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ABSTRACT: The electronic relaxation dynamics of gold mono-
layer protected clusters (MPCs) are influenced by the hydrocarbon
structure of thiolate protecting ligands. Here, we present ligand-
dependent electronic relaxation for a series of Au,s(SR);3~ (SR =
SCsHy, SC¢H;3, SC,H,5) MPCs using femtosecond time-resolved
transient absorption spectroscopy. Relaxation pathways included a
ligand-independent femtosecond internal conversion and a compet-
ing ligand-dependent picosecond intersystem crossing process.
Intersystem crossing was accelerated for the aliphatic (SC4Hj;,
SC,,H,;) thiolate MPCs compared to the aromatic (SCgH,)
thiolate MPCs. Additionally, a 1.2 THz quadrupolar acoustic
mode and a 2.4 THz breathing acoustic mode was identified in each
cluster, which indicated that differences in ligand structure did not
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result in significant structural changes to the metal core of the MPCs. Considering that the difference in relaxation rates did not
result from ligand-induced core deformation, the accelerated intersystem crossing was attributed to greater electron-vibrational

coupling to Au—S vibrational modes. The results suggested that the

organometallic semiring was less rigid for the aliphatic thiolate

MPCs due to reduced steric effects, and in turn, increases in nonradiative decay rates were observed. Overall, these results imply that
the protecting ligand structure can be used to modify carrier relaxation in MPCs.

B INTRODUCTION

The optical, electronic, mechanical, and magnetic properties of
noble metal nanoparticles are determined by nanoparticle
structure.' " An important component of the nanoparticle
structural framework is the passivating ligand. Beyond
providing solution stability, the ligand affects electronic
coherence, electron-vibrational coupling, and electronic
relaxation pathways.'”"> Consequently, the ligand can act as
a chemical handle to guide carrier relaxation. Monolayer
protected clusters (MPCs) are a class of structurally precise
colloidal nanoparticles with a well-defined metal—ligand
interface. Thiolate MPCs consist of 3 structural domains: (i)
an all-metal atom core, surrounded by (ii) an organometallic
semiring that anchors (iii) the protecting, typically hydro-
carbon, ligands." In many instances, the protecting ligand can
be exchanged with minimal or no disturbance to the structure
as a whole.'" In other instances, ligand exchange can be used to
drive structural rearrangement of the MPC. 'S Thus, MPCs
offer a tailorable platform to investigate how ligand structure
affects electronic relaxation in metal nanoparticles.

MPCs offer unique interfacial structural control compared to
larger nanoparticles.'® In MPCs, the metal—ligand interface is
atomically well-defined, and it can be tailored through the
protecting ligand. The size, structure, and electronic relaxation
dynamics of the MPC can be controlled or modified by the
choice of the protecting ligand.'”'® For larger plasmonic
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nanoclusters, the ligand -R group changes the plasmon
dephasing time and the strength of electron-vibrational
coupling.”” In smaller MPCs, where single electron transitions
occur between quantized electronic states, the ligand structure
can be expected to influence nonradiative relaxation pathways
through modulation of the electron-vibrational coupling
strength.

Au,5(SR);5~ is a modular MPC making it suitable for
isolating the effects of ligand structure on carrier relaxation. It
consists of a 13 Au atom icosahedral core surrounded by 6
Au,SR; staple units in a pseudo-octahedral geometry.
Common modifications include doping the core or semiring
with metal atoms, exchanging the anchoring atom in the
semiring, and substituting the organic functional groups in the
ligand.zo_22 In each case, these modifications can be made
without disturbing the structural framework. In particular,
Au,s(SR);s~ can be directly synthesized with various
protecting ligands. The solved structures from single-crystal
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X-ray diffraction confirm that substitution from an aromatic
(SCgH,) to an aliphatic (SC,H;, SC;H, SC,Hj) ligand
preserves the Auls(SR)ls_ core geometry and staple unit
arrangement.”’~>* Generally, the Au—Au bond lengths of the
icosahedral core and the Au—S bond lengths are identical,
while the distance separating Au atoms of the core and staple
units is increased for the aliphatic series. Furthermore,
electronic states are strongly coupled to Au—S vibrational
modes and Au—S vibrational modes mediate relaxation
between excited states in Au,s(SR),5~.>°">® Inter- and intra-
ligand interactions modify Au—S vibrational spectra.”’ In
particular, pronounced Au—S torsional modes are measured
for phenylethanethiol substituted Au,s(SR)g-, whereas these
signals are more diffuse when alkanethiols are used.’”’’
Consequently, ligand structure can be expected to influence
vibrationally mediated excited carrier relaxation. Therefore,
Au,(SR) 5 is an optimal system to interrogate the effects of
hydrocarbon ligand structure on electronic relaxation rates and
pathways in nanoparticles.

