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Abstract

The development of well-defined atomically-precise heteronuclear nanoclusters
passivated by protecting-ligands is presently a booming area, owing to the fact that
doping well-known homonuclear nanostructures allow fine tuning of their properties.
Herein, we explore by means of DFT calculations the possibility of doping the central
gold atom in the classical [Auis(dppe)sCl]**cluster (1) by Os. Although both
[Auis(dppe)sCl2]*" and [Os@Aui2(dppe)sCl2] have the same total number of electrons,
we show that they are not isoelectronic within the formalism of the superatom model,
being respectively a 8- and a 18-electron species. It results that they exhibit similar
structures, but present significantly different optical behaviors (UV/Vis and circular
dichroism). Similar results are obtained for the Ru and Fe relatives. Emission properties
indicate some red-shift of the T;—S: decay with respect to [Auis(dppe)sCl2]®,
involving an equatorial distortion of the Aui.Clz core in the T state, rather than the
axial distortion afforded by 1. The sizable HOMO-LUMO gaps found for the three
doped species suggest that further experimental exploration of different stable doped
species derived from the ligand-protected Au1.Cl> core should be encouraged.
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Introduction

The fastly developing chemistry of gold nanoclusters (AuNCs) is currently of
huge topical interest owing to their many potential interdisciplinary applications,*2°
Numerous theoretical and experimental research efforts have contributed to the
rationalization of their structure and the viability of novel noble-metal nanostructures.?*-
3 The most recent developments of this field encompass the design of doped AuNCs,**-
48 an efficient strategy to tune the properties of the parent homonuclear clusters, 4254449
57

AUNCs consist of atomically precise metallic cores further passivated by a
protecting shell of ligand, to which in some cases are added additional Au(l) centers.>®
%2 The Auis icosahedron is one of their most recognizable motifs as earlier characterized
in the very first phosphine derivatives [Auis(PMePh)1oCl2]** by Mingos and
coworkers®® and later in [Auis(dppe)sCl2]** (1),%4% precluding the most recent extensive
research on [Auzs(SR)1s] %" which have been extended to other related clusters.>3 1"
In the last decade compound 1 has been further explored revealing its interesting optical
and chiroptical properties as investigated separately by Konishi® and Li,%*® showing
an enhanced behavior compared to other phosphine-protected clusters.”®~"® In addition,
the high quantum yield of the lowest triplet state (T1) leads to promising singlet-oxygen
(*0,) photogeneration capabilities in comparison to organic dyes such as by anthracene,
as well as related Auzs(SR)1s and Auss(SR)24 clusters .80

Within the superatom model,>*87* 1 is described as a 8-cluster-electron (8-ce)
species. Indeed, only the electrons significantly involved in metal-metal bonding, that is
the 6s(Au) valence electrons of the [Auis]®* core, are included in the superatom ce
count. The 5d(Au) electrons are not considered for they have been recognized a long
time ago to play a negligible role.8! The highest occupied orbitals of 1 correspond to the
1P shell®®8283 and the lowest unoccupied levels to the 1D manifold. The 1P—1D
electronic transitions account for the character of the low-energy UV/Vis spectrum and
the related luminescent properties. In this context, the exploration of 18-ce related
counterparts allows further understanding of the role of electron counts in the optical
properties, based on heteroatom doping of the cluster-core,?*8488 as earlier theoretically
proposed and experimentally demonstrated by the bare W@Aui2 cluster by Pyykkd and
Li, respectively.8%%

A proper candidate is given by doping the parent cluster 1 by Os resulting in a

neutral 18-ce [OsAui2(dppe)sCl2] (2) species (assuming that Os lies at the cluster center,



see below). It is important at this stage to note that although [Auis(dppe)sCl2]** (1) and
18-ce (2) are isoelectronic in terms of their total and valence number of electrons,
within the superatom model, we suggest considering them as respectively 8-ce and 18-
ce species. This difference originates in the fact that the fully occupied 5d(Au) orbitals
are low-lying and contracted, whereas the 5d(Os) ones are higher in energy and more
diffuse. Therefore, contrarily to the former, the latter can participate to cluster bonding.
This is why we include the 5d electrons of Os into the ce count of (1), whereas in (2) we
do not include that of the encapsulated Au. Likewise, the naked W@Aus1. cluster is
also commonly considered as a 18-ce species .8 We thus consider 2 as having the 152
1P® 1D configuration, with 1D HOMOs (or near HOMOs) of large 5d(Os) nature,
giving rise to optical properties different from that of 1, whose configuration is 152 1P°.
These different situations are sketched in Scheme 1, where the superatomic electronic
structures of M@Au12 (M = Au, Os) cores are showns on the basis of the interaction of
M with its Mz2 icosahedral cage.

