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ABSTRACT: Temperature-dependent optical properties are of paramount importance for
fundamentally understanding the electron—phonon interactions and phonon modes in
atomically precise nanocluster materials. In this work, low-temperature optical absorption
spectra of the icosahedral [Au,s(SR)5]™ nanocluster are measured from room temperature
down to liquid helium temperature by adopting a thin-film-based technique. The thin-film
measurement is further compared with results from the previous solution-based method.
Interestingly, the previously missing core phonon is revealed by a quantitative analysis of the
film data through peak deconvolution and fitting of the temperature trend with a theoretical
model. The two lowest-energy absorption peaks (at 1.6 and 1.8 eV) of Au, are determined
to couple with the staple-shell phonon (average energy ~350 cm™) in the solution state, but
in the solid state these electronic transitions couple with the core phonon (average energy
~180 cm™"). The suppression of the staple-shell phonon in the solid state is attributed to the
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intracluster and cluster—matrix interactions.

Atomically precise Au nanoclusters (NCs), consisting of
tens to hundreds of Au atoms per cluster with precise
structures, offer many opportunities for tackling some
fundamental issues in nanoscience research." Among the
physicochemical properties, understanding the optical proper-
ties and carrier dynamics of metal NCs is of paramount
importance to their applications (such as photovoltaic energy
conversion and photochemical energy storage).””>

The atomic-level structures of metal NCs provide ideal
systems to probe the correlation between the structure and
optical/electronic properties of these ultrasmall nanomateri-
als.*”” While much work has been carried out toward achieving
the correlations, many fundamental issues still remain, for
instance, the correlation between the structure and carrier
dynamics of Au NCs;** in particular, how does the electron—
phonon coupling affect the photoexcited carrier lifetime?®™ ">
Temperature-dependent optical absorption measurements can
provide insights into the fundamental electron—phonon
coupling since cryogenic measurements offer a direct way to
extract information on electron—phonon coupling and phonon
modes."* In previous work, this method has been commonly
used to characterize conventional semiconductors, perovskite
materials, and conjugated organic molecules.”>™*® However,
temperature-dependent optical properties of Au NCs are still
barely studied.

Ramakrishna et al. reported the first temperature-dependent
optical absorption measurements (down to 77 K), which
provided deep insights into the electron—phonon cougling and
exciton—phonon coupling in Au-thiolate (SR) NCs.'”** Their
work focused on the comparison of Au NCs of known
structures containing Au,; icosahedral (I;,) core or fused ones,
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i.e, Au,g sphere vs Au,s rod.”' ™ In previous solution-based
tests (note: “glass” was formed at sufficiently low temper-
atures), core—shell electron—phonon interactions were iden-
tified as the dominant contributor to the optical properties of
sphere-like Au,s and bi-icosahedral Au;g NCs.'”* In contrast,
the rod-like Au,s—which was protected by ternary ligands
(SR, PPh, and CI)**** and possessed no staple motifs—was
found to have much weaker electron—phonon coupling
strength.”® Despite these interesting discoveries, no core
phonon was identified except the surface staple phonon,
which was perplexing and motivated our current work.
Herein, we report the observation of the core phonon of
Au,ys NCs by a solid thin-film-based method. Specifically, our
cryogenic optical absorption spectroscopic measurements are
based on polystyrene thin films of the icosahedral
[Au,s(PET),s]” NC (where PET = 2-phenylethanethiolate,
simplified as I;, Au,; hereafter owing to its icosahedral core). By
adopting the thin-film technique, the testing range of
temperature-dependent absorption spectra can be extended
down to liquid helium temperature. Lowering the temperature
minimizes the peak broadening and can lead to observation of
fine features or new trends in the temperature-dependent
spectra. By combining the Au,; solution and film-based
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cryogenic optical measurements, the distinct effect of physical
environments on the active phonon modes is discovered,
which will open up new opportunities for investigating the
electron—phonon coupling and phonon properties of metal
NCs.

