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ABSTRACT

Electronic relaxation dynamics of neutral Auss(SCsHi3)24 monolayer-protected clusters (MPCs), following excitation of the mixed
15 875 cm™! charge transfer resonance, were studied using femtosecond transient absorption (fsTA) and two-dimensional electronic spec-
troscopy (2DES). The excited carriers relax by three different mechanisms, including an ~100 fs HOMO_13/-13 to HOMO_4_s hole transfer,
picosecond HOMO_4/_s to HOMO hole transfer, and subsequent electron-hole recombination that persisted beyond the hundreds of picosec-
onds measurement range. The fsTA data revealed two transient bleach components at 15 820 and 15 625 cm ™', where the lower frequency
component exhibited a delayed first-order buildup of 80 + 25 fs that matched the decay of the high-energy bleach component (110 + 45 fs).
These results suggested that the excited charge carriers internally relax within the exited-state manifold in ~100 fs. 2DES resolved multiple
electronic fine-structure transient peaks that spanned excitation frequencies ranging from 15 500 to 16 100 cm™". State-to-state dynamics
were understood by the analysis of time-dependent 2DES transient signal amplitudes at numerous excitation-detection frequency combi-
nations. An off-diagonal cross peak at 15 825-15 620 cm™! excitation-detection signified the HOMO_15/-13 to HOMO_4/_6 hole transfer
process. The lowest-frequency (15 620 cm™") 2DES diagonal fine-structure peak exhibited instantaneous amplitude but intensified following
a 75 + 10 fs buildup when compared to diagonal peaks at higher frequencies. This observation indicated that the charge transfer resonance
in Auss(SCsHi3)24 MPCs is comprised of several electronic transitions of unique spectral weights, which may result from different orbital
contributions associated with specific cluster domains. The use of 2DES in combination with structurally precise MPCs can provide a plat-
form for understanding structure-dependent electronic dynamics in metal nanoclusters and technologically important metal-chalcogenide
interfaces.

Published under an exclusive license by AIP Publishing.

I. INTRODUCTION

Monolayer-protected clusters (MPCs) are a class of structurally
well-defined colloidal metals. In some instances, atomic-level struc-
tural control has been reported. Many MPCs exhibit discrete optical
transitions and electronic relaxation dynamics. In fact, some gold
MPC compositions are known to exhibit spin-polarized photolumi-
nescence and electronic-spin-state-conversion dynamics. * Hence,
understanding the electron dynamics of MPC quantum-confined
states may provide insights for how atomic precision can be lever-
aged for quantum sciences and other photonic applications. Other
potential applications for MPCs include photocatalysis,” © medi-
cal imaging,” nonlinear frequency conversion,”'’ and molecular
catalysis,'"'* among others.

The optical properties and electron dynamics of MPCs can be
influenced by cluster structure and composition, which are gener-
ally described by three motifs. These components include (i) an
all-metal atom core, (ii) an inorganic semiring that consists of
alternating Au-S units, and (iii) organic passivating ligands.
One MPC that has been isolated and structurally characterized is
Auss(SCyH4Ph),yy, which exists as two distinct isomers. First
reports based on x-ray crystallographic structure determination
described a face-centered bi-icosahedral 23-gold-atom core that is
protected by three Au(SR), monomeric and six Au(SR)3 dimeric
staple-like surface motifs; SR denotes an alkanethiol. This structure
is often referred to as the AusgQ isomer."”” More recently, a struc-
ture of higher symmetry—the AusgT isomer—was reported.'” The
AusgT isomer also consists of an Auys core, but it consists of an
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Auysz icosahedron and an Auy, tri-tetrahedron, which is protected
by three Au,(SR)s, three Au(SR)2, two Auz(SR)4, and one SR bridge
staple units. In addition to structure, the two isomers exhibit dis-
tinct electronic absorption spectra. In particular, the AussQ isomer
supports mixed charge transfer excitation at 15 870 cm™, where
excitation occurs from the metal-organic staple units to the all-
metal cluster core.'”” The AuzsT isomer shows a weak absorption
peak at 14 100 cm™.'¢ It was recently determined that both metal
core and ligand structure directly impact charge carrier lifetimes
for MPCs containing ~38 gold atoms. Electronic relaxation on the
picosecond timescale is accelerated for the AussT isomer compared
to AusgQ.”’ Zhou et al. determined that 1-adamantanethiolated
Au3zgS;(S-Adm)yo nanoclusters have a 4.6 us carrier lifetime, which
is nearly 5000 times longer than the 1 ns lifetime of Auso(S-Adm);s
nanoclusters—despite their similar bandgap energies.”’ The authors
attributed the large discrepancy in carrier lifetimes to crystal packing
within the metal core structures. Temperature-dependent photolu-
minescence (TDPL) measurements also revealed that vibrationally
mediated nonradiative relaxation channels selectively reduce quan-
tum yields for high-energy emission states in both Auys(SCsHo)is
and Auss(SCi2Hzs)a MPCs™ due to preferential coupling to
Au(I)-S stretches of the gold-chalcogenide semiring unit. Thus, the
inorganic semiring and metal core structures play influential roles
in determining electronic relaxation dynamics in quantum-confined
MPCs.