1S

Au* [Au@Auy,]* [Augo]* [Os@Au;,]?* 0s?

Scheme 1. Interaction of a formally d'° encapsulated metal atom M with an
icosahedral [Aui2]** icosahedral cage. Left: M = gold; right: M = osmium. Note that the
[Os@Aui2]?* case is similar to that of [W@Auj,].51%2

Obviously, the two situations crudely illustrated in Scheme 1 should be
considered as two limit cases and there should be a gradual transition between them, i.e.



when going from W to Au. Thus, the description of a [M@Au12]"™" (M =W, Au; n=0,
+5) cluster core as a 18-ce rather than a 8-ce species (or conversely) is somewhat
formal. From the relativistic density functional (DFT) calculations described below, we
suggest placing the formal 18-ce/8-ce borderline on the right side of Os. In this
investigation, the stability and bonding patterns of the hypothetical cluster 2 are
explored and its electronic, optical, chiroptical and potential luminescent properties are
analysed, with systematic comparison with its homonuclear parent 1. The isoelectronic
clusters [MAu12(dppe)sCl2] (M = Fe, Ru) are also discussed. As we were working on
these hypothetical species, the isolation and full characterization of [IrAui2(dppe)sCl2]*
and [PtAu12(dppe)sCl2]** were published by Tsukuda and coworkers,®! thus supporting
the fact that the hypothetical title Os species is feasible.

Computational Details

Calculations were carried within the Density Functional Theory®? (DFT)
formalism using the ADF2019 code.®® Scalar relativistic corrections via the ZORA
Hamiltonian were considered® together with the generalized gradient approximation
(GGA) Perdew-Burke-Ernzerhof (PBE) exchange-correlation (xc) functional,® owing
to its reliable performance at reasonable computational cost on AuNCs 8397-100:89
Dispersion forces were considered via the empirical pairwise corrections of Grimme
(DFT-D3).1%! Basis sets of triple-¢ Slater quality, plus two polarization functions (STO-
TZ2P) were employed for valence electrons. The frozen core approximation was
applied to the [1s2-4f#] shells for Au and Os, [1s%-4p®] Ru, [1s-3p®] Fe, [1s?] for C, and
[1s2-2s?] for P and CI, leaving the remaining electrons to be treated variationally.
Ground and excited states geometry optimizations were performed without any
symmetry constraint, via the analytical energy gradient method implemented by
Versluis and Ziegler,'%? with energy convergence criteria set at 10-* Hartree, gradient
convergence at 10-3 Hartree/A and radial convergence of 10 A. Electronic excitation
energies were calculated via time-dependent-DFT (TD-DFT) considering the van
Leeuwen—Baerends (LB94) xc-functional as in previous similar studies.*¢19%1%% The
current approach was tested on the description of dual photoluminescence properties of
a ligand-supported hexanuclear Au(l) framework, with good agreement to experimental

emission and absorption energies.%



Results and Discussion

The question of the location of heteroatoms in doped group 11 metal clusters has been
first addressed in 1989.1% In the case of 1, doping it by formally replacing one Au atom
by Os (keeping constant the total electron number) results in three possible
configurations for 2. One with Os on the central site (isomer 1), another one with Os
bonded to a dppe ligand (isomer I1) and the third one when bonded to chlorine (isomer
I11). The resulting optimized structures (Figure 1) indicate a large preference for isomer
I, being largely favored by +99.1 and +101.0 kcal.mol™* with respect to isomers 11 and
111, respectively. This is consistent with the fact that only isomer I can be described as a
superatom with 18-ce count (see above). This observation agrees with the recently
published structures of the closely related compound [IrAuiz(dppe)sCl2]*.%t Thus,
hereafter, we refer our results to isomer | for 2. The relaxed structures of 1 and 2 exhibit
similar Mcenten-AUgiigand) distances of 2.622 and 2.612 A, respectively, which compares
well to experimental data available (2.552 A) for 1 (Table 1).%* The calculated M centern—
Auc distance in 2 (2.596 A) is slightly enlarged in comparison to those in 1 (from
2.548 to 2.596 A). Similar Au—Cl separations (from 2.201 to 2.288 A) are computed for

1 and 2, denoting that the Au:.Cl, cage remains similar upon osmium doping.