The influence of aromatic and aliphatic hydrocarbon ligand
structure on the electronic relaxation dynamics of Au,s(SR);s~
was investigated using femtosecond transient absorption.
Three Au,s(SR);5~ MPCs were synthesized with SCgH,,
SC4H 3, and SC,H,; as protecting ligands. Identical frequency
modulation of the transient absorption signal by acoustic
phonon modes indicated that the Au core was not deformed
by the ligands. The MPCs displayed ligand-dependent
picosecond relaxation dynamics which were assigned to
intersystem crossing. The intersystem crossing rate was slowed
for the aromatic MPC compared to the aliphatic MPCs. This
effect was attributed to a rigidified semiring due to steric
interactions and the 7 bonding network between the aromatic
ligands. As a result, Au—S mediated electronic relaxation was
slowed due to reduced electronic-vibrational coupling for
clusters with aromatic ligand substituents. A more flexible
semiring in the aliphatic MPCs accelerated intersystem
crossing and resulted in increased branching ratios for this
carrier relaxation pathway.

B METHODS

Synthesis of Au,s(SR);g™. Au,s(SR),s~ was synthesized
according to literature.”> A flask was charged with HAuCl,:
3H,0 (400 mg, 1.01 mmol) and TOAB (200 mg, 1.14 mmol).
The reagents were dissolved in 28 mL of THF under constant
stirring. After 15 min, either phenylethanethiol, hexanethiol, or
dodecanethiol (5.36 mmol) was added. The solution was left
to stir for 12 h, after which NaBH, (386 mg, 10 mmol)
dissolved in 10 mL of ice-cold water was added rapidly. The
solution was left to stir for 48 h.

The solution was gravity filtered to remove insoluble
materials. The THF layer was evaporated and the product
was redissolved into toluene. Next, the solution was extracted
with water and the toluene layer was collected. The solvent was
evaporated and the product was washed with methanol. The
cluster was dissolved off the frit with DCM and then dried to
yield [TOA*][Au,5(SR)57].

UV-Vis Spectroscopy. UV—visible extinction spectra
were acquired with an Aligent Cary 60 spectrophotometer,
using a quartz cuvette with a 1 cm path length and a
background scan of DCM.

Femtosecond Transient Absorption Spectroscopy.
Transient absorption spectroscopy was carried out on a system
previously described.”” The 1040 nm fundamental from a 100
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kHz ytterbium amplifier seeded a noncollinear optical
parametric amplifier (NOPA) (Spectra-Physics Spirit-NOPA)
to generate visible pulses for the pump. A portion of the
fundamental was passed through a 1 c¢m thick sapphire crystal
to generate the continuum probe pulse that extended from 540
to 840 nm. The white light was collimated and compressed
with chirped mirrors. The pump and probe beams were
focused on the sample by a parabolic mirror where temporal
and spatial overlap was achieved. The temporal instrument
response, determined by the nonresonant solvent response,
was 93 fs in duration. Pump pulse energies at the sample were
8 nJ.

