanning 1.4−3.0 eV for the smaller nanoclusters. In the
case of Au25(SC8H9)18 (Figure 2a), 12 different peaks are
resolved in this energy range. The large difference between
Au25(SC8H9)18 and Au459(pMBA)170 is expected, as

Au25(SC8H9)18 is typically considered to be a more
“molecular-like” nanocluster with an inorganic diameter of
approximately 9 Å.33 Moreover, charge neutral Au25(SC8H9)18
is known to be paramagnetic, which would predict a
temperature-dependent MCD response dominated by Faraday
C-term contributions.21 However, the striking contrast
between Au144(SC8H9)60 and Au459(pMBA)170 is unexpected.
Au144(SC8H9)60 has a complex geometric structure that
includes a 114-gold-atom “grand core”, which is the internal
kernel of the nanocluster, and an additional 30 gold atoms
located in a metal-chalcogenide “shell” that combine to form a
1.8 nm inorganic diameter.26,34 Therefore, a high density of
electronic states is expected for Au144(SC8H9)60. Furthermore,
Au144(SC8H9)60 exhibits electron dynamics and electro-
chemical charging behaviors consistent with metallic nano-
particles.23,24,35 The fact that Au144(SC8H9)60 exhibited 19
distinct MCD peaks spanning 1.4−3.0 eV was consistent with
the previously observed emergence of distinct peaks in the
absorption spectrum at low temperatures.27 Au144(SC8H9)60
also displayed temperature-dependent magneto-optical re-
sponses qualitatively more similar to Au25(SC8H9)18 than
Au459(pMBA)170, providing support for the dominance of
single-electron excitations (Figure 2b).
While previously published low-temperature absorption

spectra suggest a large number of individual excitation features,
analysis of the VTVH-MCD signal allows for a more complete
understanding of the spectra. For example, VTVH-MCD can
be used to identify paramagnetic centers and mixing between
states that contribute to electronic excitations. In order to
quantitatively characterize the Au25(SC8H9)18 and
Au144(SC8H9)60 magneto-optical signals, the VTVH-MCD
signal intensities obtained throughout the visible for both
Au25(SC8H9)18 (Figure 3a) and Au144(SC8H9)60 (Figure 3b)

were analyzed at several sample temperatures. The relationship
between the measured MCD intensity and temperature can be
understood from the following expression:
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where g is the Lande ́ g factor, μB is the Bohr magneton, kB is
the Boltzmann constant, T is the sample temperature in Kelvin,

Figure 2. MCD (top) and absorption spectra (bottom) measured at
10 T and several sample temperatures for Au25(SC8H9)18 (a) and
Au144(SC8H9)60 (b). Multiple distinct peaks arising in the MCD of
Au144(SC8H9)60 were qualitatively more similar to the magneto-
optical response of Au25(SC8H9)18 than the plasmon-dominant
response of Au459(pMBA)170.

Figure 3. VTV H -MCD of Au25(SC8H9)18 (a) and Au144(SC8H9)60
(b). Au25(SC8H9)18 magnetization curves are taken at 1.75 eV,
corresponding to the LUMO ← HOMO − 1 excitation region. A
saturating response gives way to a linear response at around 10 K,
supporting assignment to an open-shell (seven-electron) superatom P
state. Au144(SC8H9)60 displays similar saturation behavior at 1.81 eV,
suggesting a paramagnetic initial state. However, excitation at 1.88 eV
displays a higher contribution of the Faraday B-term, displaying a
notable change in magneto-optical response for transitions separated
by less than 100 meV in excitation energy.
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H is the applied magnetic field strength, and C0 and B0 refer to
the Faraday C- and B-terms, respectively.32 Of these, the
Lande ́ g factor describes the spin, orbital, and total angular
momentum resulting from spin−orbit coupling of a given state.

