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ABSTRACT: Understanding the electron—phonon interaction 7
in Au nanoclusters (NCs) is essential for enhancing and tuning Geometry deformation
their photoluminescence (PL) properties. Among all the
methods, ligand engineering is the most straightforward and
facile one to design Au NCs with the desired PL properties.
However, a systematic understanding of the ligand effects IR Emosion
toward electron—phonon interactions in Au NCs is still missing. 100 nm Non-radiative
Herein, we synthesized four Au,(SR);s~ NCs protected by
different —SR ligands and carefully examined their temperature-
dependent band-gap renormalization behavior. Data analysis by
a Bose—Einstein two-oscillator model revealed a suppression of
high-frequency optical phonons in aromatic-ligand-protected Au,; NCs. Meanwhile, a low-frequency breathing mode and a
quadrupolar mode are attributed as the main contributors to the phonon-assisted nonradiative relaxation pathway in aromatic-
ligand-protected Au,s NCs, which is in contrast with non-aromatic-ligand-protected Au,; NCs, in which tangential and radial
modes play the key roles. The PL measurements of the four Au,; NCs showed that the suppression of optical phonons led to
higher quantum yields in aromatic-ligand-protected Au,; NCs. Cryogenic PL measurements provide insights into the
nonradiative energy relaxation, which should be further investigated for a full understanding of the PL mechanism in Au,;
NCs.

KEYWORDS: atomically precise nanoclusters, Au,s, electron—phonon coupling, two-oscillator model, photoluminescence, ligand effect
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INTRODUCTION provide guidance toward tailoring Au NCs with the desired
photoluminescence properties.

Fundamental studies on the electron—phonon interactions
can be carried out by cryogenic optical absorption spectrosco-
py."” =" This technique has made it possible to measure the
temperature-dependent band-gap renormalization and extract
vibrational relaxation pathways that couple with the correspond-
ing electronic transition. Of note, vibrational relaxation is the
main nonradiative energy relaxation pathway; hence, a
comprehensive understanding of electron—phonon interaction
in Au NCs is of paramount importance for improving their
luminescence properties.”’ The development of cryogenic
optical absorption measurements is built on a generally accepted

Atomically precise Au nanoclusters (NCs) exhibit rich optical
and optoelectronic properties and have recently attracted
considerable research interest for diverse applications in solar
cells, photocatalysis, bioimaging, sensing, etc.!™° Particularly,
Au NCs are found to present good biocompatibility and
intriguing near-infrared photoluminescence (NIR-PL) that are
rare in classical materials (e.g., organic dyes).””'* The NIR-PL
quantum efficiency and emission wavelength can be altered by
varying the core structure (with the same ligands) or the
protecting ligands (with the same core structure).'"'?
Compared to the design and synthesis of different structured
Au NCs, ligand engineering is an easier way to tune the PL
properties and exploit the full potential of known Au NCs."*~ "

When different protecting ligands are introduced into the cluster Received: July 4, 2022
system, the local electron density and vibrational properties of Accepted:  October 7, 2022
Au NCs can be changed, which alters the energy relaxation Published: October 17, 2022

pathway via electron—phonon interactions.' However, the
nature of electron—phonon interactions in Au NCs still lacks an
understanding, and the attainment of such information will
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theory that the temperature dependence of a band gap (E,) is a
joint contribution from both lattice thermal expansion and
electron—phonon interaction.'””" Generally, under the quasi-
harmonic approximation, the contribution of the two mecha-
nisms can be written as

dEg 3 aEg aEg( 1)

— == + z n:+ —

dr oT ~ on \ 1T 2
TE jrq UL

where the first term represents the contribution from the lattice
thermal expansion (TE) and the second term describes the
contribution of electron—phonon interaction from all the
phonon branches in the system.”’ However, the above formula
cannot be directly applied to analyze the measured temperature-
dependent E, data because the second term is extremely
complicated to obtain in first-principles simulations. Thus,
important approximations have been made to build parametric
models that bridge the gap between theoretical analysis and
experimental data.

