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ABSTRACT: The photoluminescence (PL) of Au,s(SCgHy),s and Au,,Pd-
(SC4Hy),3 was investigated using variable-field magnetic circular photo-
luminescence (VH-MCPL) spectroscopy. The comparison of low-temper-
ature (4.5 K) PL spectra measured for both nanoclusters revealed an ~40
meV blueshift of intraband emission upon Pd substitution. Compared to that
for the the Au,(SCgH,) 5 cluster, the degree of circular-polarization for the
Au,,Pd(SCgHy,) 4 cluster increased for the low energy (<1.65 eV) portion of
the PL spectrum, but decreased for the higher energy (>1.65 eV) spectral 0.0
region. MCPL spectra included three distinct components, underlying the

global PL spectrum, for both clusters. Variable-field analysis of each MCPL
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component revealed an increase in spin—orbit coupling (Landé g-factor)

magnitudes for radiative transitions of the Pd-substituted cluster with respect to Au,5(SCgH,)s. Variable-temperature (VT) PL
spectroscopy yielded reduced integrated global PL intensity and increased electron-vibrational coupling for Au,,Pd(SCgH,) s, as
compared to Au,s(SCsHy);s. The results indicate that Pd-substitution for Au in Au,s(SCgHy); results in increased angular momenta
for metal—metal intraband transitions; the Landé g-factor for these transitions increased by ~55% upon substitution, as compared to
an approximate 19% increase for ligand-based transitions. The increased angular momentum translates to a 30% increase in
electron—phonon coupling constants for intraband transitions, but only a 3% increase for ligand-based transitions. As a result, Pd
substitution leads to less efficient metal—metal (intraband) radiative emission for Au,,Pd (SCgHy)s than for Au,(SCgHy);s.

B INTRODUCTION

Owing to adaptable colloidal synthesis, monolayer-protected
clusters (MPCs) serve as structurally well-defined prototypes
for understanding photonic metals.' " The Au,s(SCgHy) ;s
MPC, in which —SCgHy represents phenylethanethiol
(PET), has widely served as a model system for deriving
structure—function relationships of metal clusters.”® The
Auys(SCgHy),5 cluster is characterized by three structural
domains: (1) a core comprising metal atoms; (2) an
organometallic layer of alternating metal—chalcogenide
“staple” units or metal—phosphine linkages; and (3) a
passivating layer of organic ligands that serve to stabilize the
cluster in solution.”” " Advances in synthesis and purifications
have enabled isolation of clusters with structural modifications
addressable to each domain.'”™"” In particular, synthesis and
characterization of multimetal clusters has been shown to be an
effective route to modulate optical properties.'””'® For
Auy(SCgH,),g, three metal substitution positions can be
defined: (1) the center position of the 13-atom icosahedral
core, (2) outer surface sites of the core, and (3) metal sites
within the staple units.'” Selective substitution positions have
been identified for a variety of transition metals,'® thus
providing predictive synthetic routes to achieve site-specific
metal atom substitution to form bi-, tri-, and tetra-metal
Auys(SR) g derivatives.'®'” These metal substitutions have
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resulted in changes in photoluminescence (PL) emission yields
and photocatalytic efficiencies.' "'

Metal substitution also affects MPC electron configuration,
spin polarization, and carrier dynamics.””~>" Electrochemical
modifications allow similar types of effects.”” > For many
MPCs, including Au,s(SCsHy)yg, electron configurations can
be predicted using superatom models adapted from gas-phase
metal clusters.”® For superatoms, the valence electron(s)
contributed by each metal atom are treated as delocalized over
the spherically approximated core.”> Total valence electron
counts that result in a closed shell configuration (ie., 2, 8, 18,
etc.) are expected to result in stable clusters.””** For MPCs,
consideration of electron withdrawing ligands and cluster
oxidation state formulate the total electron count as n* = N —
M — z where N is the total valence electrons, M is the number
of ligands, and z is the oxidation state.® For the anionic and
cationic Au,(SCgHy),s7" clusters, superatom electron counts
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result in spin-paired 1S*1P® and 1S*1P* configurations,
respectively.”” Conversely, the neutral Au,s(SCgHy)s" cluster
is predicted to have an open shell 1S*IP° configuration.*
Electron paramagnetic resonance (EPR) and superconducting
quantum interference device (SQUID) magnetic susceptibility
studies observed diamagnetic behavior for the
Au,5(SCgHy),5™" clusters, whereas paramagnetic character
was observed for the neutral cluster.””** Recently, oxidation-
dependent femtosecond time-resolved circularly polarized
transient absorption (fs-CPTA) spectroscopic measurements
of the Au,s(SCgHy),s cluster revealed picosecond spin-
conversion dynamics for the open-shell neutral species.”” No
spin-conversion dynamics were observed for the closed-shell
anionic and cationic clusters.”” This spin conversion results in
spin-polarized emission by paramagnetic Auys(SCgHy) 15.°°
Control over the MPCs spin configurations through electro-
chemical modification of the superatom electron counts is a
promisin§ avenue toward magnetic and spintronic applica-
tions 26293137