Femtosecond transient absorption (fsTA) spectroscopy has
been reliably used to obtain mechanistic understanding of carrier
dynamics for many MPCs. These measurements include determin-
ing rates of discrete carrier relaxation in quantum-confined clusters
and collective electronic cooling in metallic MPCs.””~** For the for-
mer, fSTA experiments on 25-gold-atom MPCs suggest that elec-
tronic relaxation occurs through rapid internal conversion (<200 fs)
within the excited state manifold, which is followed by the picosec-
ond metal-to-ligand charge migration.”” A similar core-shell relax-
ation model for the 38-gold-atom system was recently proposed by
Zhou et al.”’ The authors resolved a visible-to-near infrared (NIR)
excitation-wavelength independent picosecond relaxation process
attributed to a charge transfer step that precedes radiative recombi-
nation. The excitation-wavelength independence is notable because
it implicates a charge transfer process involving the metal core
atoms; NIR wavelengths are believed to excite transitions most heav-
ily associated with the 23-gold-atom core. However, gold MPCs
exhibit spectroscopic transitions derived from more than one struc-
tural domain,” whereas fsTA accurately resolves ultrafast relaxation
rate constants, and the inherent spectral congestion due to the usage
of broad-bandwidth, short-duration laser pulses makes it difficult to
resolve the fine structure components of electronic state manifolds.
Femtosecond two-dimensional electronic spectroscopy (2DES) is
a third-order optical technique that provides excitation-detection
spectral correlation while preserving the temporal resolution of
ultrafast spectroscopy.””~*” This time-resolved frequency correlation
makes 2DES a sensitive tool for resolving state-to-state dynam-
ics in quantum-confined systems, such as MPCs. Indeed, 2DES
has been used for state-resolved studies of biological,” *’ molecu-
lar,"’~** and semiconductor systems.**"*® Our group recently pub-
lished the first description of 2DES-determined electronic relaxation
dynamics in quantum-confined Au,s(SCsHo)is MPCs.”” Specifi-
cally, 2DES was used to distinguish the sub-300 fs hot electron
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and hole relaxation within the superatom D and P states, respec-
tively. These results demonstrate the power of 2DES to resolve
state-specific electronic dynamics in quantum-confined metal
nanoclusters.

Here, we describe electronic charge carrier relaxation dynam-
ics of condensed-phase, quantum-confined neutral Auss(SCsHi3)24
nanoclusters using both fsTA and 2DES. We resolve multiple
fine-structure peaks that uniquely contribute to internal conver-
sion and charge transfer between organometallic staple units and
the metal core of the cluster. These electronic relaxation events
occurred on the 100 and 1000 fs timescales. Based on photos-
election, these dynamics are attributed to the Au38Q isomer. A
new finding—resolved only through the 2DES frequency correlation
measurements—is state-to-state (HOMO_13/-13 to HOMO_4/—¢)
hole transfer. To the best of our knowledge, this is the first report
of sub-picosecond dynamics in Auszs(SR)24 MPCs and the first
definitive determination of state-resolved dynamics for this system.

