Pressure-induced Optical Transitions in Metal Nanoclusters
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Abstract Currently, a comprehensive understanding of the relationship between atomic structures and
optical properties of ultrasmall metal nanoclusters with diameters between 1 and 3 nm is lacking. To
address this challenge, it is necessary to develop tools for perturbing the atomic structure and modulating
the optical properties of metal nanoclusters beyond what can be achieved using synthetic chemistry. Here,
we present a systematic high-pressure study on a series of atomically precise ligand-protected metal
nanoclusters. A diamond anvil cell is used as a high-pressure chamber to gradually compress the metal
nanoclusters, while their optical properties are monitored in-sifu. Our experimental results show that the
photoluminescence (PL) of these nanoclusters is enhanced by up to two orders of magnitude at pressures
up to 7 GPa. The absorption onset red-shifts with increasing pressure up to ~12 GPa. Density functional
theory calculations reveal that the red-shift arises because of narrowing of the spacing between discrete
energy levels of the cluster due to delocalization of the core electrons to the carbon ligands. The pressure-
induced PL enhancement is ascribed to i) the enhancement of the near-band-edge transition strength, ii)
suppression of the non-radiative vibrations and iii) hinderance of the excited-state structural distortions.
Overall, our results demonstrate that high pressure is an effective tool for modulating the optical
properties and improving the luminescence brightness of metal nanoclusters. The insights into structure-
property relations obtained here also contribute to the rational design of metal nanoclusters for various

optical applications.
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Gold and silver nanoclusters of ~200 or fewer metal atoms and surrounding ligands have
fascinating, and as yet incompletely understood behavior. For instance, these nanoclusters are non-

1,4-9 and

metallic in nature,' exhibit quantized energy levels with multiple overlapped absorption bands,
emit near-infrared photoluminescence (PL).'"'* These properties are in contrast to the metallic nature of
larger, plasmonic gold and silver nanoparticles.'>'¢ Recent research advances have enabled the synthesis
of atomically precise metal nanoclusters,'” with atomic structures that are completely solved by single-
crystal X-ray diffraction analysis."'®?' However, several fundamental scientific issues regarding the
relationship between atomic structure, electronic structure and optical properties of metal nanoclusters
remain unsolved."'*?? For example, it is unclear which electronic transitions correspond to the multiple
overlapped absorption bands and the abnormal long absorption “tail” characteristic of certain nanoclusters.
224 In addition, the PL quantum yield of many metal nanoclusters are very low and the origin of
nanocluster PL is still under debate.'* A large Stokes shift and long lifetimes may indicate the absorption
and PL arise from different underlying states (e.g. singlet vs triplet, local state vs charger-transfer state),”
but this has not been verified in many metal nanoclusters. In addition, it remains mysterious how small
changes in atomic structure (e.g. replacing two surface gold atoms*?®) can drastically change the
properties of metal nanoclusters. These issues hamper the ability to tailor the optical and electronic
properties of metal nanoclusters for use in sensing, photo-catalysis and other applications.

These questions can be resolved by varying atomic structure (e.g. bond length, bond angle, and
connectivity) and observing the resulting changes in electronic and optical properties (e.g. energy gap,
oscillator strength, and electron-phonon coupling of the optical transitions), but this has been challenging
to achieve using existing synthetic tools. Here, pressure is used to gradually modify the atomic structure
of nanoclusters, with a level of control that cannot be achieved through synthetic chemistry. This high-
pressure method is combined with in-situ optical spectroscopy and density functional theory (DFT) to
reveal the structural origin and underlying electronic transitions associated with the optical phenomena.

High-pressure techniques®’**

have previously been used to understand the photo-physics of
semiconductor (e.g. Si,?*** WS,,*! InP,**> and perovskites®*>®) and metallic nanomaterials,””** but the
pressure-induced electronic structure and optical properties of nanoclusters cannot be inferred from these
larger nanomaterials.