Substitution of nonisoelectronic metals into the MPC core
also alters superatom electron counts.””****** One example is
the Au,,Pd(SR),q cluster.””*® Theoretical electronic structure
calculations of Au,,Pd(SR),; cluster isomers predict the
preferential substitution of Pd at the center position of the
13-atom icosahedral core.”””*' The assignment of preferential
substitution of Pd to the center position is supported by *’Au
Mossbauer, X-ray absorption fine structure (EXAFS), and
single-crystal X-ray diffraction analyses.”>***’ Static substitu-
tion disorder refinement analysis of the Au,,Pd(SCgH,)q
crystal structure determined 92.6% occupancy of Pd at the
core center position.”” Single-Pd-atom substitution of the
Auy(SR),s cluster core can modify superatom electron
configurations similarly to electrochemical methods.”>*’
Because of the 4d'° valence electron configuration of Pd, no
electrons are expected to contribute to the superatom electron
count.”*¥*7?% 7% This is expected to render the Au,,Pd-
(SC4Hy),g cluster as a six-electron superatom system, and
isoelectronic with the cationic Au,s(SCgHg);3* clus-
ter.”>*>**3%7%% Cyclic voltammetry and EPR studies on the
Au,(SCgHy) 57, where g = —1, 0, +1, and Au,,Pd(SCgH,) s
clusters support this assignment.’””” In addition, analysis of fs-
CPTA measurements of Auy,Pd(SCgHy),3 by Williams et al.
similarly reported no observed spin conversion dynamics for
the Au,,Pd(SCgH,) s cluster.”” Previously, fsTA studies of
AuyM(SCgHy) 5, where M = Pd, Pt, reported accelerated
carrier dynamics upon metal substitution.”® This observation
suggests that metal substitution can influence carrier relaxation
pathways, along with modifying spin-configurations.

Here, the transient electronic structure and emission
properties of Au,,Pd(SCgH,),s are compared to
Au,5(SCgHy),5, based on results from variable-field magnetic

circular photoluminescence (Vﬁ—MCPL) and variable-temper-

ature (VT) PL spectroscopy. VH methods have been
effectively used to describe metal-metal and metal-to-ligand
transitions in clusters ranging from Au,s(SCgH,),5 to
Au,o,(pMBA),,,.>****® Comparison of linear absorption and
low-temperature (4.5 K) PL spectra measured for
Au,(SCgH,),5 and Au,,Pd(SCgH,)5 revealed an observable
blueshift for HOMO—-LUMO transitions for the Pd-
substituted cluster. This blue shift resulted from differences
in cluster electron valency.”*”*® The MCPL spectra were
qualitatively similar for both clusters, consisting of three
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distinguishable emission components. Compared to the
Auys(SCgHy)5 cluster, Au,,Pd(SCgHy),5 exhibited a larger
degree of circular-polarization (DOCP) at lower energy (<1.65
eV), but a smaller value for larger emission energy (>1.65 V).

VH-MCPL analysis revealed greater spin—orbit coupling
angular momenta for all Au,,Pd(SCgH,);3 PL components,
relative to Au,s(SCgHy)s. Electron-vibrational coupling
constants were uniformly greater for Au,,Pd(SCgH,)is.
Specifically, an increase in angular momenta of approximately
55% for the metal-metal intraband emission transition was
correlated to a 30% increase in the electron-vibrational
coupling constant. Consequentially, more efficient intraband
nonradiative decay led to reduced global PL.

B MATERIALS AND METHODS

The synthetic protocol for Auys(SCgHy)s and Au,,Pd-
(SCgHy),s is reported in the literature.”>*”> Samples were
dispersed into a 17% (w/w) solution of polystyrene/toluene.
The concentration of the cluster solution was approximately
600 uM. The solution was then dropcast onto a quartz
coverslip and allowed to dry in a vacuum desiccator. Linear
absorption spectra of the MPC film were acquired at room
temperature using a Lambda 950 UV-—vis spectrometer
(PerkinElmer). The coverslip was then affixed with a
polarization film necessary for MCPL analysis.”> The
combined MPC slide and polarization film were mounted
onto a fiber optic containing probe, loaded into the bore of the
17.5 T superconducting magnet and cooled to 4.5 K. The
applied field strength and sample temperatures were controlled
set to values spanning from 0 to 17.5 T and 4.5-200 K,
respectively. Optical excitation was achieved using the
frequency-doubled output of a 1 kHz regeneratively amplified
Ti:sapphire laser system centered at 1.55 eV and approximately
100 fs in duration. The frequency-doubled 3.1 eV laser pulses
were attenuated to 800 nJ/pulse and aligned onto the sample.
The resulting PL was collected with a fiber optic in
transmission geometry. Longpass filters set at 2.3 eV were
used to isolate the photoluminescence PL from the principle
excitation source. Finally, the PL photons were sent to a
spectrometer (McPherson) which spectrally dispersed the
emission onto a liquid nitrogen cooled 1024-pixel CCD array
(Princeton Instruments).