Il. EXPERIMENTAL METHODS

The synthetic details and characterization were carried out
following previously published protocols.”’ Briefly, the two-step
synthesis was carried out as follows: first, L-glutathione-protected
clusters were synthesized through combination of tetrachloroau-
ric acid trihydrate dissolved in methanol and L-glutathione dis-
solved in water. The solution was stirred for ~30 min, which
formed a yellow-brown suspension. A sodium borohydride solu-
tion in water was added, immediately turning the solution black.
The solution was then stirred for 90 min. The crude material
was washed with methanol several times and combined with
1-hexanethiol in a 1:1 water/acetone mixture. The solution was
then stirred at 80 °C for 3 h. Finally, Auss(SCsHi2)24 clusters
were separated from the aqueous phase and washed with methanol
several times prior to being dissolved in chloroform for ultrafast
experiments.

Details of the femtosecond time-resolved transient spec-
troscopy experimental setup have been described previously.”! A
schematic of the laser pulse sequence and experimental 2DES setup
is shown in Fig. 1(a). In brief, 1040 nm fundamental pulses from a
solid-state ytterbium amplifier (Spirit; Spectra-Physics) were mod-
ulated to a 100 kHz repetition rate and used to seed a noncollinear
optical parametric amplifier (NOPA). The NOPA was used to gener-
ate visible pump and probe pulses centered at 630 nm with a FWHM
of 36 nm, which equates to a transform limited pulse duration of
16 fs, which was achieved by pulse compression after frequency mix-
ing. The pulses were collimated and sent to a pulse shaper-based
2DES QuickVisible setup (PhaseTech). Pump and probe pulses were
generated and separated using a 90/10 (pump/probe) beam split-
ter. The pump beam was focused and spatially overlapped with the
probe pulse at the sample after being temporally delayed using a
mechanical delay stage. For 2DES measurements, the pump was dis-
persed using a grating and collimated by a parabolic mirror before
being guided into an acousto-optic modulator (AOM), which was
used to generate the two-pump pulse pair with a controlled time
delay (t;). A two-grating and two-parabolic mirror layout follow-
ing the 4-f geometry was used to collect, modulate, and collimate
the pump-pulse pair. A half-wave plate/polarizer was used to set
the pump beam to the s-polarized configuration. The pump pulses
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FIG. 1. (a) Experimental layout of the partially collinear pump—probe 2DES mea-
surement geometry. A solid-state ytterbium amplifier (Spirit; Spectra-Physics)
seeds a NOPA, which is used to generate femtosecond pulses at 630 nm.
The pump-pulse pair is generated using an acoustic optical modulator (AOM;
PhaseTech), and the emitted signal field was self-heterodyne detected using an
SP2150i array detector (Princeton Instruments). (b) Generalized sequence of the
2DES maps that depict incoherent state-to-state carrier transfer, as described in
the main text.

were temporally delayed using a mechanical delay stage to generate
the pump-probe waiting time (Ty). The transmitted probe was dis-
persed and self-heterodyne detected using an SP2150i array detector
(Princeton Instruments). The ultrafast 2DES measurements were
conducted in the partially collinear pump-probe geometry, yielding
the absorptive 2D spectra.””*

Excitation-detection frequency correlations are detected in
2DES maps at a series of T, values. The excitation axis is generated
by Fourier transformation of the transient signal amplitude obtained
vs t at fixed Ty. The frequency axis is intrinsically Fourier trans-
formed by use of an array detector. A sequence of generalized 2DES
maps depicting an incoherent state-to-state carrier transfer mecha-
nism is shown in Fig. 1(b). At the earliest T\, times [Fig. 1(b), left],
the signal is distributed as a highly correlated diagonal peak, indi-
cating the initially excited electronic transitions. As Ty is increased
[Fig. 1(b), middle], off-diagonal cross peaks emerge in the 2DES
maps, which reflect state-to-state carrier transfer. At the longest T’
times [Fig. 1(b), right], the transient signals take on a circular profile
in the 2D correlation map, depicting thermalization of the charge
carriers in the available manifold of states.

