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The use of metal nanoclusters is strongly reliant on their size and
configuration; hence, studying the potential isomers of a cluster is
extremely beneficial in understanding their performance. In gen-
eral, the prediction and identification of isomer structures and their
properties can be challenging and computationally expensive. Our
work describes an investigation to find local isomers for the previously
experimentally characterized small gold cluster [Aug(NHC-S)41** pro-
tected by bidentate mixed carbene-thiolate ligands. We employ the
molecular dynamics simulation method where the interatomic forces
are calculated from density functional theory. We find several isomers
that are more stable than the isomer corresponding to the experimental
crystal structure, as well as a significant impact of the finite-
temperature atom dynamics on the electronic structure and optical
properties. Our work highlights the growing need to investigate
ligand-stabilized metal clusters to uncover isomerism and tempera-
ture effects on their properties.

Ligand-protected metal nanoclusters (NCs) have a wide range of
applications due to their unique properties."™ In order to
investigate metal NCs and their characteristics, it is important
to consider the influence of ligand groups.*® A broad range of
different ligands like chalcogenates, phosphines, alkynyls and
N-heterocyclic carbenes (NHCs) have already been used.®°
Among all, gold clusters, in particular, have sparked consider-
able attention, for example due to their catalytic activity when
supported by metal oxides.”* A rising number of research
studies have shown that the physicochemical properties of
metal NCs are substantially impacted by the presence of
different isomers, which influences the crystallization of the
main NC.?*** However, this study demonstrates that the crys-
tallized structure is not automatically the most stable isomer in
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the gas phase or in solution, which raises intriguing questions
regarding how the presence of isomers affects crystallization or
the catalytic activity of NCs in different conditions.

Computational methods provide a controlled way to study
isomers. Properties of thiolate-protected gold NCs have been
extensively studied using density functional theory (DFT) tech-
niques. As an example, a study on the Au,g(SR),, cluster®
suggested a novel isomer with relatively high stability
composed of the same Au,, kernel but a different ligand shell
compared to the two experimentally reported structures. It
showed also that the new isomer is an important link in the
formation of Au,,(SR);g, Auzs(SR),, and Augyo(SR),, clusters. In
another DFT study,” two low-lying Au,s(SR),, isomers were
suggested successfully and three isomerism mechanisms were
identified by studying the crystallized Auzg(SR)y4, Auyg(SR)s0,
and Auzo(SR);5 clusters.

DFT studies offer significant insight on isomerism, but
finding the potential structures can be a considerable chal-
lenge. Here, combining DFT with molecular dynamics (MD)
methods can help. A DFT-MD study, performed on
Au;5(SCH2CH2Ph),,*® revealed that from the two empirically
discovered isomers®”*® the prolate shaped one is more stable
than the oblate one.

Although many experimental techniques are successful to
determine the atomic structure of metal NCs,*** finding the
presence of isomers is a difficult task by itself. In this regard,
computational work can inspire new experimental investiga-
tions. In a recent work, a new isomer structure for the widely
studied thiolate-protected gold cluster Au,5(SR),g was predicted
from DFT-MD calculations in 2020,>> and soon after, the
presence of this isomer was confirmed both in gas-phase
studies®® and in solution.*”

In this work, we investigate the previously characterized
[Aug(NHC-S),]*" cluster, protected by bidentate mixed
carbene-thiolate ligands, with the experimental crystal struc-
ture provided in ref. 6. We performed DFT-MD simulations at
three temperatures (approximately 145 K, 280 K and 475 K) with
a goal to characterize the impact of temperature on the
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structural, electronic and optical properties. Our study reveals a
systematic understanding of how temperature impacts the struc-
ture-property relations of the above-mentioned cluster. The most
important findings are: (i) new isomers with a lower total energy
than the structure reported from the experiment, (ii) demonstration
of the effect of crystal environment on the isomer structure, (iii) a
strong temperature dependence of the energy gap between the
highest occupied and the lowest unoccupied molecular orbital (i.e.
HOMO and LUMO), (iv) a clear correlation between the size of the
HOMO-LUMO energy gap and a descriptive structural parameter of
the cluster, and (v) shifting and splitting of the absorption peaks in
the UV-vis spectrum due to temperature effects (dynamics of single-
electron orbitals) as compared to the calculations for the known
static structure.