B RESULTS

Comparison of Excitation Spectrum for Au,5(SCgHo)qg
and Au,,Pd(SCgHg),g Clusters. Figure 1a shows normalized
absorption spectra collected at room temperature for
Auys(SC¢H,),5 and Au,,Pd (SCgH,),g dispersed in 17% (w/
w) polystyrene/toluene films. Multiple spectrally convoluted
absorption features are observed for both clusters. Theoretical
electronic structure modeling of the Au,s(SCgHy);s predicts
that lower energy (<2.0 eV) absorption features arise from
core-based transitions.”*”*® Higher energy (>2.8 eV)
absorption features are predicted to arise from ligand-to-core
based transitions.”*”** The intermediate energy region (2.0 to
2.8 eV) may arise from transitions between mixed core- and
ligand-based states. The assignment of these transitions has
been supported by excitation energy dependent femtosecond
time-resolved transient absorption studies of Au,s(SR)s"
clusters, where -SR is a thiolate lgand derivative, and «x is
the oxidation state (—1, 0, +1) state.”*” For excitation near the
HOMO-LUMO gap energy of the Au,5(SCgH,) 5 cluster, two
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superatom D « P HOMO; HOMO-1 transitions.”*"**
Figure 1b (left) depicts the energy level diagram for
Au,s(SCgHy),5 near the HOMO-LUMO gap.*” The energy
difference between the superatom-P HOMO and HOMO-1,
—2 arises from fine structure splitting of superatom orbitals
due to spin—orbit coupling interactions and ligand-field
effects.”>***" Inspection of the absorption spectrum for the
Auy,Pd(SCgHy) g cluster reveals energetic blue shifting of
approximately 130 meV and peak broadening near the
HOMO-LUMO gap excitations, relative to the
Auy(SCgH,)4 cluster. This observed blue shift is explained
by the superatom model. Because of the d'* valence electronic
configuration of Pd, the Au,,Pd (SCgH,) s cluster is rendered
as a six electron superatom.””****~*' As a result, the
superatom P, orbital is no longer occupied, leaving the P,,
superatom orbitals as nearly degenerate HOMO;HOMO-1
states.” 9293974 Ag depicted in Figure 1b (right), the
unoccupation of the P, orbital results in a larger HOMO—
LUMO energy gap, and observed spectroscopic blue shifting of
the first absorption peak.”” It should be noted that this spectral
blue shifting is also observed for the isoelectronic
Auy(SCgH,),4" superatom cluster.””**

Comparison of Photoluminescence Spectra and
Spin-Polarized Emission for Au,s5(SCgH,),5 and Au,,Pd-
(SCgHy)1g Clusters. Figure 2a shows the PL spectra for
Auys(SCgHy)15 and Au,,Pd (SCgHy);s resulting from 3.1 eV
excitation at 4.5 K normalized at maximum PL amplitude for
each cluster. As previously reported, the global PL spectrum
for the Au,5(SCgH,) g cluster measured in this energy range
consists of three spectrally convoluted PL components, which
have been assigned to either intraband metal—metal superatom
or metal-to-ligand charge transfer emission.’>***>** Inspection
of the PL spectrum (Figure 2a) for the Au,,Pd(SCgHy)
cluster reveals a qualitatively similar spectral profile, suggesting
that multiple components also contribute to PL emission. One
noticeable difference in the PL spectra for the two clusters is
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Figure 2. (a) PL spectra of Au,5(SCgH,)5 (red) and Au,,Pd
(SCgHy),5 (black) taken at 4.5 K upon 3.1 eV excitation normalized
at maximum PL amplitude. The dip in the PL spectra at 1.71 eV is
due to absorption by the fiber optic used for PL acquisition. (b) PL
spectra of Au,s(SCgH,)5 (red) and Au,,Pd(SCgH,)s (black) taken
at 4.5 K upon 3.1 eV excitation normalized at 1.71 eV. (c) Degree of
circular photoluminescence spectra of Au,5(SCgH,)s (red) and
Au,,Pd(SCgHy) g (black) acquired at 4.5 K and 17.5 T.