In instances where g HB < 2kBT and B0 ≈ 0, the MCD

intensity will increase linearly as H increases, with g serving as
a constant of proportionality between the applied field and the

observed signal magnitude. However, when g HB > 2kBT and
B0 ≈ 0, the MCD intensity will saturate at a magnitude
determined by the Lande ́ g-factor, exhibiting no additional

increases with H . This low-temperature MCD saturation is a
hallmark of a paramagnetic transition. When B0 ≠ 0, the
Faraday B-term will contribute a linear-field-dependent
increase to MCD signal strength with no dependence on
sample temperature. The B0 and C0 terms describe the relative
contributions of linear and saturation-based magnetization
behavior, respectively, which can allow for the determination of
the magnetic character and degree of field-induced mixing of a
feature.36,37 At sample temperature of 1.6 K, both
Au25(SC8H9)18 and Au144(SC8H9)60 exhibited the saturation
behavior predicted from eq 2, indicating paramagnetic
responses for both nanoclusters (Figure 3). Hence, the current
VTVH-MCD data (Figure 3b) provide the first experimental
evidence for a paramagnetic response from Au144(SC8H9)60.
This assignment would not be possible from the low-
temperature absorption spectra shown in Figure 3b or reported
in reference 27.
The saturation behavior observed for the 1.6-K MCD field

dependence of Au25(SC8H9)18 can be understood from
superatom models. According to superatom theory, stable
nanoclusters occur for “magic” stoichiometries that achieve
closed electronic valence shells. For electrons in an isotropic
potential, the energy levels of the system ascend as 1S2, 1P6,
1D10, and so on, corresponding to shell closings for 2, 8, and
18 net valence electrons, respectively.38,39 For thiolated
nanoclusters of general formula AuN(SR)Mz, where z is the
formal charge, the number of valence electrons, n, is
determined as n = N − M − z.40 Since each Au atom
contributes one 6s valence electron and each thiol ligand
localizes a valence electron in a bond, the anionic
Au25(SC8H9)18− species is especially stable, corresponding to
a superatom P ground state (n = 25 − 18 + 1 = 8). Indeed,
theoretical calculations support this interpretation of
Au25(SC8H9)18− stability. Oxidation of Au25(SC8H9)18− to a
neutral charge state generates an open-shell, seven-electron
superatom that can correspond to either S = 1/2 or S = 3/2.21

Density functional calculations predict strong spin−orbit
coupling for the superatom P ground state, predicting a 2P
term.41 Electron paramagnetic resonance and magnetic circular
photoluminescence measurements confirm the paramagnetic
behavior of the Au25(SC8H9)18 ground state.18,21 Fitting the
Au25(SC8H9)18 1.6-K MCD isotherm (Figure 3a) intensity
field dependence using eq 2 is consistent with excitation from a
paramagnetic superatom P term. Using eq 2, Lande ́ g-factors
spanning values of 1.4 ± 0.1 to 2.0 ± 0.2 (Table S1) were
obtained for the VTVH-MCD peaks in the region of the
Au25(SC8H9)18 HOMO−LUMO energy gap (1.4−1.9 eV).
The values obtained from experimental data agree well with
expectations for a superatom 2P3/2 (g = 1.33) or 4P5/2 (g = 1.6)
ground state. Raising the Au25(SC8H9)18 sample temperature

from 1.6 to 10 and 20 K yields linear VTVH-MCD isotherms
(Figure 3a); the 5-K isotherm showed signs of saturation at the
largest field strengths. This phenomenon, by which VTVH-
MCD isotherms convert from a saturating to nonsaturating
profile with increasing sample temperature, is referred to as
nesting.32 The observed nesting for Au25(SC8H9)18 is likely the
result of a thermally assisted population of the HOMO fine
structure states at higher temperatures (5−20 K). The slope of
the for Au25(SC8H9)18 1.6-K VTVH-MCD isotherm is zero for