B RESULTS AND DISCUSSION

Frequency Domain Analysis. The normalized linear
absorption spectrum for each MPC is presented in Figure la.
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Figure 1. (a) UV—vis absorption spectra for the MPCs are
qualitatively similar. The ligand has no resolvable effect on the low
energy (1.6—2.0 eV) core-based transitions. Higher energy transitions
originate from semiring electronic states and exhibit no significant
changes upon ligand exchange. (b) Transient spectra acquired at 1 ps
pump—probe delay time after core localized excitation at 2.0 eV. The
1.85 eV transition is bleached for each cluster. Differences in the
excited state absorption peaks at higher energy probe are a result of
the passivating ligands. The transient spectra have been plotted with a
break in the energy axis to exclude pump scatter.

The MPCs of interest were Au,s(SCgHy) 5™, Au,s(SCeH 3) 157,
and Au,;(SC,,H,s)”, where (SCgH,), (SC¢H,;), and
(SCy,H,s) are the aromatic phenylethanethiol and aliphatic
hexanethiol and dodecanethiol ligands, respectively. The inset
of Figure 1 depicts the protecting ligand structure. For the
following discussions, these clusters are abbreviated as
Au,(PET) 57, Auys(SC6) 5~ and Au,s(SC12),4™.

The absorption spectra for each of the three clusters are
qualitatively similar. Two peaks are present at 1.6 and 1.8 eV
which correspond to superatomic intraband LUMO <«
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Figure 2. (a) Kinetic traces extracted at 1.60 eV probe energy, fitted to a sum of three exponentials. Coherent oscillations modulate the signal at
early time delays. (b) The isolated coherent residuals are nearly identical in phase, amplitude, and frequency when fit to a sum of two damped
harmonic oscillators. The Fourier spectra of the coherent residuals from panel (b) for (c) Au,s(PET),¢, (d) Au,s(SC6)157, and (e) Au,g(SC12),4”

yield identical frequencies of 1.2 THz and 2.4 THz for each MPC.

HOMO and LUMO « HOMO - 1 transitions, respectively.
Density functional theory (DFT) calculations characterize the
HOMO and HOMO — 1 as superatomic p orbitals and the
LUMO as superatomic d orbitals.”* Degeneracies in the p
orbital manifold and d orbital manifold are lifted due to MPC
symmetry and spin—orbit coupling.’®> The energy of core
transitions can change due to electron delocalization by the
protecting ligand that expands the Au core.”*® For these
hydrocarbon thiolate ligands, the choice of ligand does not
affect the core transition energies (Figure la). At higher
energies, transitions originate from the ligand band, with ligand
contributions increasing as excitation energy also increases.
Each MPC features peaks near 2.7 and 3.1 eV. Overall, the
ligand choice does not result in a resolvable difference in the
excitation energy of the Au intraband or interband transitions.

Transient absorption measurements for all three clusters
were performed at 2.0 eV excitation, which was resonant with
LUMO <« HOMO manifold transitions. Figure 1b portrays
the transient spectrum at 1 ps pump—probe time delay for
each MPC. Three distinct regions were apparent: (1) low-
energy excited state absorption spanning 1.65—1.75 eV, (2) a
transient bleach centered at 1.85 eV, and (3) high-energy
excited state absorption for probe energies exceeding 2.0 eV.
As was the case for steady-state linear absorption spectroscopy,
the transient spectral features were similar across the three
clusters.
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Coherent Time-Domain Analysis. The coherent oscil-
lations in the time-domain data were analyzed first to evaluate
if the protecting ligand induced structural changes within the
Au,s(SR),5~ series. Figure 2a displays the overlaid kinetic
traces taken at 1.60 eV probe and truncated to S ps. The
incoherent population decay was modeled as a sum of three
exponentials convoluted with the Gaussian instrument

response
£ (1)

1

where g, represents the DC offset, a; is the amplitude of ith
component, t; is the time constant of ith component and
expgauss represents an exponential convoluted with a
Gaussian. The best fits are described as a ligand-independent
femtosecond decay, a ligand-dependent picosecond decay, and
a long-lived decay outside the temporal range of this
experiment. The full dynamics and ligand dependence of the
incoherent electronic relaxation are discussed later (vide infra).