To solve the problem, a Bose—Einstein oscillator model was
established, and it successfully extracted electron—phonon
interaction information for various semiconductor materi-
als.”>** The formula of the Bose—Einstein oscillator model is
given in eq 2, where Eg(O) represents the band gap at 0 K, 7w
denotes the energy of phonon modes that contribute to the
renormalization of the band gap, and a is a constant. Of note, W,
is a normalization constant. The success of the Bose—Einstein
oscillator model is that it adopts an approximation where the
contribution of thermal expansion can be rewritten to a formula
similar to that of the electron—phonon interaction term.”’ In
other words, both types of mechanisms have been shown to vary
with temperature just as phonon occupation number which
follows the Bose—Einstein distribution.
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In the field of Au NCs, Ramakrishna et al. used the
O’Donnell-Chen model, which is a variant of the Bose—
Einstein single-oscillator model, to describe the temperature-
dependent (room temperature down to 78 K) band gap of Au,;
and Auyg NCs."” Later works showed that such a model is also
effective for other Au NCs and can be extended to a wider
temperature range (rt down to 4 K)."*** As shown in eq 3, the
O’Donnell-Chen model takes only one oscillator to approx-
imate the contribution from all phonon modes. Although this
single-oscillator model is found to fit the experimentally
obtained temperature-dependent band gap quite well, the
physical meaning of the hypothesized single oscillator can be
ambiguous in some cases. Actually, in a sophisticated system
such as Au,s NCs, both low-frequency acoustic phonons and
high-frequency optical phonons exist and affect the electronic
transition from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital
(LUMO).**?® Thus, both phonon types should be taken into
consideration in order to obtain an adequate picture of these
NCs.

E(T) =
hw
2%, T

Eg(O) - afzm/[exp(li—(;) —-1] = Eg(O) — ahw|coth( ) — 1]

Bose—Einstein single oscillator O’Donnell-Chen
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In the current work, we perform temperature-dependent
(down to liquid helium temperature) absorption spectroscopic
analyses on four Au,s(SR),s~ NCs protected by different — SR
ligands (R = C¢Hy—CH,CH,—, C¢H;—CH,—, C¢Hs—, 3,5-
DiMe-C¢H;—) in order to understand the ligand effect on the
vibrational energy relaxation pathway. A Bose—Einstein two-
oscillator model is introduced to separate the contributions from
acoustic phonons and optical phonons toward the band-gap
renormalization in Au,s NCs. Our analysis shows that,
compared to nonaromatic ligands, the aromatic ligands are
able to suppress high-frequency optical phonons in Au,s NCs
and promote radiative relaxation of photoexcited electrons.

RESULTS AND DISCUSSION

The syntheses of Au,s NCs protected by 2-phenylethylenethiol
(denoted as PET) and benzyl mercaptan (BM), respectively,
follow a previously reported one-pot procedure.””** In addition,
two aromatic ligands (thiophenol and 3,5-dimethylbenzene-
thiol, denoted as HSPh and 3,5-DMBT, respectively) are also
used to protect Au,s NCs and their syntheses are via a ligand-
exchange-induced structure transform (LEIST) methodology
that starts with Au,;(SR),s™.>" The structures of the four thiols
are given in the inset of Figure 1. The room-temperature UV—vis
spectra of the four Au,5 NCs are measured and compared in
Figure 1. The characteristic peak of Au,s(PET),¢” at around 675
nm is red-shifted to 688, 695, and 700 nm for Au,s(BM),5,
Auys(SPh),~, and Au,4(3,5-DMBT),,", respectively, which is
caused by the stronger electron delocalization and is consistent
with a previous report.”® Of note, DFT simulations identified
that the absorption peak discussed above is from the HOMO-1
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Figure 1. Room-temperature UV—vis absorption spectra of four
Au,5(SR) 5~ (counterion: *N(CgH;,),) NCs protected by different
ligands (inset: molecular structures of the four thiols used).
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Figure 2. Room-temperature UV—vis spectra of Au,5(SR),s~ NCs in solution and thin film: (A) SR = PET, (B) SR = BM, (C) SR = SPh, and (D)

SR = 3,5-DMBT.

to LUMO transition.”" The less prominent shoulder band at
~800 nm originates from the HOMO—LUMO transition and
follows the same ligand-dependent red-shift trend as does the
HOMO-1 to LUMO transition. A peak deconvolution protocol
is applied below to decouple these two peaks and extract the
accurate value of the HOMO~LUMO gap (E,). An analysis of
the absorption coefficients for the four Au,s NCs is given in
Figure S1, where all four samples have similar values in the 600—
900 nm region, suggesting that the different ligands barely affect
the core electronic states.