Scheme 1 shows the high-pressure diamond anvil cell (DAC) compression and in-situ optical
spectroscopy of the nanoclusters [Auxi(SR)i2(dppm):]” (SR = cyclohexanethiolate; dppm =
bisdiphenylphosphinemethane),” Auos(S-TBBT)y (S-TBBT=tert-butyl-benzenethiolate),** and
AgsPt(S-Adm) g(PPhs)s (S—~Adm = 1-adamantanethiolate, PPh; = triphenylphosphine).” These are three

representative gold and bimetallic fcc nanoclusters with mono-cuboctahedral and bi-cuboctahedral kernel

structures. The bi-tetrahedral nanoclusters Au(S-TBBM)y*' (S-TBBM=4-tertbutylphenylmethancan)



and Au;4Cdi(S-Adm);2* (S-Adm = 1-adamantanethiol) were also investigated, and their response was
compared to that of the fcc nanoclusters. DFT calculations are performed on the Auy; cluster to directly
compute the electronic structure corresponding to pressure-induced structural changes and achieve

mechanistic insight into optical transitions.
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Scheme 1. Optical properties of metal nanoclusters at high pressure. Left: Schematic diagram of high-
pressure compression and optical spectroscopy of nanoclusters inside a diamond anvil cell. Right: Atomic
structures of Auzi(SR)i2(dppm), (a mono-cuboctahedral Au;s kernel), Auxs(S-TBBT),0 (bi-cuboctahedral
Auyg kernel), AgysPti(S-Adm)is(PPhs)s (Agi2Pt mono-cuboctahedral kernel), Aux4(S-TBBM)yy (Aug bi-
tetrahedral kernel) and Au14Cd;i(S-Adm);> (AusCd bi-tetrahedral kernel). Atomic structures are obtained
from single-crystal X-ray diffraction.> 234142

Results and Discussion

fece nanoclusters

The pressure-dependent optical absorption and PL spectra were obtained for Au,i(SR)i2(dppm):
(Auy; for short hereafter) and are shown in Figure 1. Toluene was used as a pressure medium for Auy;
and the other nanoclusters, as the nanoclusters are soluble in toluene. The atomic structure of Auy;, which
has previously been solved by single-crystal X-ray diffraction, is shown in Scheme 1. At ambient
pressure, Auy; shows an intense and broad absorption peak at ~570 nm with a broad PL at ~750 nm
(Figure S1). At elevated pressures of up to 9 GPa, the major absorption peak and the onset of absorption
gradually red-shifts to longer wavelengths (Figure 1A). At even higher pressures (>10 GPa), the

absorption peak becomes faint and no longer red-shifts. After the pressure is released back to 0.22 GPa,



the absorption peak blue-shifts to its original value of 570 nm. This indicates that the Auy; nanoclusters
recover their original structure after pressure cycling, and do not experience permanent deformation.

The pressure-dependent PL spectra of Auy; are shown in Figure 1B. As with absorption, the PL of
Auy; red-shifts with increasing pressure. The intensity of the PL first increases with increasing pressure
up to ~5 GPa. The PL intensity decreases at higher pressures. This is a similar trend as the near-band-edge
absorption. The increase of PL intensity below ~2 GPa has a contribution from the freezing of the toluene
pressure medium at ~2 GPa** which suppresses structural vibrations that lead to non-radiative processes,
but this does not account for the intensity increase up to ~5 GPa. The inset of Figure 1B depicts the peak
wavelength of the absorption and PL of Auy; at different pressures, both of which show a red-shift with
increasing pressure. These results suggest that the underlying electronic states for the absorption at ~570

nm and PL at ~750 nm in Auy; are the same.
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Figure 1. Pressure-dependent (A) absorption and (B) PL spectra of the Auy; nanocluster. Solid lines are
spectra with increasing pressure. The dotted line is a spectrum taken after pressure was released to 0.22
GPa. Inset in upper figure in (B) is the change in absorption (black square) and PL (red dot) peak
wavelength with increasing pressure. Inset in lower figure in (B) is the atomic structure of the Auy
nanocluster. Arrows mark the direction of the shift in absorption or PL.