that emission intensity for Au,,Pd(SCgHy),s is globally blue-
shifted relative to the Au,(SCgHy);s cluster. This PL blue
shifting is consistent with the increased HOMO-LUMO
energy gap for the Auy,Pd(SCgH,) s cluster, observed in the
linear absorption spectrum (Figure la). However, an
alternative explanation for the PL blue shift involves a different
distribution of spectral weights for the PL components of
Au, PA(SCgH,)s than for Au,s(SCgHy) e Figure 2b shows
the PL spectra for Au,,Pd(SCgH,);s and Au,s(SCgHy)g
normalized at 1.71 eV. The dip in spectral amplitude at 1.71
eV results from fiber absorption during PL collection. This
1.71 eV absorption is accounted for as a negative amplitude
component in all fits reported here. The 1.71 eV absorption
serves as a reference point of comparison for the PL spectra for
Au,,Pd(SCgHy),5 and Auys(SCgHy) 5. The high energy (>1.71
eV) spectral profiles for Au,,Pd(SCgHy) 5 and Au,s(SCeH,) g
clusters are relatively well overlaid. Inspection of the low
energy (<1.71 eV) spectral profiles reveals lower PL amplitude
for Au,,Pd(SC4H,);s relative to Au,s(SCgHy);s.

To understand the effects of Pd-substitution on spin-
polarized emissive relaxation, the DOCP spectrum was
quantified for each cluster. Figure 2c¢ shows the DOCP
spectrum for the Au,s(SCgHy)s (red) and Au,,Pd(SC¢H,),q
(black) clusters acquired at 4.5 K and 17.5 T. The DOCP
spectrum was determined using eq 1
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4.5 K. The solid lines represent fits using eq 3.

L«—1-
DOCP=-%2 2%

Io"' + Ia_ (l)

Here, I+ and I~ denote the magnetic field-induced intensity of

left- and right-circularly polarized photoluminescence. We note
that the experimental spectral range for this analysis is limited
to energies greater than 1.55 eV by the polarization detection
film. The DOCP spectrum for the Au,s(SCgHy)s cluster
exhibits negligible amplitude at low energies (<1.63 eV) and
increasing amplitude for higher energies (>1.63 €V). By
comparison, the DOCP spectrum for Au,,Pd(SC¢H,),¢ cluster
exhibits more discrete character than observed for
Auys(SCgH,),4. Specifically, the DOCP spectrum for the
Auy,Pd(SC4Hy),; exhibits two positive features centered at
approximately 1.78 and 2.06 eV, and a negative amplitude
feature less than 1.66 eV. The DOCP amplitudes for the
Au,,Pd(SC4Hy),g cluster at 1.78 and 2.06 eV were 0.07 and
0.18, respectively. The DOCP amplitudes for Au,s(SCgHy),s
at these energies were 0.19 (1.78 eV) and 0.39 (2.06 eV),
respectively. At low energies (<1.63 eV), the DOCP amplitude
for the Au,Pd(SCgH,);s cluster was approximately 0.05,
whereas no DOCP amplitude was detected for the
Au,(SC4Hy) 5. The observation of DOCP amplitude
variations between Au,s(SCgHy);s and Au,,Pd(SCgH,)s
clusters suggests the spin-character for radiative relaxation
channels is modified upon Pd-atom substitution.
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Temperature-Dependent PL Intensity. Previous studies
have reported that PL intensity and energy dependent DOCP
amplitude for the Au,i(SCgH,),s cluster is temperature
dependent.”® Figure 3a shows the PL spectra of Au,,Pd-
(SCgHy);5 acquired at sample temperatures of 4.5—200 K. An
increase in the PL yield is observed as sample temperature was
increased from 4.5 to 40 K. Above 60 K, the integrated global
PL intensity monotonically decreases with increasing temper-
ature. This temperature-dependent integrated PL intensity
behavior is shown for Au,,Pd(SCgH,),s in Figure 3b. A
comparison for the previously reported temperature-dependent
integrated intensities for the Au,s(SCgHy),; cluster is shown in
red.”>*” Interestingly, an increase in global PL intensity was
observed for both clusters as sample temperatures were initially
increased from 4.5 K. For the Au,s(SCgHy),q, this temper-
ature-dependent increase in PL intensity was assigned to
thermally activated carrier transfer from a low-lying dark state
to a higher energy radiative state.’® Previously, the energy
separation between bright and dark states was quantified using
a two-level Boltzmann model given by eq 2