Ill. RESULTS AND DISCUSSION

The linear extinction spectrum of neutral Ausg(SC¢H;3)24 nan-
oclusters dispersed in chloroform is overlaid with the laser profile
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FIG. 2. (a) Linear extinction spectrum of Ausg(SCsH13)24 MPCs dissolved in chlo-
roform overlaid with the femtosecond laser pulse. (b) The transient absorption
map is false colored so that blue represents GSB and brown and white corre-
spond to ESA. The transient map is plotted showing detection frequency spanning
15 400-16 200 cm~" and pump—probe time delays up to 5000 fs. (c) The ultrafast
dynamics at 15 750 cm=" is shown for a pump—probe time delay of 100 000 fs.
Fit results were obtained by fitting the transient signal to a series of exponentials
convoluted with the Gaussian instrument response. The inset shows the bleach
recovery dynamics within the first 2000 fs.

and is shown in Fig. 2(a). The extinction spectrum shows mul-
tiple absorption bands in the visible region of the electromag-
netic spectrum. Specifically, the broad feature centered at ~775 nm
(»12 900 cm™!) is comprised of several transitions, including
HOMO-; - LUMO,;, HOMO_-;, - LUMO,,, and HOMO_;
— LUMO, all of which have significant Au (6sp) orbital charac-
ter of atoms located within the bi-icosahedral core.”*** Unlike the
lower energy features, the extinction peak centered at 630 nm
(15870 cm™') is comprised of several mixed transitions from core
Au (6sp) and Au (5d) and S (3p) orbitals associated with the inor-
ganic Au-S semiring (i.e., organometallic staple unit). These tran-
sitions include HOMO — LUMO,3;, HOMO_4_¢ — LUMO, and
HOMO-_12/-13 — LUMO; the latter transition is predicted to carry
the largest oscillator strength of this manifold.”*** Note that the
core-localized HOMO — LUMO transition occurs at 1250 nm or
~8000 cm™' and is not considered in this study. The absorption
spectrum shown in Fig. 2(a) is characteristic of the AussQ isomer.
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The 14 100 cm™" absorption feature of AuzT is not prominent
in Fig. 2(a). Furthermore, given that our experiments are charac-
terized in a spectral range associated with AuszsQ absorption, we
attribute the observed dynamics to this isomer. In order to bet-
ter understand electron dynamics of mixed states, including charge
transfer character for MPCs, and metal-chalcogenide interfaces, in
general, we selectively excited and monitored the charge transfer
transition at 630 nm (15 870 cm™") that consists of multiple metal
and ligand-based electronic excitations.

In order to understand the electron dynamics of the
Auss(SCeH13)24 manifold of states near 15 870 cm™}, excited elec-
tronic relaxation rates were first determined from analysis of fsTA
measurements. Figure 2(b) shows the transient absorption map
obtained from near-degenerate excitation/detection by femtosecond
laser pulses with a carrier wave of 630 nm (15 870 cm™"). A nega-
tive amplitude signal corresponds to a decrease in the ground state
population as carriers are excited into higher-lying excited states.
A ground state bleach (GSB) signal appeared instantaneously at
15 750 cm™! and subsequently recovered over the following hun-
dreds of picoseconds. The recovery of the GSB, which corresponds
to relaxation of the initially excited carriers, is shown by plotting
the time-dependent amplitude at 15 750 cm™' as a function of
pump-probe time delay [Fig. 2(c)]. The bleach recovery dynam-
ics were independent of laser power (Figs. S1 and S2). Therefore,
the data were interpreted in the context of discrete molecular-like
behavior, rather than the collective multi-carrier generation typi-
cal of large metallic nanoparticles. This finding was consistent with
previous research on MPCs in this size range.”’ The GSB recov-
ery was quantified by fitting the dynamics to exponential functions
convoluted with the Gaussian instrument response. The fit results
yielded a growth of 20 + 5 fs, reflecting the instantaneous buildup
of the signal, and two subsequent decay time constants of 120 + 20
and 905 + 115 fs. A non-decaying plateau that extended beyond
the pump-probe temporal range was also included to fit the data.

ARTICLE scitation.org/journalljcp

TABLE |. Fit values for cluster dynamics at 15 750 cm~" (635 nm). Time constants
and standard deviations obtained from fitting transient dynamics from femtosecond
fSTA experiments.

Amplitude Time constant (fs)
0.0031° 20£5
-0.0013 120 £ 20
—0.00017 905 + 115
—0.000 15 >100 000

*A growth component.