The pressure-dependent absorption and PL of the Aus(S-TBBT)y0 nanocluster (Auys for short
hereafter) was studied to investigate a fcc nanocluster with more metal atoms (Figure 2). This nanocluster

has a bi-cuboctahedral fcc kernel. Under ambient environment, it shows absorption peaks at 480 and 580



nm ** and PL at ~780 nm.** As pressure is increased to ~2 GPa, the near-band-edge absorption increases
and red-shifts, while the higher-energy transition at ~480 nm becomes faint. As pressure is further
increased to ~5 GPa, the absorption onset red-shifts, and both absorption peaks become faint. The PL
intensity is significantly enhanced at elevated pressures up to ~2 GPa. The PL peak red-shifts with

increasing pressure up to ~5 GPa, which is similar to the near-band-edge absorption.
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Figure 2. Pressure-dependent (A) absorption and (B) PL of the Auys nanocluster. Inset in (B) is the
atomic structure of the Au,g nanocluster. Arrows mark the direction of the shift in absorption.

To determine whether the pressure-induced red-shift and activation of the near-band-edge
transitions are observed in other bimetallic nanoclusters with fcc kernel structures, pressure—dependent
optical absorption and PL spectra were obtained for AgrsPti(S—Adm);s(PPhs)s (AgzsPt for short hereafter)
(Figure 3). At ambient pressures, AgxsPt; shows an intense absorption peak at ~450 nm with a long
absorption “tail” starting from ~630 nm, and PL centered at ~740 nm (Figure S2). Thus, the Stokes-shift
of AgysPt; is as large as 290 nm (1.08eV). Under pressure, the absorption onset gradually red-shifts with
increasing pressure (Figure 3A). A new absorption shoulder at ~550 nm gradually becomes significant at
~5 GPa (see Figure S3 for relative intensities of the two absorption peaks). In contrast, the intense
absorption peak at ~450 nm slightly blue-shifts and decreases in intensity as pressure increases. These
results indicate that the long absorption “tail” at ambient pressure arises from the low oscillator strength
of the near-band-edge transition, and that pressure-induced structural changes significantly alter the
oscillator strength of the electronic transitions. This leads to the emergence of the near-band-edge
transition in the absorption spectrum. At even higher pressures between 5 and 10 GPa, the absorption
onset further red-shifts but the absorption peaks become faint. This likely corresponds to a highly

distorted nanocluster structure.
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Figure 3. Pressure-dependent (A) absorption and (B) PL of the AgysPti(S-Adm);s(PPhs)s nanocluster.
Inset of (B) is the atomic structure of the AgysPt; nanocluster. Arrows mark the direction of the shift in
absorption or PL.

High-pressure PL spectra of AgysPt; are shown in Figure 3B. The PL red-shifts from 740 nm to 780
nm as pressure is increased to 10 GPa. Meanwhile, the PL intensity is significantly (~6 times) enhanced
by an increase in pressure to 5 GPa, but then decreases as the pressure is further increased to 10 GPa. The
increase in wavelength and intensity of both the PL and near-band-edge absorption under pressure
indicates that PL and absorption arise from the same electronic states, while the intense absorption at 460
nm is likely to have a different structural origin. This provides insight into the origin of the observed PL
in nanoclusters and the mechanism behind the large observed Stokes-shift in ambient environment. In
previous studies, state-transition models such as intersystem crossing®> and charge transfer*® have been
proposed to explain the large Stokes shift observed in metal nanoclusters. Our results show that the
apparent large Stokes shift in the AgysPt; nanocluster (between the absorption peak at ~450 nm and the
PL at ~740 nm) is not the actual Stokes shift because this absorption peak is not responsible for the PL.
Instead, the Stokes shift should be measured at the absorption peak that emerges under high pressure.
Under ambient environment, this neglected absorption band does not appear due to its very low oscillator
strength. By increasing pressure, the oscillator strength of these low-energy transitions is enhanced due to
the distortion of the atomic structure. Thus, the transitions become observable in the high-pressure

absorption spectra and the PL becomes enhanced. With this understanding of the near-band-edge



transition (e.g. HOMO-LUMO), the actual Stokes-shift is found to be much smaller, which indicates that
the excited-state transition may not exist in AgysPt;. Additionally, the PL of Ag,sPt does not change in
different solvents (Figure S4). This suggests that significant charge-transfer effects do not exist in this
nanocluster.