The experimental crystal structure (ref. 6) was used as our
initial point for the calculations. Density-functional theory
(DFT) implemented in the real-space code-package GPAW>®
was used to calculate the wave functions and eigenenergies
for the Kohn-Sham states. Relativistic effects for gold are
included in GPAW setups. All DFT calculations were performed
using the PBE (Perdew-Burke-Ernzerhof) functional.*® The
structural optimization has been done by 0.2 A grid spacing
and 0.01 eV A™* convergence criterion for the maximum forces
acting on atoms in the cluster. Molecular dynamics (MD)
simulations were done using the Langevin thermostat with
0.01 friction parameter and 2 fs time step that is justified by
treating all hydrogen atoms as deuteriums during the simula-
tion. The dynamics was collected at three different tempera-
tures 145 K, 280 K and 475 K. The total length of the simulation
runs were 20 ps for 145 K, 10 ps for 280 K and 30 ps for 475 K
including heating. Analysis was done after the thermalization
stage, which takes less than 2 ps at 475 K, ~4 ps at 148 K and
2 ps in the 280 K run. From these results, the 475 K run was
continued after the 280 K run. 120 optical spectra were calcu-
lated after thermalization for the MD snapshot structures with
an increment of 65 steps using 145 K and 475 K data and 50
spectra with an increment of 65 steps using 280 K data.
Absorption spectra were calculated using linear response time
dependent density functional theory (Ir-TDDFT) as implemen-
ted in GPAW software.*® Spectra were calculated using 0.25 A
grid spacing and the PBE functional for the wavefunctions and
for the Ir-TDDFT kernel.

A previous study on [Aug(NHC-S),]*" revealed that this
cluster is made up of an anti-prismatic central Aue core
supported by four NHC-thiolate ligand groups composed of
two neutral [(NHC-S),Au,] staple-type units. The PBE-relaxed
single crystal structure, shown in Fig. 1, was used as our
starting point to run DFT-MD calculations at three different
temperatures: 145 K, 280 K, and 475 K. Fig. 1a depicts two gold
atoms Au, and Auy, which are uniquely positioned as part of
the SR-Au-SR staple units, and the distance between the two
gold atoms and the dihedral angle shown in Fig. 1b and c,
respectively, are used as two of the key parameters to study the
isomer configurations.

Fig. 2 shows the total energy behavior of the system at three
temperatures 145 K, 280 K and 475 K as a function of time. To
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Fig. 1 (a) PBE-optimized structure of [Aug(NHC-S)41%*. (b) Au,-Auy, dis-
tance — 4.74 A part of the SR-Au-SR linear motif. (c) Dihedral angle —
89.10° in S-Au—-Au-S. (Au: golden, S: red, N: blue, C: gray, H: white).
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Fig. 2 Total energy as a function of time for DFT-MD runs in (a) 145 K,
(b) 280 K and (c) 475 K. The selected isomers are labeled 1-7.

find potential isomer configurations, seven structures from the
MD-runs were chosen and optimized (labeled in Fig. 2 and
visualized in Fig. S2, ESIt) based on their proximity to the local
minimum in terms of energy. The previously introduced Au,-
Auy, bond and dihedral angle were determined to analyse the
differences of the structures. The results presented in Table S1
(ESIt) indicate that the Au,-Au, distance varies between
3.51 A—3.83 A, and the dihedral angles get values between
94° and 106°. Compared to the crystal structure there is a
considerable change in the structure that gets more compact
and twisted by the two protecting unit ends, which happens
without any bond breaking. As a general trend, the largest
twisting connects to the most compact structures. Interestingly,
the crystal structure is not part of the structural phase space
seen in the MD-simulation. With an energy of 0.19-0.42 eV per
cluster, all the observed isomers are more stable than the single
crystal structure. The most stable structure is the isomer
number 2 as labeled in Fig. 2 at 145 K (check the structure
for isomer 2 in Fig. S1a (ESI}).