¥ %R
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1(0.0) 11 (+99.1) 111 (+101.0)

Figure 1. Relaxed structures of the three isomers I-111 of [OsAuiClx(dppe)s] (2).

Relative energies are given in brackets (kcal.mol?). Os atom is in blue.

Table 1. Structural parameters for [M@Au12(dppe)Cl2]™ species (M = Au, n = 3; M =
Os, Ru, Fe, n=0).

Exp Au* | Au (1) Os (2) Ru Fe
M centery—AU(ligand) 2.552 2.622 2.612 2.623 2.624
M centern—AU(cI) 2.486 2.548 2.596 2.608 2.483
Au—Cl 2.169 2.201 2.288 2.307 2.331

aExperimental data from ref.®*



The electronic structures of 1 and 2 are illustrated in Figure 2. The occupied 1D shell
of 2 is intercalated between the 1Pxy HOMOs and 1P, superatomic orbitals (shell
splitting allowed by symmetry). In average, the 1D shell of 2 is composed of 52%
5d(0Os) character mixed in a bonding way with 21% 6s/6p(Au), and 27% from
protecting ligands. Such an occupied 5d(Menter)) Shell does also exist in 1. However,
these low-lying combinations are fully non-bonding, with no significant 6s/6p(Auico))
admixture and thus cannot be considered as the superatomic 1D shell. Rather, the true
1D orbitals of 1 are its five lowest vacant ones, which are of dominant 6s/6p(Au)
composition, with Auenter—AU(ico) bonding character (Figure 2). On the other hand, the
lowest vacant levels of 2 are not of superatomic character, but n*-ligand centered
orbitals.

The singlet state of 2 is largely favored in comparison to the triplet and quintet states
(by 53.2 kcal.mol™* and 91.9 kcal.mol™, respectively). Consistently, its HOMO-LUMO
is large (1.53 eV) and similar to that of 1 (1.96 eV). The [Ru@Aui2(dppe)sCl,] and
[Fe@Au12(dppe)sCl2] relatives have also a substantial preference for isomer | (+88.7
and +128.4 kcal.mol™ from the next isomer, respectively, see Supporting Information).
They also have significant HOMO-LUMO gaps (1.52 and 1.09 eV, respectively) and

show similar frontier orbitals.
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Figure 2. Electronic structure of [AuisCla(dppe)s]®* (1), [Os@Au1Clx(dppe)s] (2),
[Ru@AuwClo(dppe)s] (3) and [Fe@Au1Clo(dppe)s] (4), showing 1P and 1D

superatomic shells.



In order to evaluate the variation of the interaction between the dppe ligands and the
rest of the molecule, we computed the overall interaction energy (AEint) between the
[(dppe)s] phosphine shell and the [M@Au12Cl2]™ (M = Au, n = 3; M = Os, n = 0)
fragment. It amounts to -160.7 kcal.mol™? for 1 and -96.5 kcal.mol™ for 2 (per dppe
unit). Values similar to 2 were found for the M = Ru and Fe relatives, i.e., -96.0 and -
91.7 kcal.mol™?, respectively. The origin of the difference in interaction energy AEin
between the homonuclear Au cluter and its heteronuclear congeners can be interpreted
within the Energy Decomposition Analysis (EDA) framework given by Ziegler and
Rauk, %1% according to:

AEint = AEpauii + AEeistat + AEor + AEdisp
leading to different chemically meaningful quantities accounting for the destabilizing
character of the interaction given by the repulsion between occupied orbitals (AEpauii),
and for the stabilizing electrostatic, covalent and dispersion (charge transfer) characters,
AEeistat, AEorn and AEgisp). The character of the interaction is mainly electrostatic, similar
to other phosphine protected gold clusters.'®