To carry out the cryogenic optical absorption measurements,
each of the four Au,; NCs is uniformly embedded in polystyrene
thin films via a drop-cast method. To evaluate the quality of as-
obtained thin films, the room-temperature UV—vis absorption
spectra of four Au, NCs are measured in both film and solution
states. As shown in Figure 2A—D, the absorption profiles of the
thin-film spectra are consistent with their solution counterparts,
despite a slight broadening and trivial shift. Such broadening and
shift is commonly observed and can be ascribed to a stronger
coupling between electronic states and vibrational states in the
solid state.”>** Hence, the thin films are of good quality and can
be employed to understand the electronic and optical properties
of Au,5 NCs.

The temperature-dependent optical absorption measure-
ments are conducted from rt down to liquid helium (LH)
temperature to understand the ligand effect on the electron—
phonon interaction in Au,; NCs. The obtained temperature-
dependent optical absorption spectra are then transformed to
the photon energy scale (Figure 3A—D, left) for further analysis.
The transformation is done by substituting the ordinary y axis
with A-A* (where A is the absorbance and 4 is the wavelength in
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nm) and the x axis with photon energy (i.e., 1241/4). To extract
accurate peak positions, two Gaussian profiles are used to
deconvolute the absorption profile between 1.3 and 2.1 eV at
each temperature (Figure 3A—D, upper right)."® The
absorption maximum of the Gaussian peak at around 1.6 eV is
the value of Eg.31

The temperature-dependent spectra show that, for all four
samples, the absorption peaks become narrower and sharper as
the temperature decreases, su%gesting a decoupling of electronic
states and vibrational states.”” The decoupling occurs because
the phonon population follows the Bose—Einstein distribution
and approaches zero as the temperature goes to zero.
Interestingly, the E, values of the four Au,s NCs protected by
different ligands all show a monotonous blue shift as the
temperature drops (Figure 3A—D, bottom right), which is
similar to conventional semiconductors such as Si, GaAs, etc.”’
Of note, the observed monotonous blue-shift trend with a
decrease in temperature is not guaranteed for all semiconductor
materials; indeed, a monotonous red-shift trend and even a
zigzag pattern have been observed in perovskite materials.'”**
Therefore, a well-rounded analysis of temperature-dependent E,
is essential to understand the key factors that cause such
differences across various types of materials.

In contrast to previous work where only one Bose—Einstein
oscillator was employed to describe the temperature-dependent
trend of Eg,17’18 here we introduce a Bose—Einstein two-
oscillator formula (eq 4) to model the observed temperature-
dependent trend and separate contributions from optical
phonons and acoustic phonons.”> ™’ In eq 4, Eg(O) represents
the gap at 0 K ky is the Boltzmann constant, T'is the temperature
in kelvin, a is a constant, and i@wgp and Aiw,p are the average
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Figure 3. (A—D, left panels) Temperature-dependent absorption spectra of four Au,;(SR),;;~ NCs (photon energy scale). (A—D, top right
panels) Peak deconvolution of spectra at 280 K and cryogenic temperatures. (A—D, bottom right panels) Extracted E, values and fittings by the

Bose—Einstein two-oscillator model.

energies for optical phonons and acoustic phonons, respectively,
with W, and W, being their corresponding normalization
constants.

hwop

hwgp
exp(—kBT ) -1

E(T) = E,(0) — o| W

4)
st W+ W,=1

The introduction of a Bose—Einstein two-oscillator model
here depends on two basic approximations. The first is the effect
from lattice thermal expansion incorporated into these two
terms, and its contribution is trivial compared to electron—
phonon interactions. As illustrated in eq 2, if one wants to model
the accurate thermal expansion contribution, at least one more