At early time delays (<3 ps), the transient absorption signal
is modulated by low-frequency amplitude oscillations.
Coherent acoustic modes are launched upon ultrafast
excitation of the MPC, resulting in mechanical vibrations of
the clusters that exhibit periodic modulations to the time-
domain signal.>”** The coherent transient signal was isolated
by subtracting the incoherent electronic relaxation fits, as

4
— X exp gauss
t

1

AA=aO+Z
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modeled by eq 1, from the time-domain traces. Figure 2b
overlays the obtained coherent residuals, corrected for time
zero. Fit lines for the coherent oscillations were obtained by
modeling the residual as a sum of two damped harmonic
oscillators

Res = Z A; X exp(—LJsin(z—ﬂ + (piJ
i ty; tai (2)
where A; is the amplitude of ith component, ¢, is the dephasing
lifetime, t,; is the period, and ¢; is the initial phase. The
coherent residuals of the three MPCs are nearly identical in
frequency, phase, and amplitude. The fit frequencies were
obtained from the Fourier transform of the time domain
residuals to the frequency domain data. The resultant Fourier
spectra are shown in Figure 2c—e, for clusters Au,s(PET),s",
Au,s(SC6),57, and Au,s(SC12),37, respectively. For
Au,s(PET),4~ the retrieved frequencies were 1.3 + 0.5 THz
and 2.4 + 0.4 THz, for Au,(SC6);5~ 1.2 + 0.8 THz and 2.3 +
0.6 THz, and for Au,(SC12),5s~ 1.1 + 0.6 THz and 2.5 + 1.6
THz. The error represents the full width at half-maximum from
the Gaussian fit of the peak. Within error, the coherent
residuals of the three MPCs are identical in frequency.

Two acoustic modes modulate the time-dependent signal: a
symmetric expansion and contraction of the Au atoms known
as the breathing mode, and a higher order quadrupolar
dilation-compression of the inorganic unit.””** The elastic
frequency law describes the size dependence of the acoustic
modes. The quadrupolar mode frequency scales with the radius
of the MPC (1/R). For Au,s(SR) 3, the quadrupolar mode is
predicted to be near 1.2 THz.>””® Theory predicts that the
breathing mode does not follow the elastic frequency law and
is independent of MPC size."' Experimentally, the breathing
mode has been found to be near 2.4 THz.”*"**** As a
result, we assign the low frequency oscillation as the
quadrupolar mode and the high frequency oscillation as the
breathing mode. Further support of these assignments is seen
in the frequency modulation of the bleach peak position, which
oscillated with a frequency of 2.4 THz (Figures S1 and S2).
Additionally, the coherent residual of the high-energy excited
state absorption (ESA) was modulated by a 1.2 THz frequency
mode (Figure S3). Because the 1.2 THz and 2.4 THz
oscillations are independently present at other probe wave-
lengths, these are two fundamental acoustic modes and not a
fundamental mode and its harmonic overtone.

Given that the mechanical modes are sensitive to overall
structure, the acoustic mode frequencies can be used as a
probe for distortion of the Au core. In particular, the
quadrupolar mode is sensitive to the size and shape of the
Au core. The quadrupolar mode frequency scales linearly with
MPC radius for spherical core geometries. In the case of core
elongation, the quadrupolar mode degeneracy is broken and a
lower frequency extensional mode dominates.’” For the rod-
like Au,s MPC, the quadrupolar mode decreases in frequency
to 0.8 THz.** Additionally, geometric changes to the Au core
can affect the amplitude and dephasing time of the coherent
oscillations. The structural isomers of Auy(PET),, present
isomer-unique oscillation amplitudes and dephasing times."
Based on the agreement in frequency, amplitude, and quality
factor of the quadrupolar coherent oscillations for all three
nanoclusters, it is concluded that the Au,(SR);s~ core
structure was retained upon ligand substitution. This result
was consistent with the crystal structures determined for
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Au,(PET),;s~ and Au,s(SC3Hy);s~ which show that the
inorganic structural framework remains unchanged for both
the aliphatic and aromatic thiolate MPC."** Thus, differences
in the electronic relaxation should occur from structural
changes within the ligand shell and semiring and not from
structural distortion of the Au core.