In summary, all of the fcc nanoclusters studied here (mono-cuboctahedral AgysPt; and Auyg
nanoclusters, and the bi-cuboctahedral Ausg nanocluster) exhibit a red-shift in absorption and an up to 20-
fold enhancement in PL intensity under pressure. This indicates that these optical changes are a general
phenomenon for the ultrasmall fcc gold and silver nanoclusters. We also consider the influence of the
pressure medium on optical changes. The nanoclusters were compressed by using toluene as a pressure
medium. Toluene is a hydrostatic pressure medium below its freezing point of ~2 GPa, and a non-
hydrostatic pressure medium above this pressure.*’*® To test the effect of non-hydrostaticity on optical
transitions, we performed high-pressure measurements using chloroform as the pressure medium. As
shown in Figure S5, the pressure-dependent changes of absorption and PL are almost the same as they are
in toluene, except for a sudden blue-shift at ~3 GPa which corresponds to a phase transition of solid
chloroform. The quasi-hydrostatic pressure medium 4:1 methanol/ethanol was also tested on an Auy;-
assembled single crystal, and the pressure-dependent red-shift of PL(Figure S6) was found to be the same
as for toluene (note: Auz; nanoclusters cannot be dissolved in methanol/ethanol so absorption under
hydrostatic compression could not be measured). These results suggest that changes in absorption and PL
are due to structural compression caused by pressure, rather than the nature of the pressure medium or
solvation effects. Additionally, optical changes are similar under non-hydrostatic and hydrostatic

compression.

Density functional theory calculations

Ground-state and time-dependent DFT calculations were performed to understand the effect of
pressure on electronic transitions within the nanoclusters. The Aux; nanocluster was chosen as a
representative fcc nanocluster for DFT calculations. Calculations were carried out at 0, 4.5, 9.9, 12, and
14 GPa. From these calculations, we constructed isolated models of the clusters by replacing the ligands
by methyl substituents; this allows us to focus on the metal core and nearby S and P atoms, and reduce
computational costs (Figure S7). These clusters were then analyzed with linear-response TDDFT. Fig 4A
shows the absorption spectra for several pressures. In agreement with the experimental observations, we
note that the spectrum indeed red-shifts. This is noticeable, for example, by comparing the curves for 0
and 4.5 GPa, where the absorption onset red-shifts from about ~680 nm to 780 nm. This shift continues as
the pressure is further increased, although the computed spectra for 9.9 and 12 GPa look similar. In
addition, we also performed DFT calculations to study AgsPt; under high pressures and the absorptions

show a similar red-shifting trend under increasing pressures (Figure S8).



>

12.2 GPa
\/\/\,\/\\/\'/\—¥/~\A

o, 9-96GPa

feuaEs 9.9 GPa
3 ) Delocalization‘c’-‘;-;--
0 GPa A . -

500 600 700 800 900
Wavelength (nm)

Absorbance (a.u.)

o

9.9 GPa

PDOS (s)

Figure 4. DFT calculations of Auy; electronic structure. (A) Computed absorption spectrum of an isolated
Auyi nanocluster. The arrows indicate the major near-band-edge absorption. (B) Density of Au s-states as
a function of pressure at 0 and 9.9 GPa. (C) Atomic structures and orbital diagrams for Au,; at 0 GPa
(Left) and 9.9 GPa (Right). The dominant underlying transition for the main absorption peaks (arrow) are
shown in Table S1.

To understand the red-shifts in the calculated spectra, we computed the principal normalized inertia
moments of the clusters and note that the shape of the cluster remains prolate with increasing pressure
(Figure S9). This indicates that shape change is not the reason for the differences in optical spectra.
Another effect is the change in bond distances. It is calculated from Figure S9 that the average bond
distance between the Au atoms of the surface Au3Ss motif and the Au atoms in the kernel decreases by
~0.02 and 0.06 A with increase in pressure from 0 to 4.5 GPa and 9.9 GPa, respectively. The phosphine-
based carbon ligands also move closer to the gold kernel as pressure increases. Under ambient conditions,
the HOMO electrons are mainly localized in the cuboctahedral metal kernel, within the core of the Auy,
(Figure 4C) (as is also the case for other fcc nanoclusters**’) which leads to an electronic “separation” of

the outer atoms from the kernel Au. Intuitively, one might expect that as pressure is increased, and the

ligands move toward the core, there would be increased quantum confinement in the core, leading to