—A/ (kgT)
l B
I(T) - | L + A
VT )\ 1+ 72/®D @)
Here, kg is Boltzmann’s constant, T is sample temperature, A is

the energy separation, n and m are spectral weighting factors
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for the bright and dark states, respectively, and A is a plateau
function.>® The activation barrier required to access the bright
Au,ys(SCgH,),4 state was quantified as 3.3 + 0.3 meV. A similar
explanation likely applies to Au,,Pd(SCgHy)s, for which we
determined an activation barrier of 1.9 + 0.1 meV. These
observations indicate similar mechanisms for both MPCs, but
that Pd substitution affects the electronic fine structure
energies. The integrated intensity of the global PL for each
cluster reached a maximum at approximately 50 K. The relative
increase in PL intensity for Au,,Pd(SCgH,);5 in going from 4.5
to S0 K is approximately half that observed for the
Auys(SCgHy) 4 cluster. This finding indicates that the bright
emissive state is less efficient upon substitution by Pd into the
Au,y; core. Previous PL studies on Ag,s(SCgHy);s clusters
similarly reported a decrease in global emission intensity upon
Pd-doping.”* To understand better both the decreased PL
emission and energy-dependent DOCP observed upon Pd

substitution, VH -MCPL measurements were performed.
Variable-Field MCPL Analysis of Au,,Pd(PET),g Clus-
ter. Magnetic circular photoluminescence spectroscopy was
used to deconvolute the Au,,Pd(SCgH,);s global PL
spectrum.S(”M’45 Figure 4a shows the Au,,Pd(SCgH,);s PL
spectrum collected at 4.5 K overlaid with the MCPL spectrum
acquired at 17.5 T applied field strength and 4.5 K. MCPL
reveals three components for Au,,Pd(SCgH,) 5 global PL. The
observation of the three differential PL components is in
agreement with MCPL measurements on
Auys(SCgHy) 15.°%*#*° Results from previous temperature-

dependent PL and VTVH-MCPL study of the
Auys(SCgHy) 5 cluster assigned the lowest energy component
to metal—metal core-based intraband relaxation, whereas the
two higher energy components were assigned to core-to-ligand
interband relaxation. Figure 4b compares the MCPL spectra
collected at 4.5 K and 17.5 T of Au,s(SCgH,);s and
Au,,Pd(SCgHy),5. The MCPL spectra for Au,s(SCgHy);s
and Au,,Pd(SC4Hy);s exhibit similar differential spectral
profiles. A blue shift of the lower-energy component from
1.56 to 1.60 eV is observed for Au,,Pd(SCgH,);s when
compared to Au,s(SCgH,),s. However, this 40 meV blue shift
does not solely account for the apparent 90-meV blue shifting
observed for the global PL spectra of the two clusters. The
global spectral blue shift is also the result of redistribution of
the relative amplitudes of the PL components upon Pd
substitution (Table 1). At 4.5 K, the percent contribution of
the 1.60, 1.75, and 1.98 eV components were 32%, 57% and
11%, respectively, for Au,,Pd(SCgH,),5. For Au,s(SCgHy),s,
the corresponding percentages were 59%, 36% and 5%.
Therefore, the global PL intensity of the Pd-substituted cluster

Table 1. PL Fit Values for Au,,Pd(SCgH,),s and
Au,ys(SCeHy) 1

component  energy (eV) % (45K) % (50 K) S I
Auy,PA(SCeHy) 15
1 1.60 32 48 5.3 1.7
2 178 57 43 9.3 1.9
3 1.98 11 9 9.3 1.9
Auzs(SCSHg)ls

1 1.56 59 74 4.0 1.1
2 1.77 36 24 9.0 1.6
3 1.98 S 2 4.8 1.05

is shifted to higher energy because the more energetic
transitions more significantly contribute to emission.

Based on our previous transition assignments for
Au,5(SCgHy),5 PL, the global blue shift of Au,,Pd(SCgH,),s
corresponds to a relative increase in interband metal-to-ligand
emission, with respect to intraband—metal—metal transitions,
upon Pd substitution. The two higher energy MCPL
components for the Au,,Pd(SCgHy)5 cluster are centered at
1.75 and 1.98 eV. The 1.75 eV component exhibits a small red
shift of approximately 20 meV compared to the corresponding
Au,(SCgHy) 4 feature centered at 1.77 eV. The highest energy
MCPL component for each cluster is centered at 1.98 eV; the
energy of this component is not affected by Pd substitution.
This MCPL result, which shows that the low-energy emission
of the MPC is sensitive to Pd substitution of an Au core atom,
but the high-energy portion is not, validates our assignments of
the low and high energy PL transitions to intraband and
interband transitions, respectively.