The EDA analysis shows that the stabilizing ligand-core interaction, involving one
dppe ligand from [AuisClz(dppe)s]*" to [Os@Aui2(dppe)sClz], varies mostly by the
decrease in the orbital interaction term (AEom) from -190.4 to -146.6 kcal.mol”,
retaining a smaller variation from the electrostatic character of the interaction (-336.9 to
-343.5 kcal.mol?, respectively), which accounts for the variation in the ligand-core
interaction. In the Ru and Fe counterparts, a similar variation is found with AEom
amounting to -144.0 and -144.8 kcal.mol?, respectively. The proposed 18-ce phosphine-
protected clusters are thus structurally related to the parent [AuisClo(dppe)s]®*, with
weaker ligand-core interaction energy indicating the smaller role of the protecting
ligands to achieve stable species with sizable HOMO-LUMO gap, owing to the extra
1D electrons in the cluster core of the former. Analysis of the overall interaction
energy of the [M@Au12]™ metallic core with the whole protecting ligands shell leads to

a similar trend (Supporting Information).



Table 2. Energy decomposition analysis between the [(dppe)s] phosphine shell and the

[M@Au12CI2]™ (M = Au, n = 3; M = Os, Ru, Fe , n = 0). Values in kcal.mol™,

1 2 3 4

Au Os Ru Fe
AEpauii 390.2 416.5 400.5 389.1
AEgstat -336.9 | 61.1% -343.1 | 66.9% -329.5 | 66.4% -311.9 | 64.9%
AEorm -190.4 | 34.6% -146.6 | 28.6% -144.0 | 29.0% -144.8 | 30.1%
AEgisp -23.6 4.3% -23.3 4.5% -23.0 4.6% -24.1 | 5.0%
AEint -160.7 -96.5 -96.0 -91.7

Optical properties were also addressed in order to investigate the expected
differences between 1 (8-ce) and 2 (18-ce). The experimental UV/Vis spectrum of 1
(Figure 3) features a moderate shoulder between 620 and 520 nm, followed by a more
intense signal at 488 nm.%* The calculated spectrum of 1 exhibits peaks at 590 and 473
nm accounting nicely for the experimental observation,'® with 1Pxy — n*-ligand and
1P, — 1D transition character, respectively. In the case of 2, several peaks appear in the
calculated spectrum (Figure 3). That of lowest energy (801 nm) is associated with a
1Pxy — m*-ligand transition. It is substantially red-shifted with respect to the parent
cluster 1 (590 nm). The next peak manifold is composed of five signals at 672, 642,
603, 577, and 541 nm, accounting for different 1D — n*-ligand transitions, which are
not found in the 8-ce parent 1. Another peak at 499 nm is found of mixed 1D — r*-
ligand and 1P, — =*-ligand character, resembling the peak of 1 at 473 nm (488 nm
experimentally®®). Thus, the existence of an occupied 1D shell in 2 gives rise to a
manifold peak pattern expected from the UV/Vis spectrum characterized mainly by
metal — m*-ligand transitions, which are desired for photoinduced electron injection
over surfaces from anchored gold nanoclusters.!

A quite similar simulated UV/Vis behavior is obtained for the Ru relative, with the
first peak at 796 nm of 1Pxy — m*-ligand nature followed by a 671-542 nm manifold of
1D—mr*-ligand character with mixed 1D — =*-ligand and 1P; — m*-ligand transition at
490 nm. In the case of the Fe species, the simulated spectrum exhibits a weak low-
energy peak at 796 nm (1Pxy — m*-ligand) followed by a 663-526 nm peak manifold of
1D — m*-ligand character, with the appearance of the related 1P, — =*-ligand

transition at 450 nm.



/\ Au (Exp.)

~—

Au

YN Ao
M

\/\A\,\ Fe

450 550 650 750 850 950
(nm)

Intensity

Figure 3. Calculated UV/Vis absorption spectra of [AuisClz(dppe)s]®*, and
[M@AuCly(dppe)s] (M = Os, Ru, Fe). The experimental spectrum of

[Au1sCla(dppe)s]®* % is also shown for comparison.