Each time constant represents the average decay time of the initially
excited carriers; thus, the electronically excited charge carriers ther-
malize through two different decay channels within the first picosec-
ond following excitation and then continue to relax via a third decay
process that persists beyond the experimental window of 150 ps. Fit
constants are summarized in Table I. In general, the associated decay
processes are consistent with previous ultrafast spectroscopy mea-
surements on quantum-confined gold MPCs. Thus, we attribute the
~100 and ~900 fs decays to series of internal conversion steps, which
may include a ligand-to-metal core charge transfer process (900 fs).
In addition to time-dependent changes in the transient sig-
nal amplitudes, temporal modulations to the GSB detection fre-
quencies were also apparent in Fig. 2(a); the transient spectra were
corrected for any pulse chirp. This time-dependent GSB frequency
shift is illustrated by Fig. 3, which shows three transient spectra of
Ausg(SCsHi3)24 following 15 870 cm™! (630 nm) excitation. At a
pump-probe time delay of 100 fs, the excited population is fit by
a single Gaussian function at 15 820 cm! [Fig. 3(a)]. At 250 fs, a
lower frequency component (15 625 cm™') is apparent, requiring
two Gaussian functions to fit the spectrum. This low-frequency sig-
nal dominates the transient spectra by 1000 fs and persists for the
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n ) f* .
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TABLE II. Fit values for the two bleach component amplitudes. Time constants and
standard deviations obtained from fitting transient amplitudes from femtosecond fsTA
experiments.

Component 1 (15 820 cm™) Component 2 (15 624 cm™)

Amplitude Time constant (fs) Amplitude Time constant (fs)
0.0015" 30+£5 0.0012° 80 £ 25
—0.0029 110 = 45 —-0.0014 175 + 60
—0.0006 720 + 100 —0.0001 >100 000

*A growth component.

remainder of the measurement [Figs. 3(b) and 3(c)]. These results
reflect the electronic state-to-state conversion of the excited charge
carriers.

To better understand the nature of the state-to-state intercon-
version process, normalized amplitudes of both peaks were plotted
vs the pump-probe time delay in Fig. 3(d); non-normalized ampli-
tudes are plotted in Fig. S3. It was apparent that the 15 625 cm™
bleach component exhibited a significantly delayed (220 fs, with
respect to time zero) first-order growth 7 = 80 + 25 fs. This delayed
buildup of the 15 625 cm™" bleach signal suggests that these states
are populated through the decay of the initially excited states at
15 820 cm™". The high-frequency bleach amplitude (15 820 cm™)
was fit with a consecutive kinetics model that yielded an instanta-
neous growth and two decay time constants of 110 + 45 and 720
+ 95 fs. The population transfer from the high- to low-frequency
bleach was quantified using a transition-state kinetic model. These
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data were modeled using a kinetic model adapted from Zewail and
Pedersen and are shown in the following equation:

Mg(t) = kk [exp(—kat) — exp(—kit)], (1)
where Mg (t) denotes the molecular response function and a biexpo-
nential rise and decay, k; and k, where the faster one is the growth
and the slower one is the decay.”” Using this model, we determine
that the low-frequency bleach (15 625 cm™!) exhibits an 80 + 25 fs
growth, which is within the error of the 110 + 45 fs decay of the
high-frequency component (Table II). The good agreement of these
two time constants is consistent with our interpretation that pop-
ulation transfer occurs between the two states represented by the
bleach signals at 15 820 and 15 625 cm™'. The 15 820 cm™" sig-
nal decays to form the one detected at 15 625 cm™'. We note that
the apparent transition state that mediates conversion from 15 820
to 15 625 cm™ detection does not result in complete conversion.
The low-amplitude 720 + 100 fs decay observed for the 15 820 cm™
signal suggests a bifurcation of the transition state that mediates
multiple relaxation channels.

Next, the use of 2DES to identify excited states involved in the
state-to-state internal conversion process is described. 2DES is better
suited to disentangle state-to-state dynamics among the electronic
manifold than fsTA because of the inherent excitation-detection cor-
relation of the multi-dimensional method. Because 2DES combines
ultrafast temporal resolution with spectral correlations, it can also be
used to resolve dynamic peak shape evolution.” The state specificity
afforded by transient 2DES is shown in Fig. 4, where maps obtained
for several pump-probe waiting times spanning the range from
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FIG. 4. Ultrafast transient 2DES maps that illustrate dynamic peak evolution recorded at different pump-probe waiting times (T,) from 75 to 1000 fs. The false color
images were used for the maps with blue corresponding to ground state bleaching and were normalized to the maximum signal across the entire time series. At early
times (75-125 fs), transient signals are mainly distributed along the 2DES diagonal. By T\, = 250 fs, off-diagonal signals emerge, reflecting state-to-state carrier transfer.

