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Abstract: The ability to gradually modify the atomic structures of nanomaterials and directly
identify such structural vibration is important in nanoscience research. Here, we present the first
example of a high-pressure single-crystal X-ray diffraction analysis of atomically precise metal
nanoclusters. The pressure-dependent, sub-angstrom structural evolution of an ultrasmall gold
nanoparticle, AuzsSis, has been directly identified. We found that a 0.1 A decrease of the Au-Au
bond length could induce a blue-shift of 30 nm in the photoluminescence spectra of gold
nanoclusters. From theoretical calculations, the origins of the blue shift and enhanced
photoluminescence under pressure are investigated, which are ascribed to molecular orbital
symmetry and conformational locking, respectively. The combination of the high-pressure in-situ
X-ray results with both theoretical and experimental optical spectra provides a direct and
generalizable avenue to unveil the underlying structure-property relations for nanoclusters and

nanoparticles which cannot be obtained through traditional physical chemistry measurements.



Main Text: Nanoparticles have been widely used in sensing, diagnostics, and devices based on
their excellent optical and electronic properties.!™* For a comprehensive understanding of the
intriguing optical properties in nanoparticles, the ability to gradually modify nanoparticle structure
at the atomic scale, while observing changes in their optical properties is edifying. This is hindered
by the lack of atomic precision in nanoparticle synthesis and the heterogeneity of nanoparticle
samples, which have been long-standing issues in nanochemistry.! Longstanding unsolved
mechanisms of intriguing optical phenomena in nanoparticles, such as blinking behavior and dark
states, has also been hampered. In the past decade, atomic-level precision has been partially
realized in the synthesis of ultrasmall (1-2 nm in diameter) gold, silver, and copper nanoparticles
(often called nanoclusters) which exhibit multiple excitonic absorption bands and bright near-
infrared luminescence beyond 1000 nm with unique large Stokes shifts.”!° Single crystals of some
nanoclusters were subsequently developed, and their atomic structures were directly determined
by X-ray single-crystal diffraction analysis.!!*-2* This provides the opportunity to investigate the
atomic-level structure dependence of the optical>>?%, catalytic’’” and other properties in
nanoclusters.

Unfortunately, the design, synthesis, structure determination, and measurement of novel
nanoclusters is extremely time consuming. Researchers have modified existing gold nanoclusters
through heating, etching, ligand exchange, and chemical transformations.!!*?® However, it is
difficult to independently change structural parameters, such as the bond length and atomic
connectivity, using traditional chemical or thermal modifications. Meanwhile, the measurement of
dynamic changes can also be challenging in the event of rapid structural fluctuations.

Here, we conduct high-pressure single-crystal X-ray diffraction (XRD), combined with in-
situ optical measurements and theoretical simulations in order to gain a deeper understanding of
the atomic-level structure-property relationships of metal nanoclusters. High-pressure diamond
anvil cells (DAC) are used to gradually vary the atomic structures of the nanoclusters in a way
which cannot be realized by traditional chemistry. The X-ray and optical transparency of the
diamond anvils allows the precise measurement of structural and chemical changes in-situ using
diffraction and spectroscopic techniques.?*—3? This work adds to our previous high-pressure optical
measurements'®!%33 by using in-situ single-crystal XRD to directly and unambiguously identify
the atomic-scale structural variation under pressure. This is extremely challenging, because

nanoclusters single crystals generally have very large unit cells (normally bigger than ~4000 A?%)



with low symmetry (normally triclinic or monoclinic). Solving their X-ray structures necessitates
the acquisition of large numbers of the diffraction spots from a wide range of different directions,
which is extremely difficult due to the limited opening angles of the DAC and the allowed scanning
mode (only phi scans are available) of the high-pressure setup (Figure 1A).