The synthesis of I, Au,s followed our earlier report.”* The
Au,; NCs were then embedded in a polystyrene thin film,
which was made by a drop-cast method (see details in the
Supporting Information). Cryogenic spectroscopic measure-
ments were performed from room temperature down to 15 K.
Figure 1 shows the temperature-dependent optical absorption
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Figure 1. Cryogenic optical absorption spectra at different temper-
atures of Au,s in a thin film of polystyrene. The inset shows the
spectra at room temperature and 15 K.

spectra of I;, Auys in a solid film. At room temperature, the
spectrum shows three main peaks at 400, 450, and 675 nm
(Figure 1 inset, black profile). The observed optical absorption
features in the solid sample are consistent with the solution-
phase spectrum.”*** When the temperature decreased, several
new features appeared in the 300—600 nm region of the
spectra of the Au,; film, and the initially broad peak at 675 nm
was also split into two sharp peaks at 660 and 740 nm.
Additionally, the absorption spectra of the I, Au,s film
exhibited a distinct blueshift of the absorption maxima and
an increase in the oscillator strength at low temperatures.

For a comparison between the film- and solution-based
systems, we also measured the temperature-dependent
absorption spectra of I, Au,s dissolved in 2-methyltetrahy-
drofuran (a “glass”-forming solvent). Similar optical absorption
spectra and temperature-dependent trends were observed
(Figure S1), and our results of I, Au, solution (note: “glass”
was formed at sufficiently low temperatures) are similar to the
previous observations by Ramakrishna et al.'” While the
spectroscopic trends of the film and solution measurements are
qualitatively similar, quantitative analyses reveal some interest-
ing differences in the phonon modes coupled with the
electronic transitions (vide infra).

Among all the temperature-dependent optical absorption
features, the shift of absorption maximum is the most valuable
one, because it indicates a change to the corresponding
electronic transition gap and such a change discloses
information on thermal lattice contraction/expansion and
electron—phonon coupling."*"*° Ramakrishna et al.'”?°
previously applied a modified Bose—Einstein relationship
that was developed by O’Donnell and Chen'” to model the
absorption peak dependence on the temperature and obtained
the electron—phonon coupling strength and average phonon
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Figure 2. Photon energy-scale spectra and the curve fitting of the 1.3—2.1 eV region at different temperatures for I;, Au,s in (a) thin film and (b)
solution. Below, the trends and fitting results of absorption maxima with temperature are shown in (c) the first peak and (d) the second peak.
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energy for Au NCs in solution. Here, we use the same method
to analyze the temperature-dependent energy gap (E,) in our
solid film samples. The analytical form of the O’Donnell—
Chen equation can be written as'’

— B(0) — {ho))
E(T) = E(0) (C)(ha))[coth( AT ) 1} W

where (Aw) represents the average energy of phonons that
contribute to the electron—phonon coupling of the specific
electronic transition, (C) is the coupling constant which
indicates the electron—phonon coupling strength, and E(0) is
the corresponding electronic transition gap at 0 K. We note
that the HOMO—LUMO transition energy differs from the
value of the HOMO—LUMO gap energy. The latter is typically
obtained by extrapolating the optical absorbance to zero,”'
while the HOMO—-LUMO transition energy will shift to the
blue due to Franck—Condon vertical transition. When we
analyze the shift of E(T), an accuracy of ~0.01 eV is required
due to the overall small shift, but the method of absorbance
extrapolation leads to large errors; thus, we use the peak
position, rather than the onset position of absorption, to carry
out our data analysis.

In order to better determine the peak position, the
wavelength-scale absorption spectra are first transformed to
the photon energy (eV)-scale spectra, that is, the plot of
absorption intensity (A4%, where A is the absorbance and 1 is
the wavelength) vs photon energy (Figure 2a,b). Furthermore,
we fit the absorption peaks to Gaussian profiles to obtain the
accurate positions of absorption maxima. Two Gaussian peaks
are needed to reproduce the line shape in the region between
1.3 and 2.1 eV of the I, Au,s (Figure 2a,b). The successful peak
deconvolution (Tables SI and S2) permits us to analyze the
two lowest-energy peaks, as opposed to one peak only in
Ramakrishna’s analysis."” Different electronic transitions may
couple with different phonon modes. Previous density
functional theory (DFT) calculations revealed that the 1.8
eV peak (675 nm) was the HOMO—LUMO transition of
Au,g,”' but later refinements found a splitting in this region,
indicating that the first (1.6 eV) and second (1.8 eV) peaks
arise respectively from HOMO-to-LUMO and HOMO-1-to-
LUMO transitions.”®

The first peak (HOMO-to-LUMO transition) of Au, in the
solid film shows a 0.04 eV blueshift when the temperature
decreases from room temperature to 15 K. The positions of
this peak are different in the two different environments, solid
state vs solution (Figure 2c). At room temperature, the first
peak in solution is 0.03 eV lower than that in the solid state,
and as the temperature decreases, the difference between the
film and solution values becomes slightly smaller. The shape
and full width at half-maximum (fwhm, Tables S1 and S2) of
peaks for the film and solution samples share a close
resemblance, suggesting that the effects of solvation and
collisions”” are less significant in our cases. The second peak of
I, Au,s presents a similar temperature-dependent blueshift
(Figure 2d). For a quantitative fitting analysis, we employ the
O’Donnell-Chen equation to obtain the intrinsic information
on I, Auys. The fitting curves are shown in Figure 2¢,d, and the
fitting parameters are listed in Table 1.