18451

Bose—Einstein term should be included, which significantly
increases the number of parameters that need to be optimized
and might lead to serious underfitting problems. An alternative
way to calculate the thermal expansion contribution is to rewrite
the thermal expansion term (see eq 5), where a is the thermal

JE
expansion coeflicient, B is the bulk modulus, and 0—; is the

pressure coeflicient of Eg.w’21
% _ov_ %

PV _ 5
oT v 0T opP

ovier —  op

oP ()

An approximate calculation of eq 5 can be rationalized as
follows. First, previous temperature-dependent X-ray absorption
fine structure studies of Au,; NCs showed that the average
length of Au—Au bonds shrinks by less than 1% when the
temperature decreases from 298 to 90 K.** From the definition
of the thermal expansion coefficient, a can thus be estimated as 1
x 107* K™'. The modulus of Au NCs has never been
experimentally measured, but a previous study of nanomaterials
below a 10 nm scale showed that the modulus of nanomaterials
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Scheme 1. (A) X-ray Structure of Au,; NCs (Core, Surface Staple-Like Motifs, and the Total Structure), (B) Tangential
Vibrations of the Au,(SR); Motifs, (C) Radial Vibrations of Au,(SR); Motifs, and (D) Breathing Mode of the Au,; Core”

@ CoreAu
@ Motif Au
@S

Tangential Vibrations

Radial Vibrations

Breathing Mode

“Redrawn from refs 25 and 46. The C and H atoms are omitted for clarity.

can be slightly larger than that of their bulk counterpart.*”
Hence, a reasonable value of B is between 2 X 10 and 8 X 10?
GPa. Of note, the modulus of bulk Au is 180 GPa. A rough value
of the pressure coefficient of E, can be approximated from the
high-pressure photoluminescence and absorption experiments
by Li et al.***" Different Au NCs showed different pressure-

OE
dependent trends of E,, but the absolute value of a—Pg is around

107 eV/GPa in magnitude. Taken together, the thermal
expansion effect can be approximated to be between 10™* and
107° eV/K. Hence, when the temperature decreases from rt to 3
K, the thermal expansion will account for a shift of between 0.03
and 0.003 eV. The upper bound (0.03 eV) of our estimation is
close to the observed overall temperature-induced E, shift of
Auys NCs (0.04—0.1 eV). A possible overestimation here is the

OE,

P

40,41
measurement of Pg performed at rt,"”

which inevitably

incorporates significant contributions from electron—phonon
interactions. The pressure-induced changes in lattice parameters
not only modify the electronic transition but also affect the
harmonic frequencies of the lattice.*” Thus, extra physical
measurements are required to obtain a more accurate evaluation
of the thermal expansion effect. Meanwhile, previous work on a
variety of semiconductors revealed that the thermal expansion
effect is commonly overwhelmed by electron—phonon inter-
actions.””** Summarizing all the above factors and consid-
erations, the contribution of the thermal expansion mechanism
is not dominant, and incorporating this effect will not cause
significant errors in our data analysis.

The second assumption here is that both electron-optical-
phonon scattering and electron-acoustic-phonon scattering
should be considered for a better understanding of the role of
the ligand in the energy relaxation process. Generally, three main
electron—phonon scattering mechanisms are accepted: defor-
mation potential scattering, Frohlich scattering, and piezo-
electric scattering.** Piezoelectric scattering is not expected in
Auys NCs because a noncentrosymmetric packing pattern is
necessary for materials to possess piezoelectricity, but previous
single-crystal X-ray diffraction measurements revealed that Au,;