The breathing mode frequency was also analyzed for the
MPC series. In principle, the breathing mode frequency should
be sensitive to mass loading effects from the protecting
ligands.40 Although there are mass differences between the
ligands, the expected shifts in frequency would fall within the
two standard deviations of the retrieved Fourier frequencies.
We conclude that our measurements would not be sensitive to
these changes. Previous transient absorption measurements on
Au,(SR) 5~ detected no dependence of the breathing mode
frequency on the protecting ligand.*

Incoherent Time-Domain Analysis. To understand the
influence of the protecting ligand on electronic relaxation, the
picosecond time scale dynamics were analyzed. Figure 3a
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Figure 3. Kinetic traces acquired at 1.60 eV probe energy extending
to 120 ps pump—probe delay time. The solid lines represent the
fitting kinetics, which are as described: a ~ 300 fs internal conversion,
a ligand-dependent picosecond intersystem crossing, and a long-time
radiative and nonradiative. Intersystem crossing is accelerated for the
MPCs protected with aliphatic ligands compared to the MPCs with
aromatic ligands. The bulky aromatic ligands restrict vibrational
motion of the organometallic semiring (Au—S stretch) and decreases
electron-vibrational coupling, which in turn, reduces the efficiency
(i.e., decelerates) ISC.

displays the full-length kinetic traces extracted at 1.60 eV probe
along with lines that represent the fit results. The incoherent
population decay is described by a rapid ligand-independent
300 fs decay, a ligand-dependent picosecond decay, and a long-
lived decay that persisted beyond the temporal acquisition
range of the experiment. The picosecond decay time constant
was 4 ps for Au,(PET),s". In the aliphatic thiolate-protected
MPCs the picosecond decay was accelerated. The decay time
constants are 2.7 and 2.4 ps for Au,s(SC6);s~ and
Au,5(SC12),57, respectively, reflecting an approximate 1.5x
acceleration of the decay rate constant for aliphatic substituted
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nanoclusters. Additionally, the amplitude constant of the
picosecond decay component was much greater for the
aliphatic MPCs. Figure 3b presents the ligand-dependent
branching ratios of the picosecond decay amplitude constant
to the sum of all amplitude coefficients for the fit.

Internal conversion between core electronic states occurs on
the femtosecond time scale. Rapid internal conversion to the
highest occupied molecular orbital—lowest unoccupied molec-
ular orbital (HOMO—-LUMO) manifold within 100s of
femtoseconds is characteristic to MPCs.*”*” For
Auy(PET); 57, Au,g(SC6);57, and Au,s(SC12),5” the best-fit
decay time constants were 300, 400, and 300 fs, respectively.
Defining the error as the 93 fs instrument response, each of
these processes were within error of one another. These time
constants are consistent with two-dimensional electronic
spectroscopy measurements on Au,s(PET)s~ that uncovered
a 300 fs hole relaxation from HOMO — 1 to HOMO.** The
identical internal conversion time constants indicate that ligand
substitution has minimal impact on internal conversion within
core states.

The picosecond decay is attributed to intersystem crossing
(ISC) to a high-spin complex mediated by Au—S vibrational
modes, which was originally detected and assi%ned from near-
infrared transient absorption measurements.”® Link and El-
Sayed originally proposed an ISC channel for metal nano-
clusters in order to reconcile visible transient absorption and
emission data.*” Recently, other researchers have also invoked
this picosecond ISC process to explain transient spectroscopy
data for Au,; and biicosahedral Au,; MPCs.””>" Furthermore,
Auy(PET),;s~ and short carbon chain aliphatic protected
MPCs are efficient generators of singlet oxygen.”””” Later work
found that long-lived triplet excited states exist in both
aromatic and aliphatic ligand protected Au,s(SR)~ and that
this state is responsible for singlet oxygen generation.>’
Moreover, magnetic circular photoluminescence measure-
ments on Au,(PET),s confirmed that carriers relax into a
distribution of emissive multiplet spin states uniquely coupled
to vibrational modes.'’ In particular, the higher angular
momentum state is strongly coupled to a Au—S vibrational
mode.'" As a result, the degree of nanocluster spin-polarized
emission is influenced by the strength of electron-vibration
coupling.>* Based upon these data, the picosecond decay is
assigned to intersystem crossing near the HOMO—-LUMO
energy gap that was mediated by Au—S vibrational modes.