Next, we studied systematically dynamical and structural
effects on the electronic structure of the cluster at different
temperatures. Fig. 3 shows the distribution of the energy gap
values between the HOMO and LUMO as a function of the Au,—
Auy, distance at 145 K, 280 K, and 475 K.

The initial distance for the relaxed single crystal cluster is
4.74 A, and the HOMO-LUMO gap is 3.22 eV. As shown in
Fig. 3, universal correlation can be seen at all three tempera-
tures; the HOMO-LUMO energy gap value is lower for config-
urations with shorter Au,-Au;,, distance. Furthermore, the
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Fig. 3 Heat and distribution maps of the HOMO-LUMO gap variation
with respect to the Au,—Au, distance at three temperatures: (a) 145 K,
(b) 280 K and (c) 475 K. Lighter colors in the heat maps indicate the most
densely populated area with similar HOMO-LUMO energy gap values.

distribution of the HOMO-LUMO gap values (Fig. 3 right
vertical panels) is centered at about 2.85 eV for 145 K, 2.78-
2.85 eV for 280 K and 2.6-2.8 eV for 475 K. The shape
approaches normal distribution at higher temperatures. The
central region is the most densely populated area also based on
the scatter map plots. Note that the thermalization part has
been removed from the data.

Fig. 4 shows a diagram of the energy levels for occupied
states (a) and unoccupied states (b) as a function of time at
145 K. The energy of the HOMO state fluctuates strongly, within
0.5 eV, and over time this eigenenergy splits from the “band” of
lower-lying states. The energies of the other states either
increase or decrease in comparison to the PBE-relaxed crystal
structure, but with much smaller fluctuations than the HOMO.

It is now intriguing to see how the optical absorption
spectrum as one of the key signatures of electronic structure
changes. Optical absorption spectra were calculated for three
temperatures. Fig. 5 shows computed Ir-TDDFT spectra of the
static single crystal structure after structural optimization pre-
sented as a folded spectrum of electron-hole excitations com-
pared to the dynamical multi-structure spectrum calculated
from 145 K DFT-MD simulation. Temperature dependent spec-
tra are combined from the single particle transitions calculated
and collected for 120 snapshot structures that are chosen in
every 65 steps after thermalization.

Absorption spectra show that even minor changes in the
structure have a considerable impact on optical behaviour
(Au,-Au;, bond lengths and dihedral angle values of the
selected isomers and single crystal structure are listed in
Table S1, ESIT). Optical absorption spectra of DFT-MD findings
in Fig. 5 show four absorption bands. The first peak appears
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Fig. 4 Energies of the electron states (drawn in diverse colors) as a
function of time at 145 K for (a) occupied and (b) unoccupied states.

3220 | Chem. Commun., 2022, 58, 3218-3221

View Article Online

Communication

Absorption (a.u.)

250

300 350

Wavelength (nm)

400 450

Fig. 5 Optical absorption spectra in 145 K as combined from 120 snap-
shot structures (purple lines) chosen in every 65 steps compared to the
single crystal structure (yellow curve). Spectrum for the dynamic structures
is shown as a stick spectrum including all single particle transitions and
their oscillator strengths from the 120 structures that are collected into
energy bins (peaks [-1V). The spectrum of the optimized single crystal
structure is broadened by 0.1 eV Gaussians (peaks a—d).

around 400 nm (I) which is absent in the PBE-optimized single
crystal structure. The remaining peaks appear at about 350 nm
(I1), 310 nm (III) and 285 nm (IV) whereas the single crystal
structure displays two prominent peaks at 290 nm (d) and
335 nm (b) as well as two weak shoulders at 305 nm (c) and
355 nm (a). The first three absorption peaks (a), (b) and (c) in
the single crystal structure are blue-shifted, while the fourth
peak (d) shows a comparable agreement with that for DFT-MD
(IV). Absorption spectra calculated for 280 K display four peaks,
however, there are no discrete peaks in 475 K (check Fig. S3 for
280 K and Fig. S4 for 475 K results, ESIT).