NCs possess a centrosymmetric icosahedral core (Scheme
1A).>” Frohlich scattering is the Coulomb interaction between
the electrons and the electric field induced by out-of-phase
displacements of atoms with opposite charges (optical
phonons). For example, in the case of Au,; NCs, the radial
and tangential Au—S vibrations (Scheme 1B,C) of the SR—Au—
SR—Au—SR motif can couple with the HOMO-to-LUMO
electronic transition via a Frohlich interaction.**® Early works
by Ramakrishna et al. studied the temperature dependence
(down to 77 K) of the E, values of Au,s NCs and found that the
optical phonons contribute significantly to the band-gap shift in
this temperature regime.'”>* However, only considering the
effects from optical phonons is not enough in our experiments
(down to ~4 K). On one hand, our previous work found a
suppression of motif phonons in Au,s(PET) "~ thin films.'® On
the other hand, optical phonons typically have energies of tens of
meV, which means that their population will be extremely small
at low temperatures (<100 K). Hence, acoustic phonons should
play a prominent role in affecting the E, shift over this regime
and thus need to be carefully studied. Commonly, the electron-
acoustic-phonon scattering is achieved via deformation potential
scattering. The deformation potential is a linear coefficient used
to describe the effects of lattice distortion toward single-
electron-band energy. In spherical nanostructures, the breathing
mode is acknowledged to be the fundamental acoustic vibration
mode and it has been found to be of paramount importance for
deformation scattering in quantum dots.”** So far, the
breathing mode of Au,s NCs (Scheme 1D) has been studied
by a variety of methods, including Raman spectroscopy,
transient absorption spectroscopy (TAS), and density func-
tional theory simulations (DFT).”>***° However, its effect on
E, renormalization remains unknown and needs more work. It is
worth noting that optical phonons can also interact with
electrons through nonpolar deformation potentials at higher
temperatures.”' > Nevertheless, such an interaction is trivial
compared to the Frohlich interaction and can thus be neglected.

Our discussions above have demonstrated that the Bose—
Einstein two-oscillator model is suitable for modeling the
electron—phonon interactions in Au,s NCs, albeit it incorpo-
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rates slight effects from thermal expansion. As shown in Figure
3A-D, bottom right, the Bose—Einstein two-oscillator model
showed a good fitting to our measured data. The extracted
electron—phonon information is given in Table 1. It is
interesting to find that the acoustic phonon modes coupled
with the electronic transitions are similar among the four Au,;
NCs, while the coupled optical phonon mode changes
drastically from aromatic-ligand-protected Au,s NCs to non-
aromatic-ligand-protected ones. A careful assignment of these
phonon modes is required before we can generate a full picture
of the energy relaxation process in Au,s NCs. Therefore, we
compare the average phonon energy obtained from our model
with the previously reported TAS,”>**~* Raman spectrosco-
py,"**® and DFT simulations>*’ to identify the main
contributors in the modeled oscillators.

As shown in Table 1, the average frequency of the acoustic
phonon mode that couples with the HOMO-to-LUMO
transition is determined to be around 60 cm™ (7.6 meV X 8.0
cm™!/meV = 60) in PET-protected Au,s and around 40 cm ™" in
all other Au, NCs. Interestingly, the modeled acoustic phonon
modes here have energies similar to those of the Au,; core
breathing mode and quadrupolar-like mode (Figure S2) that
were determined in previous femtosecond pump—probe
measurements and DFT simulations.”® In detail, the breathing
mode and quadrupolar-like mode in Au,s(PET), " are induced
by the amplitude and frequency modulation of the HOMO-to-
LUMO electronic transition, respectively.54_56 In the case of
Auys(PET);4", the frequency of the quadrupolar-like mode is
determined to be around 40 cm™' and the frequency of the
breathing mode is around 80 cm 12" Therefore, our
modeled acoustic oscillator (60 cm™) in Au,(PET),s” can be
considered as taking contributions from both the breathing
mode and the quadrupolar-like mode. Moreover, Kong et al.
recently found that these acoustic phonon modes are invariant in
Auys NCs protected by different ligands, including both
aromatic and nonaromatic ligands.54 Hence, the electron-
acoustic-phonon interactions in all three other Au,s NCs should
be similar to the case of Au,s(PET),s". The relatively smaller
average energy of fitted acoustic oscillators indicates a greater
involvement of the low-frequency quadrupolar-like mode.
Furthermore, as illustrated in Scheme 1D, the breathing mode
is the in-phase radially symmetric oscillations of all Au atoms in
the Auy; core, which approximately have a linear effect on the
single-electron-band energy."” Meanwhile, the quadrupolar-like
mode, where periodic expansions and contractions happen
along one direction while synchronous out-of-phase oscillations
happen in the perpendicular plane, leads to an atomic
displacement similar to that of static strain.”” Overall, both
acoustic vibration modes should interact with the HOMO-to-
LUMO electronic transition via deformation potential scatter-

ing.