larger band gaps and blue-shifted spectra. However, the computational results indicate that the opposite
occurs, with the projected density—of—states (PDOS) showing a significant narrowing of the energy level
spacing, as can be seen in Figure 4B (and Figure S10 and S11 for other energy levels). To explain this, we
have examined frontier orbitals (Figure 4C) and other orbitals that are important in the spectra (Figures
S12 and S13). These clearly show increased electron delocalization with increased pressure. In addition,
we computed the atomic orbital contributions to molecular orbitals (Table S1) that are involved in the
prominent absorption bands (arrow, Figure 4A) for the Auy; cluster with trimmed ligands. Our analysis
shows that the underlying transitions for the main observed absorption peaks (arrow, Figure 4A) of Au,,
change under different pressures, but maintain an “interband” d-to-s transition character (Table S1). The
transition strength of these main absorptions increases with the pressure up to 4.5 GPa and then decreases
as the pressure further goes up to 9 and 12 GPa, which is similar to the pressure-dependence of PL
intensity observed in experiment. All these transitions involve the ligands, and even more so as the
pressure increases. Although the sulfur atoms, which are covalently bound to the gold core of the
nanocluster, lose electron population as pressure is increased, the phosphorus and carbon atoms of the
ligands gain population, with P and C atoms increasing from 4 to 8%, and even up to 17% (Table S1).
Hence, exerting pressure on the system induces delocalization of the electron density to the ligands,
increasing the size of the box available to the electrons, and thereby narrowing of the energy level spacing.

These observations correlate with the computed red-shifting behavior.
Bi-tetrahedral nanoclusters

To investigate whether the pressure-induced red-shift of band-edge absorption and enhancement of
PL can be observed in other metal nanoclusters, we conducted high-pressure studies on two bi-tetrahedral
nanoclusters: Aup(S-TBBM)y*! (S-TBBM=4-tertbutylphenylmethancan, Auys for short hereafter) and
AusCdi(S-Adm)12* (S-Adm = 1-adamantanethiol, Au;4Cd for short hereafter). As shown in Figure 5, the
absorption of the two bi-tetrahedral nanoclusters shows a similar red-shift with increasing pressure.
Significant enhancement of PL is also observed for these two nanoclusters. Of note, there is a ~200-fold
enhancement of the PL intensity for Au;4Cd. Different from the previous fcc nanoclusters, the PL of the
two bi-tetrahedral nanoclusters first slightly blue-shifts as the pressure is increased from 0 to ~3 GPa.
Such pressure-induced blue-shift can be ascribed to the suppression of the excited-state structural-
distortion to a second low-energy and low-efficiency state which induces another redder PL overlapping
with the main PL peak under ambient pressures® (more details in the ref 50). This mechanism of
pressure-induced enhancement of PL in bi-tetrahedral nanoclusters (i.e. hinderance of excited-state
structural distortion) is different from the previous fcc series of nanoclusters. As the pressure is increased

above ~ 3 GPa, the PL of these two bi-tetrahedral nanoclusters red-shifts and further increases in intensity



(up to 4.8 GPa for Auys in toluene and up to 7.45 GPa for Aui4Cd in ethylcyclohexane), which is similar

to the previous fcc series of nanoclusters.
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Figure 5. Pressure dependent absorption (left) and PL (right) for A) Aux4(S-TBBM), and B) Au14Cdi(S-
Adm)i2. In each panel, the pressure-dependent absorption spectra are shown on the left and the pressure-
dependent PL spectra on the right. Insets are the atomic structures of the Au4 and Au4Cd nanoclusters.
The PL data of Auxs below 3.62 GPa are from ref 50.

It can be observed from Figure 5 that from 0 to ~6 GPa, the absorption peak of Au4Cd red-shifts
by ~25 nm, while Auy4 red-shifts by ~55 nm. These two nanoclusters differ in their ligands; Au4Cd has
aliphatic ligands, while Auys has aromatic ligands that contain phenyl rings. We propose that the
compression of these aromatic ligands to high pressures leads to more electron delocalization, which
leads to the larger red-shift. This result brings up the possibility of tuning the pressure sensitivity of the
nanoclusters by changing the ligand environment. DFT simulations were also conducted on the Au;4Cd
nanocluster. Calculations were carried out at 0, 3.5 and 7 GPa (Figure S14). In agreement with the
experimental observations, we note that the calculated absorption spectrum indeed slightly red-shifts with

the pressure up to 7 GPa (Figure S14). The absorption peak intensity does not change significantly with
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pressure in either experimental or simulated results. This indicates that the transition dipole is not
enhanced at high pressure. Thus, the dramatic pressure-induced enhancement of the PL in Au;4Cd should
be ascribed to the suppression of the excited-state non-radiative processes (i.e. structural distortions and

vibrations).
Conclusions.