Thermalization is observed by 1000 fs, as shown by the circular 2DES peak shape.
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75 to 1000 fs are presented. Figure 4 shows the evolution of an ini-
tially strongly correlated GSB signal distributed along the diagonal
to a circular peak shape at a central excitation-detection frequency
of %15 800 cm ™. This time-dependent evolution from structured to
circular peak shapes represents spectral diffusion.”” This spectral dif-
fusion is illustrated in Fig. S4, which shows the centerline-slope anal-
ysis of the 2DES data plots acquired at specific pump-probe waiting
times spanning hundreds of femtoseconds to picoseconds. Insight
into state-specific dynamics can be gained by analyzing the 2DES
maps at times intermediate to the strongly correlated and thermally
randomized regimes. For example, at a pump-probe waiting time of
250 fs, the GSB is shifted off-diagonal, and multiple transient fine-
structure states are detected, distributed along the excitation axis
spanning a frequency range of ~600 cm ™. Figure S5 shows a single
2DES map at Ty, = 200 fs and its corresponding excitation spectrum
plotted from 15 600 to 16 100 cm™. The solid black line in Fig. $5
denotes the vertical slice taken from the transient 2DES map to plot
the fine-structure spectrum. The excitation spectrum includes four
peaks that were each fit to a single Gaussian function to determine
their frequency position and amplitude. The data in Fig. 4 convey the
dynamic evolution of the MPC transient spectra, progressing from
an elongated diagonal to off-diagonal fine-structure transitions and
finally to a circular shape. This progression qualitatively depicts the

ARTICLE scitation.org/journalljcp

evolution from highly correlated fine-structure excitations within
the electronic manifold, the internal state-to-state conversion, and
finally thermalization of the manifold through electron-vibrational
coupling. The timescale for the transformation from a diagonal
to circular peak shape was complementary to the sub-picosecond
relaxation rates measured from femtosecond TA.

To further analyze the fine-structure peaks shown in Fig. 4 and
obtain ultrafast relaxation dynamics in metal clusters, excitation-
detection line spectra from several pump-probe waiting times are
plotted in Fig. 5. At early time delays (T = 75 fs), the excitation-
detection spectra are dominated by higher frequency transitions
[Fig. 5(a)]. However, the line spectra in Figs. 5(b) and 5(c) show
that the relative amplitudes of the fine-structure peaks change as
pump-probe waiting times increase to 300 fs. The line spectra
in Fig. 5 show an instantaneous non-zero amplitude for all fine-
structure peaks at the shortest pump-probe delay times. However,
the low-energy peak builds up within a few hundred femtoseconds.
It is important to note that all of the transitions are initially pop-
ulated upon femtosecond excitation; the time dependence of the
excitation line spectra reflects the dominant oscillator strength of
the high-energy excitation. This effect is most clearly seen by ana-
lyzing the time dependences of the 2DES amplitudes at multiple
excitation/detection correlation frequencies, which were isolated at

0 200 400. 600 800
Pixel

|(b) \/o 250 fs

FIG. 5. Transient 2DES maps (left) and
excitation-detection line spectra (right) at
pump-probe waiting times of (a) 75, (b)
250, and (c) 300 fs. The dashed lines
represent the slice of the 2DES maps
used to plot the line spectra.
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FIG. 6. (a) Transient 2DES map at waiting time T, = 250 fs and (b) correspond-
ing time-dependent signal amplitudes monitored at different excitation-detection
frequencies that span the range of the fine-structure states. Time-dependent tran-
sient signal amplitudes (circles) plotted normalized to the maximum amplitude of
the time series. The solid lines represent fits to a series of exponentials convoluted
with the Gaussian instrument response.