Table 1. Fitted Parameters for the Four Au,; NCs

hwop haw,p
ligand E(0) a(107) W, (meV) W, (meV)
SCH,CH,Ph 1.66 2.8 0.58 48.0 0.42 7.6
(PET)
SCH,Ph (BM) 1.60 5.5 0.75 41.1 0.25 5.1
SPh 1.61 5.1 0.71 24.5 0.29 5.0
SPh(CH,), 1.62 2.7 0.55 20.6 0.45 4.6
(3,5-DMBT)

We next discuss the optical phonons (Table 1). In a
complicated system such as Au,s NCs, the number of optical
phonon branches is much greater than that of acoustic phonon
branches, which leads to a great difficulty in assigning optical
phonon modes. To simplify the problem, we neglect the effect of
C=C, C—C, and C—H vibrations from the carbon tail and treat
the carbon tail as a whole when we discuss their effect. It is
reasonable because the vibrations of light atoms (i.e., C, H) are
far beyond the frequency region that we are interested in.>®
Therefore, the possible origin of optical phonons can be
narrowed down to the Au(inner core)—(SR)—Au(motif)—
(SR)—Au(motif)—(SR)—Au(inner core) chain. The observed
330 cm ™! optical phonon mode in Au,s(BM),5~ and 390 cm™
optical phonon mode in Au,s(PET);3~ are close to the Au—S$
vibration modes in the Au,(SR); motifs measured by Raman
spectroscopy.*®? Specifically, the frequency of radial and
tangential Au—S vibrations in Au,(PET); have been determined
to be between 300 and 330 cm™. Moreover, the nature of these
two vibrational modes can induce a changing electromagnetic
field that can interact with the free electron via a Frohlich
interaction. Hence, we believe that these two phonon modes are
the main contributors to the modeled optical oscillators in
Au,(PET) 5~ and Au,s(BM),5~.

In the case of aromatic-ligand-protected Au,s(SPh);s~ and
Auy5(3,5-DMBT),5~, the energies of the observed optical
phonon oscillators are around 200 and 170 cm ™, respectively,
which are much lower than those of non-aromatic-ligand-
protected NCs. The length of the carbon tail had been found to
affect the Au—S vibrational frequency because the frequency of
harmonic oscillators is mass-related.”® However, the difference
between SPh and BM is just one —CH, group and 3,5-DMBT
actually shares the same molecular weight with PET. Therefore,
the Au—S vibration in the motif should not vary much and the
observed changes actually suggest that the aromatic ligands
suppress the high-frequency optical phonons (radial and
tangential Au—S vibrations), and HOMO-to-LUMO transitions
in Au,s(SPh),¢~ and Auys(3,5-DMBT);s~ mainly couple with
low-frequency phonons. In other words, aromatic ligands
change the energy relaxation pathway of HOMO-to-LUMO
transitions in Au,g NCs. The suppression of high-frequency
optical phonons can be ascribed to two aspects. First, 7 electrons
from the benzene rings of the aromatic ligands can conjugate
with S atoms through a p—r interaction that increases the
electron density on S atoms and even the entire staple motif. The
two methyl groups in the 3,5-DMBT ligand are electron donors
and can result in a stronger effect. The Coulomb repulsion can
lead to a stronger quantum confinement effect in aromatic-
ligand-protected Au,s NCs and suppress the core—shell charge
transfer. Hence, the interaction between the staple phonon and
the electronic transition is suppressed. The second factor is the
steric effect of ligands. The aromatic ligands are much bulkier
(sp® vs sp® carbon) than nonaromatic ligands and provide more
hindrance for vibrations, and the shorter distance between
adjacent ligands can lead to a much stronger 7—n stacking
interaction.’”*”“° In the Raman spectra and DFT simulations of
Auyg NCs, Au—S—C bending is the only vibrational mode that
has frequencies between 170 and 200 cm™'.****¢»%> Never-
theless, the nature of such a vibration makes it not possible to
form strong electron—phonon interactions. Previous research
on the Bose—Einstein two-oscillator model has noted that it is
possible for the model to integrate high frequency acoustic
phonons with the optical oscillator.”> Here, we believe that the
modeled high-frequency oscillator represents an average of the
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Figure 4. Ratio of contributions from optical phonon and acoustic phonon at different temperatures (AEop/AE,p, AEq, =
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core breathing mode and

Au—S vibrations in the motifs. Of note,

such an integration is also possible in the case of Au,s(PET) 5~

and Auys(BM),5~ but the contribution from optical phonons is

dominant.