> 1
H

k T
B

B
. This observation is expected for an MCD response

dominated by Faraday C-terms and suggested magnetic-field-
induced mixing was minimal for this transition. Based on the
onset of saturation observed for large applied fields at 5 K, it is
suggested that the lower bound for the Lande ́ g-factor of the
1.75 eV transition was 1.5. Hence, the VTVH-MCD isotherms
for Au25(SC8H9)18 validate assignment of the magneto-optical
response as originating from transitions from an open-shell
(seven-electron) superatom P ground state.
The Au144(SC8H9)60 MCD temperature dependence is more

complicated than that observed for Au25(SC8H9)18. For
example, the spectral profile for excitation energies greater
than 2.2 eV changed dramatically as the sample temperature
was raised above 10 K. This change in the measured spectrum
may have resulted from expansion or structural rearrangement
of the nanocluster.34,42 As a result of this dramatic change in
spectra, we have restricted the VTVH-MCD analysis to 1.6-K
isotherms for transitions at energies less than 2.0 eV. In
particular, we focus on a pair of peaks that span the 1.75−1.90
eV excitation range. Of the pair, the lowest energy peak (1.81
eV mean energy) shows a clear saturating behavior, indicative
of a paramagnetic initial state (Figure 3b). The Lande ́ g-factor
for this transition is 1.6 ± 0.3. Based on available theory, the
1.81 eV excitation should include transitions from sulfur atom
orbitals as well as contributions from the superatom D
orbital.43 Due to a linear field dependence clearly evident at
large field strengths, the best fit to the 1.88 eV 1.6-K isotherm
required both Faraday B- and C-terms to obtain an appropriate
fit. Both the 1.81 and 1.88 eV VTVH-MCD isotherms had

nonzero slopes for > 1
H

k T
B

B
, suggesting magnetic-field-induced

mixing contributed to these transitions. Strong field-induced
mixing contributions are evidence of the influence of multiple
states contributing to the feature. Due to this, while the
presence of a temperature-dependent MCD response and a
paramagnetic center suggests a single-electron excitation, the
influence of a manifold of states implies that the feature is not
discrete. The complexity of the Au144(SC8H9)60 optical
response therefore arises not only from the number of
individual peaks but also the manifold of states from which
each originate, which cannot be extracted from the low-
temperature absorption spectra. The Lande ́ g-factor deter-
mined for the 1.88 eV C-term contribution was 2.0 ± 0.8. The
large contribution from the B-term along with spectral overlap
of neighboring peaks results in large error bars for this
assignment. It is expected that both superatom D states and
transitions based in the metal kernel contribute to this
transition.43 The striking difference in the VTVH-MCD
isotherms for two peaks colocated within 100 meV is
noteworthy, given the proximity of Au144(SC8H9)60 with
respect to the onset of both structural and geometric
metallicity.
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In summary, the low-temperature magnetic circular
dichroism absorption of three colloidal gold monolayer-
protected nanoclusters�Au25(SC8H9)18, Au144(SC8H9)60, and
Au459(pMBA)170�was described. These three systems were
chosen for study because they span the molecular
(Au25(SC8H9)18) to metallic (Au459(pMBA)170) domains,
including a nanocluster considered intermediate to these limits
(Au144(SC8H9)60). The Au459(pMBA)170 nanocluster exhibited
bisignate MCD spectra, consistent with a dipolar localized
surface plasmon excitation. The paramagnetic charge neutral
Au25(SC8H9)18 showed saturating variable-field MCD iso-
therms for 1.6-K sample temperatures. The saturating behavior
is reconciled by the open-shell, seven-valence-electron
configuration of the superatom P ground state of this
nanocluster. Au144(SC8H9)60 showed the most striking MCD
spectrum of the three nanoclusters, consisting of 19 distinct
magnetically responsive peaks. The Au144(SC8H9)60 MCD
spectrum consisted of a diversity of field responses, including
signatures of both paramagnetism and field-induced mixing.
The VTVH-MCD results for Au144(SC8H9)60 showed that
many of the observed peaks did not result from discrete
transitions but instead were heavily influenced by mixing
between states. The identification of paramagnetic and mixed
transitions was uniquely resolved by VTVH-MCD and could
not be inferred from low-temperature absorption measure-
ments. The results indicate that Au144(SC8H9)60 and other
clusters near the onset of nanoparticle metallicity may provide
unexpected opportunities to discover and tailor nanoscale
magnetic and spin properties. In addition, these monolayer-
protected clusters are likely to provide key insights into the
evolution of nanoparticle electronic and magnetic properties as
domain size approaches bulk-like responses.