To overcome these technical challenges, a recently developed DAC with a wide 120° opening
angle was used. This has enabled to acquisition of sufficient diffraction spots at a wide range of
angles. High quality single crystals of [Au2s(S-PET)1s] TOA™ (S-PET = 2-phenylethylthiol; TOA
= the tetraoctylamonium cation, abbreviated AusSis hereafter) were synthesized.>>**> The unit
cell consists of only one nanocluster (inset of Figure 1B), which is smaller than the unit cell of

other single crystals of nanoclusters. In addition, the AuzsSig single crystals are stable under

ambient laboratory conditions.>3%3
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Figure 1. High-Pressure Single-Crystal XRD Study of AuzsS1s Nanocluster. (A) Schematic of
the experimental setup. (B) Optical image of a typical single crystal of AuzsSis in the DAC. (C)

Experimental unit cell volume and (D) lattice parameters at increasing pressures. Inset of B is the
experimentally determined structure of AuzsSis and its unit cell at 2.7 GPa. (E) Image of the X-
ray diffraction spots of AuzsSigcrystal at 0 GPa.

AuzsSig is composed of a Auis icosahedral kernel protected by 6 AuzSs surface motifs.>* As
shown in Figure 1C, the volume of the unit cell of the AuzsSis single crystal decreases by >24%

at 4.4 GPa, with the largest change occurring over the first 2.7 GPa. The inset of Figure 1B is the



experimentally determined structure of AusSig and its unit cell at 2.7 GPa of applied pressure.

The room-temperature bulk modulus for the AuzsSigs nanocluster is calculated to be 16.7 GPa,
based on the following equation: K= -Vz—s ,where P is pressure, V is the initial volume of the

substance, and dP/dV denotes the derivative of pressure with respect to volume. All of the relative
cell parameters under increasing pressures are shown in Figure 1D. It can be observed that the
lengths of the a, b, and c axis of the unit cell continually decrease with increasing pressure. The a
and c axis of the unit cell slightly increase at 3.5 GPa. The structure is compressed along the b axis

slightly more than the other axes at the highest pressure.
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Figure 2. X-Ray Structure of Auzs;S1s Nanocluster under High-Pressure. (A) Resolved
structure of the Auis icosahedral kernel at 1.1 GPa. (central Au: purple; inner-shell Au: red) (B)
The average distance between the central Au atom and the icosahedral inner-shell Au atoms at
different pressures.

The atomic positions of all 25 Au and 18 S atoms of the AusSig nanocluster were
experimentally defined (crystal and structural refinement data at 0, 1.1, 2.7, 3.5 and 4.4 GPa are
included in the supporting information). Figure 2A shows the atomic structure of the Auiz
icosahedral kernel of the Auys under 1.1 GPa of pressure. Figure 2B shows the distances between
the central Au atom (purple) and other 12 Au atoms (red) on the icosahedral inner-shell. The
average Au-Au bond length contracts from 2.78 A to 2.71 A by increasing pressure to 4.4 GPa.
Similarly, the bond distance between the 12 inner-shell Au atoms (red) contract from 2.92 A to

2.83 A on average as the pressure increases from 0 to 4.4 GPa.



These structural changes are compared to the pressure-dependent PL and absorption of
AuzsSis (Figure 3). As with the high-pressure XRD experiment, 2-ethylcyclohexane was used as
the quasi-hydrostatic pressure medium for the PL measurements. The PL blue-shifts and increases
in intensity as the pressure increases to 2.8 GPa. As the pressure further increases from 2.8 GPa to
6.8 GPa, the PL position slightly blue-shifts and the intensity decreases. A similar blue-shift was
observed in the absorption spectra. To obtain the pressure-dependent absorption spectra,
nanoclusters were dispersed in toluene, which served as a non-hydrostatic pressure medium. The
major absorption at ~ 680 nm blue-shifts as the pressure increases to ~ 1.8 GPa and then red shifts
when the pressure increases from 1.8 to 2.6 GPa. This abrupt red-shift may arise from the freezing
of toluene at ~2 GPa. For pressures above 2.6 GPa, the absorption shows negligible blue-shift. The
similar pressure-dependence of the major absorption peak at ~680 nm and the PL peak at ~1000
nm indicate that their underlying electronic transitions are likely to be the same. The pressure-
dependent optical changes for AuxsSis are also consistent with the pressure-dependent X-ray
results in which contraction of the Auiz kernel occur under pressures up to 4.4 GPa.