To understand the relative contribution by acoustic phonons

and optical phonons, we plot the AEqp/AE,p from rt down to 4

K in Figure 4. It can be seen that the contribution from

electron—acoustic-phonon interactions is stronger than that of

electron—optical-phonon interactions in the entire temperature
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Figure 6. Cryogenic photoluminescence spectra of (A) Au,s(PET)s", (B) Au,s(BM),3, (C) Au,s(SPh)5”, and (D) Au,5(3,5-DMBT) 5~ from

room temperature down to 20 K. Excitation wavelength: 375 nm.

range. Especially, when the temperature goes down to 50—100
K, the contribution from optical phonons is trivial. If we consider
the contribution of acoustic phonons to the modeled optical
oscillator, the contribution from optical oscillator can be less.
Therefore, our early assumption that both types of phonon
modes should be considered is correct. The dominant effect of
acoustic phonons is also consistent with the electronic HOMO-
to-LUMO transition, which almost solely consists of wave
functions of the Auy; core according to DFT simulations by
Aikens and Jiang et al.””*!

PL OF Au,s5(SR);s NCs

The PL properties of Au,5(SR) 5~ NCs and the origin of PL have
long been an intriguing question ever since the structure was
determined." To shed light on it, tremendous experimental and
theoretical efforts have been made in the past decade.®*~*° With
years of work, it has been widely accepted that the PL emission
of Au,(SR),5~ NCs falls between 700 and 1600 nm. However,
due to the limitations of common commercial visible and NIR
detectors (<850 nm and >950 nm, respectively), a full picture of
Auys(SR),s~ NCs has not been obtained. Meanwhile, it is worth
noting that, in air, Au,5(SR);3~ NCs can easily be photo-
oxidized to neutral [Au,s(SR);5]° (its PL peak centered at 800
nm) during PL measurements, which thus results in a distorted
spectrum. Here, with a broadband detector (500—1700 nm), we
measured the complete PL emission spectra of Au,s(SR);s~
NCs. To avoid the possible effects of oxidation and
decomposition of Au,s(SR),3~ NCs, here we use freshly made
samples and all the measurements are conducted under N, gas

18455

or He gas. As shown in Figure SA—D (black profiles), all four
Au,s NCs show a single emission peak that is centered around
1100 nm, with a 0.4 eV Stokes shift compared to their HOMO—
LUMO absorption peak. Of note, the sharp drop at 1150 nm is
due to reabsorption by dichloromethane (DCM,; see Figure S3).
The quantum yields (QYs) of the four samples were measured
by a relative method with IR-1061 in DCM as a standard.*® As
shown in Figure §, the four Au,s NCs showed QYs of 1.1 to 1.7%
in the DCM solution, indicating a ligand effect in the solution
state. When we embedded Au,s NCs into polystyrene films, the
QYs of PET- and BM-protected Au,5 NCs increase by ~10%
and 40% compared to their solutions, whereas the QYs of SPh-
and 3,5-DMBT-protected Au,5 NCs increased by several times.
Such a distinct difference can be ascribed to the strong
suppression of optical phonon branches in the aromatic-
ligand-protected Au,; NCs, as we illustrated in the above
electron—phonon coupling analysis. We also used a visible
photomultiplier tube (PMT-900) detector to measure the
visible-region PL spectra (Figure S4A—D). Of note, the sharp
drop starting at 850 nm in the PL spectra measured by PMT-900
is caused by the detector’s limitation, whereas the broadband
PMT-1700 detector extends from 500 to 1700 nm. The spectra
between 600 and 900 nm that are measured by the two detectors
are consistent.