Unreported, however, is the ligand dependence of the ISC
relaxation channel. The aliphatic MPCs displayed accelerated
ISC time constants compared to the aromatic MPC. Not only
is intersystem crossing accelerated in the aliphatic series, it is
more efficient. The branching ratio of the picosecond decay
amplitude constant to the sum of all the amplitude coefhicients
reveals the preference of carrier relaxation to undergo ISC. The
greater branching ratios for Au,5(SC6);5~ and Au,s(SC12),4”
compared to Au,s(PET),s indicate that intersystem crossing
is a more prevalent relaxation pathway in the aliphatic MPCs.
The long-lived decay component is attributed to a combina-
tion of radiative and nonradiative HOMO—-LUMO carrier
relaxation. After internal conversion, carriers can relax
radiatively or nonradiatively into the ground state. In the
aliphatic series, carriers have a greater propensity to undergo
ISC and populate high-spin states.

The observed differences in the decay kinetics are attributed
to ligand-dependent electron-vibrational coupling strength to
the Au—S stretching mode. Cluster rigidity plays a major role
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in electron-vibrational coupling and nonradiative decay
rates.”>>> Steric interactions, as well as the 7z interaction
network, between the bulky aryl groups of the PET ligand can
constrain the motion of the organometallic semiring. In
contrast, the alkyl chain thiolate ligands have less steric
interactions and hence primarily van der Waals forces
contribute to the ligand—ligand interactions. Therefore, the
semiring is likely less rigid for the aliphatic thiolate protected
MPCs, and in turn, the rate of nonradiative decay coupled to
semiring motion will increase. This interpretation is consistent
with steady-state Raman spectra, which show a damped Au—S§
torsional signal for Au,s(SR),s~ substituted with alkanethiols
as compared to phenylethanethiol.”>*' The decrease in
semiring rigidity for aliphatic thiolate MPCs is further
corroborated by photoluminescence measurements where the
quantum yield decreases when substituting an aromatic ligand
for an aliphatic ligand.”® Greater electron-vibrational coupling
lowers the quantum yield due to the greater contribution of
nonradiative decay. In summary, the strength of electronic
coupling to Au—S vibrations determines the efficiency of
intersystem crossing in Au,s(SR) ;5™

Rapid intersystem crossing is possible due to the high spin—
orbit coupling (SOC) of gold. SOC mixes excited singlet and
triplet states. Further vibronic mixing can enhance ISC rates.”’
Additionally, electronic states with higher angular momentum
couple more strongly to vibrational modes in MPCs.”* For
example, the radiative transitions of PdAu,,(PET);; have
higher angular momenta and increased electron-vibrational
coupling compared to the radiative transitions of
Auys(PET) " Therefore, it is reasonable that the triplet
state would couple strongly to a Au—S vibrational mode. Given
that core substitution can increase the angular momentum of
excited states, metal doping may afford another avenue for
tuning ISC rates. Both the metal and the passivating ligands
should be considered for guiding carrier relaxation in MPCs.

Analysis of the high energy excited state absorption (ESA)
kinetics gives further insight into the carrier relaxation
mechanisms. The ESA peak at 2.10 eV was unique to
Auy5(SC6),4” (blue line spectrum in Figure 1b). Au,g(PET) ¢~
and Auy5(SC12);5~ showed no comparable peaks. Both the
PET- and SCI2-substituted clusters showed nonzero ESA
amplitude in this region, but only Au,5(SC6),5~ showed a
discrete peak. Figure S4 compares the evolution of the
transient spectra with time. An ESA peak grows with increasing
pump—probe time delay for Au,;(SC6),3”. However, while the
transient ESA amplitude does increase for Au,s(PET)s”, a
distinct peak does not develop. The kinetic trace extracted at
2.10 eV probe for Au,5(SC6) 5™ is shown in Figure 4. The fit is
described by a 400 fs growth, a 2.5 ps decay and a long-lived
decay.