These experimental findings were also corroborated by DFT simulations at a series of applied
pressures which follow previously established methodology.!®3%3¢ The results of DFT pressure
simulations on the AuzsS1s nanocluster are shown in Figure 3C and 3D. The major absorption band
shows a general blue-shifting behavior (from 859 nm to 789 nm) with increasing pressure, with
some resistance in the lower pressure region from 0.5 GPa to 1.0 GPa. Figure 3D shows how
geometric changes in the Au-Au bond lengths associated with excited-state (S1) relaxation (black)
correlate with the pressure-induced structural changes between the range of 1.0 GPa and 2.5 GPa.
The relaxed excited state geometry is asymmetric, giving rise to mild charge separation. This
change in the electronic structure is shown via charge-difference densities (CDDs) in the inset of
Figure 3D. Here, charge moves from blue to yellow areas of electron density in response to
photoexcitation. The CDDs of AusSis at 0 GPa and 2.5 GPa of applied pressure are shown in the
inset of Figure 3C. A more detailed account of the molecular orbitals (MOs) involved in these

optical transitions can be found in the SI, along with gas-phase results.
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Figure 3. High-Pressure Optical Study and DFT Analysis of the Au2sS1s Nanocluster. (A)
Pressure-dependent PL spectra of the AuasSig single-crystal. 2-ethylcyclohexane is chosen as the
quasi-hydrostatic pressure medium. (B) Pressure-dependent absorption spectra of AuxsSis
dissolved in toluene. The arrows denote the blue shift of the absorption peak at ~680 nm. (C)
Pressure-dependent linear-response time-dependent DFT (TDDEFT) excitation spectra where
excitations were convoluted by Lorentzian functions (width = 0.1 eV). (D) Root mean square
(RMS) displacement of Au-Au bond lengths as a percent of the equilibrium ground-state geometry
for the relaxed excited state, Si1 (Black), and for structures under applied pressure (red). Insets
show relevant charge-difference densities (CDDs) at (C) equilibrium of 0 GPa, high pressure of
2.5 GPa, and (D) the relaxed excited-state geometry.

The pressure-induced changes in each individual Au-Au bond length with a threshold of <
3.4 A were carefully tracked throughout the pressure simulations and referenced to the equilibrated
structure at ambient conditions. The root mean square (RMS) displacement from the optimal 0
GPa bond lengths as a function of pressure (red) are shown in Figure 3D. As expected, the RMS
displacement increases with increasing pressure. The overarching trend from 0 GPa to 5.0 GPa is

that bond lengths are contracting, which is consistent with the experimental high-pressure X-ray



results as shown in Figure 2. However, in many cases there are bonds that increase in length with
increasing pressure. This is a result of contractions along one axis necessitating some expansion
along an orthogonal axis, which can be observed experimentally in the change of the length of
unit-cell axes “a” and “c” at 3.5 GPa (Figure 1C). Computationally, such an effect is noticeable
from within small incremental pressure changes, but not after significant reduction in overall unit-
cell volume.

The effects of asymmetric contraction are also evident in the CDD of S; (inset of Figure 3D),
which shows how the electron-hole pair generated from photoexcitation changes due to geometric
relaxation of the atomic coordinates in the gas phase. Here, electron density (yellow orbitals) shifts
to one side of the outer shell of the Auis core, yielding mild charge-transfer (CT) character. This
electron-hole distribution is assumed to correspond to the origins of PL, and the RMS displacement
of the Au-Au bond lengths after excited-state relaxation are shown by the black column in Figure
3D. Of particular interest is that the electron-hole distribution of relaxed Si (Figure 3D inset) shows
similar CT character to the CDD of S; with 2.5 GPa of applied pressure (Figure 3C inset).
Moreover, the structural changes associated with excited state relaxation fall close to what was
found for 2.5 GPa (dashed black line). This correlates with the pressure of 2.8 GPa at which the
measured PL intensity reaches a maximum (Figure 3A).