The low QY indicates a significant loss of photoexcitation
energy by nonradiative processes. To further understand the
nonradiative relaxation process in Au,; NCs, cryogenic PL
measurements for the four samples were carried out from room
temperature down to 20 K. Similarly to the temperature-
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dependent optical absorption spectra, the emission peak also
showed a blue shift as the temperature decreased but was less
significant (Figure 6A—D and Table S1). Previous research
found that the QYs of Au,;(SR),s” and
[Au,;(SR);,(PPh,CH,PPh,)]* reached over 70% when the
temperature was decreased to 80 K.'” Theoretically, if phonon-
assisted nonradiative relaxation were the only nonradiative
relaxation channel, the QY should reach near 100% when the
temperature decreases to 4 K, because the phonon population
will fall to near zero at 4 K. However, in the cases studied here,
we found that the QY of all four Au,; NCs did not approach
100% (QY < 20%) as the temperature was decreased to 20 K. At
20 K, the thermal energy is less than 2 meV, which can barely
activate acoustic phonons and optical phonons. The observed
temperature-dependent PL behavior indicates that the pre-
viously proposed luminescence mechanism for Au,s NCs is not
yet complete, and very low frequency acoustic phonons or non-
phonon-assisted relaxations should be taken into consideration
in future work.%*

CONCLUSION

In summary, we have presented an experimental and theoretical
investigation of the vibrational relaxation in Au,s NCs.
Temperature-dependent optical absorption spectra of four
Auyg NCs protected by different ligands are measured from rt
down to LH temperature. A Bose—Einstein two-oscillator model
is introduced to describe the temperature-induced E, renorm-
alization. This work elucidates the detailed electron—phonon
interaction mechanisms in Au,; NCs. Acoustic phonons are
identified as the main contributors to the E, renormalization and
nonradiative energy relaxation. Meanwhile, a suppression of
high-frequency optical phonons is found in aromatic-ligand-
protected Au,s NCs and a PL spectroscopic analysis proved that
such a suppression leads to PL enhancement. Overall, our
current work on the electron—phonon interactions in Au,s NCs
provides guidances for an understanding of the mechanisms of
PL and will promote the discovery of Au NCs with enhanced PL
properties in future work.

METHODS

Synthesis of Au,s5(SR);5~ NCs. The synthesis of Au,(PET) ;~ and
Au,s(BM),4~ followed a previously reported one-pot method.”® The
synthesis of Au,(SPh),s~ and Au,(3,5-DMBT);~ was achieved by a
previously reported ligand-induced structure transformation method.*

Preparation of Au Nanoclusters/Polystyrene Composite
Thin Film. A solid thin film was obtained by a drop-cast method.
First of all, a polystyrene stock solution was prepared by dissolving
polystyrene (80 mg) in 1 mL of CH,Cl,. Meanwhile, the stock solution
of Au,5 NCs was prepared by dissolving 1 mg of Au,g NCs in 1 mL of
CH,Cl,. Then, 20 uL of the as-obtained Au nanocluster solution and 10
UL of polystyrene solution were mixed together to give an inklike
solution. Finally, the solution was dropped on a quartz plate and dried
slowly at room temperature.

Steady-State UV-Vis—NIR and Cryogenic Measurements.
UV—vis—NIR spectra of Au nanoclusters were collected with a UV-
3600 Plus UV—vis—NIR spectrophotometer (Shimadzu). The home-
built low-temperature system included the UV-3600 Plus spectrometer,
a vacuum pump, an Optistat CF2 cryostat (Oxford Instruments), and a
temperature controller. Liquid helium was used as the cryogen.

Steady-State Photoluminescence and Cryogenic Measure-
ments. Steady-state photoluminescence spectra were measured on a
FLS-1000 spectrofluorometer (Edinburgh). Visible PL was measured
using a photomultiplier (PMT) as the detector. Near-infrared PL was
measured using a wide-range InGaAs detector cooled with liquid
nitrogen (—80 °C). The home-built low-temperature system included

the FLS-1000 spectrofluorometer, a vacuum pump, an Optistat CF2
cryostat (Oxford Instruments), and a temperature controller. Liquid
helium was used as the cryogen.
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