Next, Landé g-factors are assigned to the three Au,,Pd-
(SCgHy);5 PL components. Figure 4c shows the differential
MCPL spectra for Au,,Pd(SCgH,) 5 obtained using a series of

applied magnetic field strengths. The field-dependent VTVH
-MCPL amplitude for each component is plotted in Figure 4d.
The Figure 4d data show strong similarity for the 1.75 and 1.98
eV components; the magnetic field dependence of the 1.60 eV
PL peak is clearly distinct from emission at higher energy. To
determine the Landé g-factor, which represents the angular
momentum for each spin—orbit—cou})led transition, field-
dependent amplitudes were fit to eq 3>

gHsH

MCPL = A_, tanh

sat

2k, T )

Here, A, describes the point along the magnetization curve for
which the MCPL intensity saturates, g; is the Landé g-factor,

Uy is the Bohr magneton, and H is the applied field strength.
Average g; values and standard deviations from five trials for
the 1.60, 1.75, and 1.98 eV components were 1.7 + 0.1, 1.9 +
0.1, and 1.9 + 0.1, respectively. These values are all larger than
those obtained for Au,s(SCgH,),s (Table 1).>° The increased
g values for Au,,Pd(SCgH,),; indicate that the substitution of
Pd into the Au,; icosahedral core increases the total angular
momenta of the emissive states. We previously showed that
electron-vibrational coupling strengths increase with increasing
Landé g-factors.’® The increased vibrational coupling results in
reduced emission yields because of increased contributions
from nonradiative decay. The Figure 3b data, which show
reduced integrated PL intensity upon Pd substitution, could
result from a greater propensity for nonradiative decay due to
increased angular momentum.

Electronic-Vibrational Coupling Analysis. To quantify
the effect of electron-vibrational coupling on the three
Auy,Pd(SC4Hy) s PL transitions, the temperature-dependent
emission intensity and energy of each component were
analyzed. Figure S5a shows the temperature-dependent
branching ratios for each PL component. As described above
and in Table 1, 1.75 eV emission dominates the PL spectrum
of Au,,Pd(SCgH,) at 4.5 K, accounting for $7% of the total
signal. As the sample temperature increases to 50 K, the
relative amplitude of the 1.60 eV component increases and
ultimately surpasses the amplitude of the 1.75 eV component,
changing from 32% to 48% of the total signal. A similar, but
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g 0.3+ ® 1.60eV LI polarized PL of Au,s(SCgHy);s clusters, the nonradiative
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Figure S. (a) Temperature-dependent branching ratios for individual

PL components for the Au,,Pd(SCgHy), cluster. (b) Normalized
temperature-dependent peak energy shifts for each PL component.

more pronounced effect is observed for Au,s(SCgHy)g. The
low-energy emission component dominates global PL, but with
an amplitude percentage of 74%. The cluster-dependent global
PL temperature dependences (Figure 3b) are attributed to the
smaller relative contribution of the 1.60 eV component
emission upon Pd substitution. In general, the temperature-
dependent branching ratio behavior of the 1.60 eV component
mirrors the global integrated intensity. For sample temper-
atures greater than 50 K, the 1.75 eV component dominates
the PL with increasing magnitude as the sample temperature is
also increased.

Next, electron—phonon coupling constants for each PL
component are quantified. Temperature-dependent PL en-
ergies were analyzed by the O’Donnell-Chen model (eq 4):*°

)

coth( h ] - 1}
2k, T (4)

E,0) is the extrapolated peak energy at T = 0, S is a
dimensionless coupling constant, 7 is Planck’s constant, @ is
the vibrational angular frequency, kz is the Boltzmann
constant, and T is the sample temperature. Figure Sb shows
the normalized temperature-dependent peak energy shift for
each PL component. After fitting the data to eq 4, average
vibrational energy and coupling strength parameters were
determined. Average vibrational energies of 18.4 + 0.2, 20.8 +
0.1, and 21.1. + 0.4 meV (145 and 170 cm™) were quantified
for the 1.60, 1.75, and 1.98 eV components, respectively. The
vibrational energies for each component were within error of
the values determined for the corresponding components of
the Au,s(SCgHy),g cluster.”® The 145 cm™ vibrational mode
for the 1.60 eV component agrees with a symmetric core-
breathing mode.>” The 170 cm™ vibrational mode determined
for the 1.75 and 1.98 eV components is attributed to Au—S

E(T) = E(0) — Sho )
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eV components were 5.3 + 0.1, 9.3 + 0.1, and 9.3 + 0.2,
respectively. Note, the similarity in S values for both interband
transitions (1.75 and 1.98 eV) - and the unique value for the
intraband one (1.60 eV) - support the assignments of the three
PL components. The results also indicate that Au—S stretching
results in stronger electron—phonon coupling than does core
dilation. Figure 6 compares the vibrational coupling constants

m

5 18 ;% 0%
g v
8 1.6 8 iy
8 1.4 —@- Landé g-factor 78
T —@— EL.-Vib. Coup. Const. (S) ko
w 1.2 60
o )
c 5 a
8510 a
0.8 492

Comp. 1 Comp. 2 Comp. 3
Auyg Au,,Pd Auys Au,,Pd Auyg Au,,Pd

Figure 6. Comparison of Landé g-factors (blue) and el.-vib. coupling
factors (red) for each PL component of Au,s(SCgHy),3 and
AuyPd(SCeH,) 5.