High-pressure optical studies were also conducted on another icosahedral Au nanocluster, the
rod-shaped Aus (referred to as Auns-R hereafter), which shows similar pressure characteristics.
The atomic structure of the Aus-R is shown in Figure 4. Figure 4B displays the pressure-
dependent absorption spectra from 0 to 6.2 GPa in toluene (non-hydrostatic). It can be observed
that the absorption peak at 680 nm blue-shifts to 670 nm as the pressure increases from 0 to 1.5
GPa. No significant blue-shift is observed as the pressure further increases from 1.5 to 3.1 GPa.
From 3.1 to 6.2 GPa, the absorption blue-shifts again to ~ 650 nm. Figure 4C shows the pressure-
dependent PL spectra from 0 to 6.2 GPa. It can be observed that from 0 to 1.5 GPa, the PL blue
shifts in a similar fashion to the 680 nm absorption. As the pressure increase from 1.5 to 3.1 GPa,
the PL slightly red-shifts; And from 3.1 to 6.2 GPa, the PL of Auxs-R blue-shifts again. The highest
PL intensity occurs at 0.9 GPa. Figure S1 displays the pressure-dependent PL spectra of a Aus-R
single-crystal using 2-ethylcyclohexane as the pressure medium. It can be observed that the
pressure-dependence of the PL of Auzs-R in the quasi-hydrostatic (2-ethylcyclohexane) medium

is similar to non-hydrostatic (toluene) conditions.
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Figure 4. High-Pressure Optical Study and DFT Analysis of Rod-Shaped Auzs. (A) Atomic
structure of Auzs nanorod.?” Red/Purple = Au; yellow = S; Dark yellow=P; Carbon tails are omitted
for clarity. (B) Pressure-dependent absorption spectra of Auzs nanorod. (C) Pressure-dependent PL
spectra of Auzs nanorod. The arrows denote the blue and red shift of the absorption peak at ~680.
(C) Pressure-dependent TDDFT excitation spectra where excitations were convoluted by
Lorentzian functions. (D) RMS displacement of Au-Au bond lengths as a percent of the
equilibrium ground-state geometry for the relaxed excited state, Si (black), and for structures under
applied pressure (red). Insets show relevant CDDs at (D) equilibrium of 0 GPa, high pressure of
2.5 GPa, and (E) the relaxed excited-state S; geometry.

DFT simulations for the Auzs-R nanocluster are shown in Figure 4D and 4E. Here, the

characteristic absorption band shifts from 695 nm to 657 nm as pressure is increased to 5.0 GPa.



For reference, the calculated gas-phase absorption spectrum is given in the SI. An interesting note
from the results of these simulations is that the blue-shift is not a totally smooth transition, but
faces resistance in the 1.0 GPa to 2.5 GPa range. In fact, there is a marginal red-shift by a few
nanometers. The inset of Figure 4D shows the CDDs of the lowest lying singlet excited state at 0
GPa and 2.5 GPa of applied pressure. Similar to the spherical nanocluster, AuysSis, it can be seen
that under ambient conditions the excited state nanocluster shows centrosymmetric electron
density redistribution, with core-to-shell character. This finding is consistent with previously
reported results. Again, due to some asymmetric compression of the rod-like nanocluster, the CDD
at 2.5 GPa displays CT character, with electron density moving towards one end of the rod.
However, unlike Au»sSis the characteristic absorption band at 695 nm for Auzs-R calculated under
ambient conditions does not correspond to the lowest lying excited state (S1), but instead a higher-
ordered excitation (c. Sio) and is not assumed to be the origin of PL for this species. The
characteristic absorption band does not correspond to the same luminescent state giving rise to
emission in Figure 4C. This is further corroborated by opposing trends in the absorption spectra
and PL spectra as a function of pressure. These effects were discussed at length in previous work. '