three different excitation-detection frequencies along the diagonal
(15 620, 15 725, and 15 825 cmfl), and an off-diagonal excita-
tion/detection frequency (15 825/15 620 cm ™), denoted by filled
circles in Fig. 6(a). Each trace was fit to a series of exponentials con-
voluted with the Gaussian instrument response. Fit values are listed
in Table I11. Along the diagonal, the two higher excitation frequen-
cies have nearly identical dynamics with an instantaneous growth
(~10 fs), rapid ~100 fs decay, and a long-lived decay that exceeds
the 2DES temporal range (>15 000 fs). However, the dynamics at
15620 cm ™! exhibited a slower growth time constant (75 + 10 fs) and
a slightly slower decay (150 + 20 fs) than the 15 725 and 15 825 cm ™
diagonal frequencies. The significance of this observation is twofold:
(1) it illustrates the internal conversion from the higher energy exci-
tation to the lower energy resonance and (2) it reflects the larger
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oscillator strength for the two transitions at higher energy; all three
transitions are resonant within the laser bandwidth.

The time dependence of the signals measured off-diagonal
(15 825/15 620 cm™" cross peak) is of particular interest because
they uniquely resolve state-to-state relaxation processes. The off-
diagonal trace yielded a growth (65 + 15 fs) and decay (160 + 35 fs).
The excitation-detection correlation afforded by the 2DES method
allows for the quantification of state-to-state relaxation dynamics,
which cannot directly be obtained from femtosecond TA experi-
ments. As such, the amplitude dynamics at 15 825 and 15 620 cm™!
measured by 2DES provided quantitative evidence of femtosecond
population transfer from the higher-to-lower-energy fine-structure
states in Ausg(SC¢Hi3)24 MPCs.

These results demonstrate the ability of 2DES to map energy
flow through near-degenerate fine-structure states and to quantify
rapid internal conversion of electronic charge carriers on the sub-
100 fs timescale. Thus, 2DES readily provides state-specific infor-
mation regarding ultrafast relaxation dynamics in structurally pre-
cise metal nanoclusters that cannot be obtained from traditional
transient absorption experiments, which are limited by spectrally
congested spectra. Thus, careful consideration of each transition is
needed to fully describe structure-dependent relaxation dynamics in
Au38(SC6H13)24 MPCs.

The state-to-state relaxation mechanism of Ausg(SCsH13)24 can
be understood by comparing the 2DES data to previously reported
density functional theory (DFT) and Kohn-Sham electronic state
descriptions.”****® As stated previously in this section, the charge
transfer resonance probed in this experiment consists of several
mixed core and semiring transitions. The highest oscillator strength
transition is HOMO_12/-13 - LUMO, which has significant Au-S
ligand band character. The lower-lying HOMO_4/_s - LUMO tran-
sitions are localized throughout the metal core and ligand band.
Thus, our data suggest that absorption occurs through excitation
of the higher-lying ligand band states (HOMO_1/-13 = LUMO) at
15 825-15 725 cm™}, and the excited hole carriers internally con-
vert into the lower-lying HOMO_y/_s - LUMO states (15 625 cm_l)
that have mixed semiring and core orbital contributions. This relax-
ation mechanism is depicted in Fig. 7. First, absorption occurs pre-
dominately in the ligand band (HOMO-3/-13 — LUMO). Second,
excited hole carriers internally relax into the mixed HOMO_y4_¢
states by internal conversion, which is evidenced by the 2DES-
detected electronic fine-structure states. The 225 cm™" energy dif-
ference between excitation-detection frequencies is in good agree-
ment with theoretical predictions of the energy gap separating the
HOMO_13/-13 and HOMO_4_¢ manifold. Next, the carriers relax by
HOMO_4-¢ to HOMO hole transfer over the next several hundred

TABLE IIl. Fit values for cluster dynamics from 2DES experiments. Time constants and standard deviations obtained from

fitting transient dynamics from femtosecond 2DES experiments.