Excited state absorption at higher probe energies can involve
electronic states with ligand character. The signal buildup
reflects hole relaxation to the HOMO. As carriers relaxed to
the HOMO state (400 fs), a HOMO « HOMO-# transition
was observed. Based on theoretical predictions, the HOMO-n
electronic state originates from the ligand band, which would
explain why this ESA peak is unique to Au,s(SC6),5”."" The
transient signal decays as carriers undergo intersystem crossing
(2.5 ps) and nonradiative decay (>ns) to the LUMO.

Based upon these results, a mechanism is shown in Figure 5.
At 2.0 eV excitation, carriers are excited from the HOMO
manifold to the LUMO manifold. Carriers relax through three
competing pathways: (1) internal conversion, (2) intersystem
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Figure 4. Au,s(SC6),;” kinetic trace acquired at 2.10 €V probe
energy. The inset highlights the early time delay kinetics. The high-
energy ESA kinetics resemble the low-energy ESA kinetics. There is a
400 fs growth, followed by a 2.5 ps decay and a long-lived decay. The
400 fs growth represents hole relaxation to the HOMO, where a
HOMO <« HOMO-n spectroscopic transition develops as excited
carriers populate the HOMO electronic state. The signal decays due
to intersystem crossing (2.5 ps) and nonradiative relaxation on more
persistent time scales.
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Figure S. General mechanism for carrier relaxation in Au,5(SR)5~
after intraband excitation. Broadband excitation centered at 2.0 eV is
resonant with electronic transitions between the HOMO and LUMO
manifold. The red (blue) arrows represent nonradiative electron
(hole) relaxation.

crossing, and (3) radiative and nonradiative HOMO—LUMO
relaxation. Carriers undergo rapid internal conversion through
the HOMO (p) and LUMO (d) manifolds, mediated by Au—
Au phonon modes. Hole relaxation from HOMO — 1 to
HOMO occurs within 300 fs. Intersystem crossing to the
triplet manifold (T,) occurs within the HOMO manifold and
is mediated by Au—S vibrational modes. The efliciency and
rate of ISC are ligand dependent. Less rigid, aliphatic
passivated MPCs display faster ISC rates and greater branching
ratios compared to the more rigid aromatic thiolate MPCs.

B CONCLUSIONS

The protecting ligand structure influences nonradiative
relaxation rates and pathways in Au,(SR);3". A series of
aliphatic (Au,5(SC6),37, Au,s(SC12);5”) and aromatic
(Au,5(SR);57) thiolate MPCs were studied using femtosecond
time-resolved transient absorption spectroscopy. The transient
signal amplitudes were modulated by 1.2 THz and 2.4 THz
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oscillations from nanocluster quadrupolar core and breathing
acoustic modes, respectively. The general agreement of the
frequency, phase, amplitude, and dephasing time of the
coherent oscillations suggested that the Au core was not
distorted by the passivating ligands. The incoherent population
decay displayed ligand-dependent dynamics on the picosecond
time scale. In particular, intersystem crossing to high-spin
states was accelerated and more efficient for nanoclusters
protected with aliphatic thiolates than for aromatic thiolate
protected MPCs. These results are attributed to aliphatic
thiolate MPCs having a less rigid semiring due to weaker
ligand—ligand interactions and reduced steric interactions as
compared to aromatic thiolate protected MPCs. This semiring
flexibility increased electron-vibrational coupling to staple unit
vibrational modes and enhanced Au—S vibration mediated
ISC. The results show that ligand design is a critical
component for guiding ultrafast carrier relaxation dynamics
in structurally precise gold nanoclusters. These energy
relaxation processes are the primary determinants of many
important applications, which include photocatalysis, singlet
oxygen generation, and spin-polarized emission
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