To understand how pressure induces the observed changes in both spherical and rod-like Auys,
relevant MOs that comprise the optically-active excited states in Figures 3C and 4D are given in
the SI. The pressure-dependence of a given MQO’s energy level is governed by its bonding or
antibonding character, where the energy of bonding MOs trend downward when the atomic
coordinates are compressed and the energy of antibonding MOs trend upward. In the case of
AwsSig (Figure S5), all low-energy excited states (~Si through Sio) are comprised of mixed 1-
electron transitions from predominantly bonding MOs to predominantly anti-bonding MOs.
Ultimately, this leads to universal blue-shifting behavior in the optical spectra. This is a unique
property of nanoclusters featuring a highly symmetric icosahedral core, whereas previously
studied nanoclusters®® that exhibit red-shifting behavior under pressure do not display clear
bonding-to-antibonding transition. In the case of Auzs-R, the lowest-lying excited state (S1) is a
dark state, as previously reported,'” that is a purely HOMO-LUMO transition (Table S1). Along
the long axis of the nanorod, the HOMO is bonding and the LUMO is antibonding, whereas along
the azimuthal axis the HOMO is antibonding and the LUMO is bonding (Figure S9). As such,
chromic shifts in the optical spectra depend on the relative contraction of the individual crystal

axes. By examining single clusters extracted from the simulated crystal structures in Figure S8, it



was found that the long axis of the nanorod contracts the most from 0 GPa to 1.0 GPa (-3.2% in
end-to-end distance) and from 2.5 GPa to 5.0 GPa (additional -2.5% in end-to-end distance) where
blue-shifting PL dominates. Alternatively, the circumference of the nanorod does not show
appreciable contraction until pressures are beyond 1.0 GPa, which causes red-shifting behavior.
The interplay between these two effects gives rise to S; shifting from 1.398 eV at 0 GPa to 1.471
eV at 1.0 GPa, before reversing to 1.424 eV at 5.0 GPa. These results confirm the possibility of
anisotropic compression leading to color tunability.

Although the emissive excited state (Si1) for these icosahedral nanoclusters exhibits low or
negligible oscillator strengths in their native equilibrium geometry (Table S1), geometry
relaxations of S; (the photoluminescent geometry, inset of Figure 3D and 4E) gave rise to
significant enhancements (/> 0.2). The large Stokes shift that is characteristic of these two gold
nanoclusters featuring icosahedral cores is attributed to this activation of otherwise dark states
after structural relaxation. A natural assumption would be that if the geometry of these nanoclusters
could be constrained to a configuration reminiscent of the relaxed Si geometry, the PL intensity
could be maximized. As indicated in Figures 3D and 4E, the overall change in Au-Au bond lengths
for both nanoclusters correlates with the change observed from Si relaxation in the region between
1.0 GPa and 2.5 GPa. Moreover, the electronic structure (Insets, Figures 3C and 3D, Figure 4D
and 4E) in this pressure regime also correlates with that of the relaxed excited state. Indeed, the
calculated oscillator strength of S; for both nanoclusters were found to increase with pressure up
to 2.5 GPa before decreasing again. Such an effect is seen in the pressure-dependent PL spectra in
Figures 3A and 4C. These results show that pressure can act as a “conformational lock™ that
constrains the nanocluster to the photoluminescent geometry at intermediate pressures, further
activating the dark states and ultimately enhancing PL intensity. Notably, the gold nanoclusters
with icosahedral motifs discussed here all feature this inversion symmetry and, in turn, lowest-
energy dark states. Such states in other semiconducting materials, including perovskites and
tungsten disulfide, have been probed by two-photon and magneto-PL spectroscopy to reveal
minimal optical activity in the ground-state geometry.**-° In this work, these dark states have been
shown to contribute to PL when structural relaxation in the excited state is accounted for, indicating
the need for pressure-dependent spectroscopic studies in other fields.

Overall, this study represents the first example of a high-pressure single-crystal X-ray

diffraction analysis of nanoparticles. The pressure-dependent sub-angstrom structural evolution of



a gold nanocluster has been directly identified and correlated with the blue-shifts of the optical
transitions, indicating that the subtle changes of the kernel structure could induce the significant
difference in the optical properties of gold nanoclusters. Structural changes were corroborated by
DFT simulations, which related MO symmetry to the observed chromic shifts in electronic spectra
and geometric constraints to enhanced PL intensity. The origin of the unique and bright near-
infrared PL beyond 1000 nm in icosahedral gold nanoclusters were revealed to be the activation
of dark states after excitation, which can be further promoted by high pressure. We envision that
the high-pressure framework developed in this work can be used to study the underlying

photophysics and structure-property relations of other optical nanomaterials.
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