From Table 1, it can be seen that the average energies of
phonons for the first and second absorption peaks of Au,g are
almost the same in either environment (e.g., 23 vs 25 meV in
film, 42 vs 43 meV in solution), and so is the coupling
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Table 1. Transition Energy at 0 K (E(0)), Average Phonon
Energy ({(Aw)), and Electron—Phonon Coupling Constant
({C)) for Sphere-like I, Au,; in Thin Film and Solution, as
Well as Rod-like Au,; in Thin Film“

(ho)
sample E(0) (eV) (meV) (C)
[Au,5(SR) ]~ 1st peak 1.661 + 0.001 23 +2 13+0.1
solid film 2nd peak  1.877 £ 0001 25 +2 14 <01
[Au,5(SR) ]~ 1st peak 1.64 £ 0.001 42 +4 24+02
solution 2nd peak  1.874 + 0001 43 +3 2.5 + 02
[Au,s(PPh;),4(SR)sCL,]** solid 1.88 + 0.01 18+2 1.8+0.1

film
“See additional data in Figure S2 and Table S3. All parameters are
obtained by fitting the data of the temperature-dependent absorption
spectra.

constant. These results suggest that the electronic transitions
from the doubly degenerate 1P;, to LUMO and non-
degenerate 1P;,, to LUMO couple with the same phonon
mode. Interestingly, when comparing the two different
environments, we found that the average phonon energy for
the case of Au, film is significantly smaller than that of Au, in
solution (24 vs 42.5 meV), and so is the coupling constant
(1.35 vs 2.45). These differences indicate that the solution-
state Au,s phonons and electron—phonon coupling strength
are suppressed in the solid state, leading to the manifestation
or exposure of new phonons and their coupling with the
electronic transitions in the Au,; solid state. Below we
rationalize the phonon modes that couple with the first and
second peaks of Au,g in solution and solid states.

Unlike small molecules, [Au,s(SCH,CH,Ph),;]” possesses
349 atoms, and its number of vibrational normal modes is very
large (i.e., 3N — 6 = 1041, where N = 349 atoms); all these
modes form a quite dense distribution that can be represented
by the vibrational density of states.”® > The assignment of
vibrational (phonon) modes relies on the structure-based DFT
calculations on Au,s(SR);5 NCs**™** and experimental results
from far-infrared absorption and terahertz Raman scattering
measurements of Au NCs.>>™® The structure of the I, Au,;
possesses an icosahedral Au,; core and six Au,(SR); dimeric
surface motifs (Scheme 1). DFT calculations of the Au,s

Scheme 1. Core—Shell Structure of Au,(SR);s"
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“Redrawn from ref 21.

vibrational properties by Tlahuice-Flores et al. revealed that
the 0—350 cm™! region hosts the Au—S—Au bending modes,
the core breathing and staple breathing modes, and the Au—S
stretching modes.”””® The core modes (including the
breathing mode and Au—Au stretching ones) are in the
range of 0—120 cm™' for Au,s(SR);3 with R = CH; or
CH,CH,;,**7° but with increasing the R group size to
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Table 2. Theoretical Vibrational (Phonon) Modes of Au,s(SR);s Nanoclusters”

DFT model
[Au,5(SCH3) 1™

core (ecm™)

103.8 (core breathing)

[Au,5(SC,H5) 15]™ 20—120 (various modes of the core)

[Au,5(PET), ]~ 110 (core breathing)

150—180 (stretching)

core—shell Au,

=S (em™) shell Au'~S (cm™) refs
240 (stretching) 268.6 (staple breathing), 29, 30
1744 (S—CH; bending)
320/375 (Au'-S stretching) 36
325 (stretching) 303 (breathing), 31

360 (stretching),
205/230 (bending)

“Note: Aty = the core gold atom, Au' = the staple gold atom, and PET = SCH,CH,Ph.