A systematic high-pressure optical study has been conducted on a series of fcc and bi-tetrahedral
nanoclusters. Red-shifts of the absorption onset under high pressures were identified in all the nanocluster
samples. DFT results suggest the pressure-induced red-shift in absorption arises from electron
delocalization to the ligands when the nanocluster is squeezed. Furthermore, up to 200-fold enhancement
of the PL intensity has been realized with increase in pressure up to ~7 GPa. The pressure-induced PL
enhancement is ascribed to 1) the enhancement of the near-band-edge transition dipole, ii) suppression of
the non-radiative vibrations and ii) hinderance of the excited-state structural distortion. This work shows
that the high-pressure method can indeed deepen our understanding of the electronic structure and tune
the optical properties of nanoclusters. Furthermore, our results also suggest the high-pressure can be used

as an effective and general tool to enhance the PL brightness of different ultrasmall nanoclusters.
Methods and Materials.

Synthesis. The AgxsPt;, Aux, Aux, Auxs and Aui4Cd nanocluster samples were synthesized and

crystallized following previously reported methods.* 2*414?

Diamond anvil cell compression. Two identical diamond anvils with a culet of 500 um were used to
generate pressure. A 200 to 300 um diameter hole was drilled hole in a stainless-steel gasket to serve as
the sample chamber. Toluene, chloroform, ethylcyclohexane and methanol/ethanol (4:1) were used as
pressure mediums. Ruby spheres were loaded alongside the samples and used to calibrate the pressure by

the fluorescent technique.

In situ high-pressure absorption and PL. measurements. Absorption measurements were taken on a
home-built Nikon microscope system using 10X objective. For the absorption measurements, a halogen
lamp (15 V, 150 W, 3100 K) was chosen as the white light source. The Flame Detector 200-1000 nm
(Ocean Optics, Inc) was used as the detector. PL spectra were measured using this Nikon microscope
system and the Horiba XploRA+ Confocal Raman setup using 10X objective. Samples were excited by a

532 nm laser and the fluorescent signal was collected using a 600 gr/mm diffraction grating.

Theoretical calculations. To compute the structural changes of the clusters due to pressure, DFT

geometry optimizations (including variable cell) and PDOS were performed with the program SIESTA
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(Spanish Initiative for Electronic Simulations with Thousands of Atoms, version 4.1-b4).>! The exchange-
correlation functional for these calculations is the PBE GGA. The Auy; cluster was reproduced using the
experimental unit cell at normal pressure. The basis set for all the atoms is SZP, except Au for the DZP
basis. The energy cut-off to generate the basis set is the standard value, 20 Ry, while the 300 Ry was
chosen as the cut-off energy value for the mesh plane waves (this value renders “eggbox” effects
negligible). The density matrix threshold for the self-consistent cycles is 1 X 107>, the tolerance value for
the geometry relaxation is 0.05 ¢V/A, and for the unit-cell optimization we use 0.15 GPa. The Auy; cluster
was computed at 0 GPa, 4.5 Gpa, 9.9 GPa, 12 GPa, and 14 GPa. For the PDOS calculations we extracted
the single cluster of interest from the unit cells and ‘trimmed’ the ligands to reduce the size of the
molecule as shown in Figure S11. The absorption spectra of these clusters were also studied with linear-
response time-dependent DFT in the program ORCA and with the functional BP86.%* The Tamm-Dancoff

and a Davidson threshold of 1 x 10~° were used for these calculations.
Supporting Information
The Supporting Information is available free of charge online.

The Supporting Information contains additional pressure-dependent spectra, ambient absorption and PL
spectra, and additional DFT results, including the DOS, frontier orbitals and orbital contribution to the

underlying transitions in the metal nanoclusters.
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