and Landé g-factors quantified for both Au,s(SCgH,);5 and
Au,,Pd(SC4H,),5 clusters. For each PL component, an
increase in the electron-vibrational coupling constant upon
Pd substitution is observed. In general, when both clusters are
considered, a larger Landé g-factor is accompanied by increases
in electron—phonon coupling constants. The correlation
between S and g can be generalized. Angular momentum
must be conserved in the electronic relaxation process. Because
the angular momentum carried by a photon (boson) is a fixed
quantity, higher angular momentum transitions, such as those
in Au,,Pd(SCgH,),3 must rely on phonon modes for
conservation. Hence, Pd substitution results in increased
nonradiative, vibrationally mediated relaxation.

B SUMMARY, DISCUSSION, AND CONCLUSIONS

The influence of Pd substitution on the photoluminescence
properties of the Au,s(SCgH,)5 cluster is reported. The Pd
atom is known to replace an Au atom of the 13-atom
icosahedral core of the cluster.”” Qualitatively, the PL spectra
spanning the range from 1.5 to 2.1 eV for Au,,Pd(SCeH,)¢
and Au,s(SCgH,),g are similar. PL spectra for both clusters
consist of three emission components and show analogous
temperature-dependent behavior; global PL intensity increases
as sample temperature is raised from 4.5 K to approximately SO
K, but decreases as the sample temperature is elevated above
50 K. The qualitative similarities between the two clusters
suggest that Pd substitution for gold in the Au,5(SCgHy) ¢ core
does not modify the PL mechanisms for these clusters.
However, significant quantitative differences are observed for
many properties upon Pd substitution. These properties
include PL emission energies, degree of spin polarization,
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Landé g-factors, and electron—phonon coupling strength,
which collectively reflect increased propensity for nonradiative
relaxation for the Au,,Pd(SC¢H,), 4 species.

Comparison of the linear absorption spectra for Au,,Pd-
(SCgH,);5 exhibited an energetic blue shift of approximately
130 meV, with respect to Au,s(SCgH,) g, for transitions near
the HOMO—LUMO energy gap. This absorption energy shift
is explained by the conversion of the neutral seven-electron
Auys(SCgH,)4 cluster to a six-electron superatom; incorpo-
ration of the valence-filled Pd atom to the central position of
the icosahedral core modifies the cluster electron
count.””*>****=*! Eor a six-electron superatom, the P, orbital
is unoccupied, resulting in an increased HOMO-LUMO
energy gap.””>”*”?*~*" The 4.5-K global PL spectrum of
Au,,Pd(SC4Hy) ¢ was blue-shifted by approximately 60 meV,
with respect to Au,s(SCgH,),5. However, this blue shifting was
the result of two separate effects: (1) transition-specific energy
shifts and (2) differences in the relative amplitudes of the three
resolvable radiative transitions. Therefore, the 90-meV global
PL shift should not be correlated to a change in the energetics
of any specific state. Au,,Pd(SCgH,),5 exhibited a larger
degree of spin polarization than Au,s(SCgHy);s at low
emission energies (<1.66 €V). But spin polarization was larger
for Au,s(SCgHy),s at energies exceeding 1.66 eV. To
understand the complex PL spectra of the nanoclusters, each

emission transition was analyzed using VH-MCPL spectros-
copy.

1.60 eV Emission. The 1.6 eV PL component of
Auy,Pd(SC4Hy) g is blue-shifted by 40 meV, with respect to
the same peak for Au,s(SCsHy) 5. We previously assigned the
Au,g(SCgHy),5 peak to an excited *Dg), to °P,,, transition
involving LUMO and HOMO states of the cluster core.”"’

These terms were derived from VH-MCPL magnetization
curves. The observed 40-meV PL energy shift upon Pd
substitution of a gold core atom is consistent with this
assignment. Further supporting evidence of a core-based
transition comes from vibrational mode analysis (Figure Sb),
which shows that this transition is coupled to an acoustic
breathing mode of the core. Interestingly, increased sample
temperature increases—rather than reduces—the PL intensity.
This temperature dependence is attributed to promotion of
charge carriers from a dark to bright state, with the emissive
state located 1.9 meV above the dark one. Aikens and co-
workers have calculated the PL properties of several excited
core states of a Au,s(SR)g series.”’ Incorporating energy
corrections to account for differences in calculated and
experimental emission energies, they conclude that PL in the
range of 1.5—1.6 eV is most probable for relaxation from a
manifold of states that include the fifth through seventh excited
states and the HOMO, all of which are associated with the
icosahedral core of the cluster.”” Our experimental data agree
well with the calculations from Aikens, and we attribute the 1.6
eV PL component to core-based transitions.