CH,CH,Ph, Hikkinen and co-workers® found that the core
modes span a wider range (0 to 180 cm™"), with the 150—180
cm™ region mainly consisting of Au—Au stretching modes of
the Auy; core. Table 2 compiles these literature results, which
together with other reports’>~>* facilitates our assignment of
phonons in electron—phonon coupling of Au,g below. Note
that the modes with frequencies of 400—4000 cm™" are solely
from the organic tail (R 3group)30 and are not listed in Table 2.

Biirgi and co-workers®>*” performed detailed investigations
on the staple Au'—S$ vibrations and found a range of 250—360
cm™!. These modes are consistent with theory”* " (Table
2). In our cryogenic optical measurements, the observed ~350
cm™! (42—43 meV) phonon mode that couples with the first
and second absorption peaks of Au,; in solution is assigned to
the staple Au'—S$ stretching of the Au,(SR); motif.'”***” In
contrast, the phonon mode for the Auyg film case is much
lower than that for the Au,g solution case, indicating that the
corresponding electronic transitions no longer couple with the
surface-motif phonon mode in the solid state. We attribute the
absence of the ~350 cm™' phonon mode in the Au,g film to
the suppression of Au—S—Au—S—Au vibrations by intracluster
and cluster—matrix interactions in the solid state.”” Specifically,
the benzene rings from PET ligands can form intracluster C—
H--7z interactions (Figure S3), which suppress the free
vibrations of the staple motifs. In addition, the stronger
Coulomb interaction between [Au,(PET)5]™ and its counter-
ion "N(CgH,;), owing to the bound state in solids can also
restrain the vibrations of staple motifs. Based upon the
previous calculations on [Au,s(PET) 3]~ (Table 2), we assign
the observed ~180 cm™ (22—23 meV) phonon to the core
mode (Au—Au stretching‘“). This average phonon energy
should correspond to the optical phonons of the Au;; core, as
opposed to the lower-frequency acoustic phonons (both the
breathing and quadrupolar deformation modes) of the core.
The breathing mode involves the totally symmetric, radial
expansion/contraction and is typically below ~120 cm™" for
different-sized Au,(SR),, NCs.”>** Both the breathing mode
and the quadrupolar deformation mode™ are often observed in
ultrafast electron dynamics,™'"!>?>414>

We also note that the 180 cm™ core phonon for the sphere-
like I, Au,; in the film state is comparable to the 150 cm™ (18
meV) phonon mode observed in the rod-like Au,s (see data in
Figure S2 and Table S3), which consists of two icosahedral
Au,; units sharing a common vertex Au atom (Figure S4).
Since there is no staple motif in the rod-like Au,; structure, the
phonon mode of 150 cm™" (18 meV) should arise from the
core vibrations in the Au,; dimer. DFT simulations by Akola
and co-workers™ reported vibrational modes of 107 and 144
cm™! for the rod-like Au,s. We note that our result of the rod-
like Au,s (core phonon: 150 cm™') is very close to the ealier
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reported solution result (160 cm™").? Thus, the results on rod-
like Au,s—which possesses a bi-icosahedral core but no staple
motifs—also support the assignment for the sphere-like I,
Au,g. The observed ~180 cm™" phonon mode of the sphere-
like I;, Auy in films should arise from the Au core vibrations
and is optically active.

In summary, we have investigated the temperature-depend-
ent optical absorption of [Au,s(PET) 5] in both solution and
solid-state environments. The film-based method extends the
temperature to the liquid helium temperatures. The temper-
ature-dependent absorption data analyses through peak
deconvolution and fitting with a theoretical model make it
possible to extract the Au—S shell phonon mode and the Au
core phonon mode in I;, Au,s. The first two absorption peaks
(lowest-energy) for the I, Au,; in solution are found to couple
with the shell phonon mode (~350 cm™') with strong
coupling strength, but the solid state gives rise to the coupling
with the core phonon mode (~180 cm™") with weak coupling
strength. The suppression of shell phonon modes in the I; Au,
solid state is ascribed to intracluster and
interactions. Our findings demonstrate the temperature-
dependent optical spectroscopic analysis for gaining important
information about electron—phonon coupling and the
associated phonon modes. Future work will lead to more
fundamental understanding of phonon-coupled optical proper-
>74%5 and electron  dynamics,>* >+ *
evolution of phonon properties with size’”*"*® for metal
nanoclusters, and based upon such progress, new applications
of atomically precise nanoclusters will be developed.

cluster—matrix
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