To understand the origin of the optical absorption peaks for
the single crystal structure and dynamic structures, we com-
puted the dipole transition contribution maps (DTCMs). Fig. S5
(ESIt) shows DTCMs for the selected dynamic structure in
145 K. Red/blue dots in DTCMs represent the relative (strength-
ening/screening) contributions of single electron-hole excita-
tions to the total transition dipole moment. To reduce the
computational load, one representative structure from 120
configurations was selected for analysing the origin of the first
and the fourth absorption peaks. The selected structure has the
highest resemblance of peak locations to those of the combined
spectrum shown in Fig. 5, so that less costly DTCM computa-
tions could be obtained. The first and fourth absorption peaks
at 396 nm and 288 nm (shown by the arrows in the bottom right
panels) are analyzed in Fig. S5 (ESIt). The bottom horizontal
and right vertical panels illustrate the occupied (negative
energies) and the unoccupied (positive energies) electron
states. The absorption for the first peak at 396 nm arises from
the HOMO to LUMO+1 transition (Fig. S5a, ESIT), whereas the
second peak (Fig. S5b, ESIf) has several contributions from
states below the HOMO to states above the LUMO. Higher
energy peaks are composed of increasing numbers of transi-
tions and are more collective (DTCMs for the third and the
fourth peaks at 145 K shown in Fig. S6a and b, ESIt). Fig. S5c
(ESIY) depicts DTCMs for the optimized single crystal structure.
The first peak at 355 nm is combined of two main transitions

This journal is © The Royal Society of Chemistry 2022
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from HOMO to LUMO+1 and HOMO—1 to LUMO. Note that the
finite-temperature dynamics splits this peak into two in
Fig. S5a (ESIY). This is due to the splitting and decoupling of
the HOMO away from the deeper states as shown in Fig. 4a.
(DTCMs for the third and fourth peaks for the chosen dynamic
structure shown in Fig. S6, ESI,f and DTCMs for the second,
third and fourth peaks for the relaxed crystal presented in
Fig. S7, ESIt).

To relate the observed crystal structure to the optimal gas
phase isomer, we did a 7.4 ps MD simulation starting from the
lowest-energy gas phase isomer 2, surrounding it with counter-
ions (10 PFs ) and solvent molecules (2 EtOH) in the crystal
structure symmetry.® The total charge was set to 8- and the
central P- and C-atoms of PF;~ and EtOH were fixed. Interest-
ingly, the cluster changes spontaneously back to the crystal
structure conformation when heating starts, as shown in Fig. S8
(ESIT). Compared to gas phase isomers (Table S1 and Fig. S2,
ESIT), the Au-Au distance increases drastically and fluctuates
around 4.6 A. Simultaneously, the S-Au-Au-S dihedral angle
decreases and oscillates around 85°. Hence, isomerization
happens spontaneously in both directions between the gas
and crystal phases. Optimization of the packing and interac-
tions to counterions and solvent molecules in the crystal
stabilizes a structure that is not seen in the gas phase isomers.

We have shown that DFT-MD calculation is an effective
approach to analyze previously studied cluster [Aug(NHC-S),]** in
order to find possible isomers at different temperatures. The
current findings show the presence of at least seven isomers at
three different temperatures: 145 K, 280 K, and 475 K. The
isomer transition occurs at low temperature without any bond
breakage and is shown to be reversible if the cluster environ-
ment is changed. In general, we have shown that the optical
and electronic properties of a cluster can be very different
depending on the exact structure and therefore understanding
the isomerism better for protected metal clusters aids design-
ing them for different applications. In this study, we imply that
the crystallized structure is not automatically the lowest energy
isomer in the gas phase or vice versa. In contrast to the small
molecules, protected metal clusters are computationally more
demanding and it is not self-evident whether their crystal, gas
or solution phase structures should or should not be the same -
even less is understood regarding how isomerization affects
properties such as the catalytic activity.
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