Frequency (cm ™) Ay Ty (fs) A; T> (fs) Ainf Ts (fs)
(15 620, 15 620) -5.8" 75+ 10 14.9 150 + 20 0.16 >15 000
(15725, 15 725) -8.2° 12+5 9.4 90 + 15 0.25 >15 000
(15 825, 15 825) -9.6" 15+5 8.5 80 +10 0.14 >15 000
(15 825, 15 620) —-6.6" 65+ 15 7.8 160 + 35 0.21 >15 000

*A growth component.
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=0fs =150 fs = 1000 fs > 100 ps FIG. 7. Electronic charge carrier relax-
Iy wunnny | guuuy | wweeey LUMO, ation model resulting from 630-nm exci-
A @ A @ A @ tation of the charge transfer transition in
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femtoseconds. Finally, the excited charge carriers undergo radiative
recombination through the core-localized states over several hun-
dred picoseconds, persisting beyond our measurement range. An
alternative explanation for the observed transient diagonal and cross
peaks invokes vibronic transitions. The 2DES features are attributed
to distinct electronic excitations based on the excellent agreement
between experimental spectra and calculated electronic excitation
energies. In future research, comparisons between cross and
co-polarized pump and probe beams may provide a more definitive
measurement-based determination.

We note that previous TA experiments by Zhou et al. suggest
that the picosecond decay corresponds to metal-to-ligand charge
transfer.”’ However, our experiments selectively pump and probe
the heavily mixed transition at 630 nm, where the largest oscilla-
tor strength transition has significant semiring (i.e., ligand band)
character. Thus, it is likely that ligand-based states contribute rather
significantly to the initial excitation and govern relaxation. This is
consistent with TDPL measurements, where both Au-Au core and
Au-S$ semiring vibrational modes mediate nonradiative relaxation
in Ausg(SCi2Hzs)24. Furthermore, the long-lived transient signal
from our fsSTA measurements likely corresponds to radiative carrier
recombination on longer timescales. Time-dependent DFT calcula-
tions by Dimuthu et al. suggest that photoluminescence predom-
inately occurs through a HOMO-LUMO transition comprised of
core-localized orbitals.”” However, both the inorganic Au-S semir-
ing and metal core play integral roles in governing nonradiative
relaxation dynamics in Ausg(SR)24 MPCs.”' Taken together, these
results suggest that the complex interplay between the inorganic
semiring and core structures, along with the initial excitation condi-
tions, plays an integral role in governing electronic charge relaxation
in structurally precise Ausg(SCsHi3)24 MPCs.

IV. CONCLUSIONS

Here, femtosecond transient absorption and two-dimensional
electronic spectroscopy measurements were employed to investigate

electronic charge carrier relaxation dynamics in quantum-confined
Ausg(SCsHi3)24 MPCs. Identification of rapid internal conversion
and hole transfer dynamics were resolved through time-dependent
amplitudes of fsTA differential spectra and 2DES-detected evolution
of electronic fine-structure states. From fsTA, single-wavelength
dynamics yielded rapid 120 + 20 fs and slower 905 + 115 fs decay
time constants, which are consistent with previous fsTA experi-
ments on gold MPCs. The time-dependent amplitudes of two Gaus-
sian components fit to the differential fsTA spectra indicated rapid
peak interconversion between the two components, which sug-
gests that photoexcited charge carriers rapidly transfer between dif-
ferent states within 100 fs. The excitation-detection spectra and
transient dynamics from 2DES diagonal and off-diagonal cross
peaks indicated that the state-to-state dynamics could be identi-
fied and resolved on the sub-100 fs timescale. 2DES data agreed
well with previously published DFT calculations, suggesting a step-
wise HOMO_12/-13 to HOMO_4_¢ to HOMO charge carrier relax-
ation model in Ausg(SCsHi3)24 MPCs. The relaxation mechanism
is described by four sequential steps: (1) absorption within the lig-
and charge transfer band, (2) internal conversion of hole carriers
within 100 fs from HOMO_15/-13 to HOMO_4/—, (3) hole relaxation
from HOMO_4/_¢ to HOMO within 1000 fs, and (4) electron-hole
recombination persisting over longer timescales. These results
demonstrate the ability of 2DES to provide ultrafast transient
excitation-detection correlations that can be used to resolve state-to-
state energy relaxation in structurally precise nanoclusters. Future
studies combining femtosecond 2DES and controlled structural
modifications to specific nanocluster domains show great poten-
tial for understanding structure-dependent electronic relaxation
dynamics.

SUPPLEMENTARY MATERIAL

See the
additional transient spectra.

for Figs. S1-S5, which include
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