1.75 and 1.98 eV Emission. These transitions are more
difficult to assign than the 1.6 eV component, and are grouped
together because of their similar properties. On the basis of our

previous VTVH -MCPL studies of Au,s(SCgH,), s, we detected
mixing between core-based *D terms and *P states of the
Au(I)-S ligand band manifold.**** Both 1.75 and 1.98 eV
transitions couple to Au(I)-S vibrations, which quench
photoluminescence upon thermal activation. Au(I)-S stretch-
ing is a nonradiative relaxation channel for both the 1.75 and
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1.98 €V transitions. Unfortunately, unambiguous term assign-
ments could not be made for the Au,,Pd(SC4H,);5 transitions,
as was done for Au,s(SCgHy)s. Landé g-factors of 1.9 are
obtained for both 1.75 and 1.9 eV transitions, which are larger
than the 1.7 value for the 1.6 eV transition. We note that the
Landé g-factors are larger for all Au,,Pd(SCgH,),g transitions,
with respect to the Au,s(SCgHy);3 counterparts. As a result of
increased angular momentum, electron—phonon coupling is
stronger for the Pd-substituted clusters. One difference
between the 1.75 and 1.98 eV peaks is that, while the higher
energy component is not affected by Pd substitution (i.e., 1.98
eV for both Au,,Pd(SC4H,),;s and Au,;(SCgHy),s), the lower
energy one exhibits a 30-meV red shift. Therefore, we attribute
the properties of these two higher energy components to
mixing between core and ligand band states. We note that the
calculations from Aikens did not extend to PL emission
energies as high as these two components.*’

The global PL properties of the MPCs were the result of
transition-specific emission. For both clusters, an increase in
the global integrated intensity was observed as sample
temperatures increased from 4.5 to 50 K, which was correlated
to intraband metal—metal emission by core-based states. In the
low-temperature regime (T < S0 K) emission for both MPCs
was dominated by core-based states. However, for sample
temperatures exceeding 50 K, emission preceded by a manifold
of states that were likely derived from a mixture of metal core
atom and metal sulfide-based levels. We previously quantified
temperature- and magnetic-field-dependent photolumines-
cence lifetimes of Au,s(SCgHy),s.** These studies revealed
two emission lifetimes: (i) 7; & 50 us and (ii) 7, & 160 us. An
important correlation between our VTVH-MCPL and time-
resolved results is that the Arrhenius analysis of the PL time
constants yields thermal activation barriers of approximately
610 peV for 7, and 1,, respectively.”* These energy barriers are
comparable to the several hundred micro-eV barriers obtained

for the 1.7S and 1.98 eV peaks using VTVH-MCPL analysis.*
Therefore, we conclude that the PL lifetimes reflect the
emission of the 1.75 and 1.98 eV peaks. Goodson and co-
workers detected ultrafast (i.e, hundreds of femtosecond)
visible emission for similar MPCs.”" This short time scale is
beyond the picosecond instrumental resolution of our photon-
counting system, and may explain why a third PL lifetime
associated with metal—metal 1.6 eV emission is not detected.

An observation that was general across all transitions and for
both clusters is that the electron-vibrational coupling strength
was directly related to spin—orbit coupling (i.e., proportional
to the Landé g; factor) for each radiative transition. Notably,
the increase in electron-vibrational constant, S, and g; of the
intraband metal-metal transitions resulting from Pd sub-
stitution was approximately 55% and 30%, respectively. By
comparison, the increases in S and g; for the mixed metal—
ligand states were much smaller upon Pd substitution—19%
and 3%, respectively. This observation is rationalized based on
the peak assignments: Pd substitution of the Au,; core has a
much larger influence on metal—metal transitions than on
those associated with the ligand band. On the basis of
temperature-dependent integrated global PL intensity and
branching ratio analysis, the increase in electron-vibrational
coupling of the intraband core-based emission channel upon
Pd-doping results in reduced emission by the 25-metal-atom
cluster. The decrease in global emission intensity is correlated
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to a greater partitioning of carrier relaxation to nonradiative
channels due to stronger vibrational coupling.

The results indicate that atomic substitution in structurally
well-defined clusters can lead to large changes in the optical
and spin-dependent properties of MPCs. These structural
effects can be linked to specific radiative transition through
state-resolved spectroscopy. The ability to correlate atomic-
level structure to specific optical responses can lead to
predictive development of functional photonic materials.
Despite these advances, the emission properties of metal
nanoclusters are clearly complex.””®> The multiple, discrete
emission peaks observed here deviate from those typical of
molecules or semiconducting nanoparticles.@"()5 Therefore,
MPC systems provide exciting opportunities to study unique
fundamental photophysics, and to structurally tailor the optical
properties of colloidal materials.
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