■ EXPERIMENTAL METHODS
The Au25(SC8H9)18, Au144(SC8H9)60, and Au459(pMBA)170
MPCs were synthesized according to previously reported
protocols.19 Au459(pMBA)170 was prepared for MCD measure-
ments by dispersing the nanocluster in a solution of 10%
poly(vinyl alcohol) in water. Au25(SC8H9)18 and
Au144(SC8H9)60 MPCs were dispersed in a solution of 10%
polystyrene in toluene. Each sample solution was dropcast
onto a quartz coverslip, and a second coverslip was applied to
the top surface, confining a thin layer of sample solution
between the coverslips. The sample was then dried completely
in a vacuum desiccator and adhered to the sample cryostat
probe using adhesive copper tape. The sample-loaded probe
was inserted into the sample chamber of a cryogenically cooled
superconducting 10-T magnet (Oxford). Low-temperature
measurements were performed using 3He in the sample space
to cool the MPCs to temperatures as low as 0.36 K. Variable
temperatures were controlled using a resistive heater attached
to the sample probe. Absorption and MCD measurements
were carried out using the output of a quartz-tungsten-halogen
(QTH) 250 W lamp (Newport). The lamp wavelength was
scanned using a monochromator and focused to the sample.
The light polarization state was modulated using a photoelastic
modulator. Differential absorption of circularly polarized light
at each scanned wavelength for different sample temperatures
and applied field strengths was detected using a Si photodiode.
A lock-in amplifier was used to synchronize absorption events
to specific polarization states.
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(41) Jiang, D. E.; Kühn, M.; Tang, Q.; Weigend, F. Superatomic
Orbitals under Spin-Orbit Coupling. J. Phys. Chem. Lett. 2014, 5 (19),
3286−3289.
(42) Green, T. D.; Yi, C.; Zeng, C.; Jin, R.; McGill, S.;
Knappenberger, K. L. Temperature-Dependent Photoluminescence
of Structurally-Precise Quantum-Confined Au25(SC8H9)18 and
Au38(SC12H25)24 Metal Nanoparticles. J. Phys. Chem. A 2014, 118
(45), 10611−10621.
(43) Malola, S.; Kaappa, S.; Häkkinen, H. Role of Nanocrystal
Symmetry in the Crossover Region from Molecular to Metallic Gold
Nanoparticles. J. Phys. Chem. C 2019, 123 (33), 20655−20663.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.3c01170
J. Phys. Chem. Lett. 2023, 14, 5210−5215

5215

https://doi.org/10.1021/acsnano.5b02850?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b02850?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b02494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b02494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b02494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev-physchem-062322-043108
https://doi.org/10.1146/annurev-physchem-062322-043108
https://doi.org/10.1021/jp003978r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp003978r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp003978r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b11216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b11216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b11216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b02583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b02583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja062815z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja062815z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b05630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b05630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b05630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00018a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00018a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b03473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b03473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c00799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c00799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b05349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b05349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b05349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp512112z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp512112z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp512112z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja800594p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja809157f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja809157f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp805786p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp805786p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp805786p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja972319y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja972319y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja409998j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja409998j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms11859
https://doi.org/10.1038/ncomms11859
https://doi.org/10.1126/sciadv.aat7259
https://doi.org/10.1038/ncomms4785
https://doi.org/10.1038/ncomms4785
https://doi.org/10.1038/ncomms13240
https://doi.org/10.1038/ncomms13240
https://doi.org/10.1021/acs.jpclett.7b01892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5109968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5109968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5109968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic981264d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic981264d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic981264d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic981264d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja801173r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja801173r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp505462m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp505462m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp505462m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CP00884H
https://doi.org/10.1039/C7CP00884H
https://doi.org/10.1039/C7CP00884H
https://doi.org/10.1080/00268977800101151
https://doi.org/10.1080/00268977800101151
https://doi.org/10.1080/00268977800101151
https://doi.org/10.1021/acs.accounts.6b00464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b717686b
https://doi.org/10.1039/b717686b
https://doi.org/10.1021/jz501745z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz501745z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp505913j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp505913j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp505913j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b05863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b05863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b05863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c01170?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