The stereochemical constraints of the dppe ligands in 1 induce a substantial
distortion of the icosahedral Auis core®®® and their helical orientation induces some
chirality, resulting in two possible enantiomers insphering circular dichroism (CD)
properties. The CD spectra were computed for the right-handed enantiomers (Figure 4).
That of [AuisCl2(dppe)s]®* (1) reproduces well its experimental CD spectrum,® with a
positive peak at 560 nm (563 nm experimental) and a negative peak at 462 nm (472 nm
experimental). That of [Os@Au12(dppe)sCl2] (2) shows similar amplitudes but different
shape. Its peak at 801 nm appears as a positive band, followed by another positive band
peaking at 642 nm. The next peak manifold shows a negative and positive band,
resulting in a pattern fingerprint different than for 1. A pattern quite similar to that of 2
is found for its Ru and Fe counterparts, with the exception of a negative band around
800 nm for the Fe species. A comparison of the strength of the CD signal, suggest a
slightly more pronunced for heterometallic species, which can be of interest for further

studies.



/\ Au (Exp.)

Au

P /\A_/\ OS

/S N\

v/\'/\v/\ A\ Ru

N~ /\ Fe

450 550 650 750 850 950
(nm)

Figure 4. Calculated circular dichroism spectra for right-handed isomers of
[Au1sClz(dppe)s]®*, and [M@Au12Cl2(dppe)s] (M = Os, Ru, Fe). A broadening of 0.2 eV
was employed. Values centered between +500 x 104° esu?.cm?. The experimental
spectrum of [AuisCla(dppe)s]® 8 is also shown for comparison.

The remarkable photoluminescent properties reported for 14 are ascribed to a
T1—So decay® process, providing interesting singlet-oxygen sensitization applications.
For a comparison, they were also evaluated for the 18-ce cluster counterparts and are
discussed here. The emission wavelength of 1 was found experimentally at 766 nm
(1.61 eV) by Konishi and Shichibu.%®> Computations indicate a transition between the
related T1—So states at the T1 geometry at 809 nm (1.53 eV),® which corresponds to a
1D — 1P decay. The excited state affords an increase of the axial AuCI-AuCl distance
from 5.096 (So) to 5.184 A (T1). For [Os@Aui2(dppe)sClz (2) the computed emission
wavelength is red-shifted to the NIR at 1045 nm (1.19 eV). This time the T, states retain
an axial CIAu-AuCl distance (5.18 A) similar to that in So), but affords a particular
equatorial PAu—AuP change from 5.22 (So) to 5.43 A (T1), in contrast to the structural
rearreagnments at the excited state from 1.

The calculated emission energies of the Ru and Fe counterparts are similar,
amounting to 1076 nm (1.15 eV) and 1210 nm (1.02 eV), respectively. In the case of
Ru, the T states exhibits also a similar axial CIAu-AuCl distance (5.180 A ) than its So
ground-state, (5.217 A) but affords a particular equatorial PAu—AuP change from 5.245



(So) to 5.536 A (T1). In the case of Fe, the Sp and T; states retain similar CIAu-Au-Cl
distance (4.967 and 4.886 A, respectively), but show a decrease of the PAu-AuP
distance from So (5.248 A) to T1 (5.164 A).

Analysis of related Hg-doped species given by [Hg@Au12Cl(dppe)s]** species, leads
to the preference for isomer 111, i.e. Hg located at the M-CI site, suggesting the possible
extension to other doped species at different sites of the MAuz12 core, besides the central
position (Supporting information).

We would like at this stage to come back to the fact that 1 and 2 are both
isoelectronic and have different superatom electron counts (18-ce and 8-ce,
respectively). They have the same total number of cluster valence electrons (162
including the ligand lone pairs and all the 5d electrons). This electron count satisfy the
rule established by Mingos in the 1980s for spherical high-nuclearity gold phosphine
clusters (12xns + 18, where ns = number of surface gold atoms).12113

On the other hand, 1 and 2 are 18-ce and 8-ce superatoms, respectively. This
difference originates from the fact that the 5d(Mcenten) oOrbitals (and electrons)
participate to the bonding in the former but do not participate significantly in the later
(Scheme 1). As discussed in the introduction, there should be a continuum with
intermediate situations when going from Os to Au, with the 10 5d(Menter)) electrons
participating in an intermediate fashion to the bonding. The very recently published
compounds [IrAuzz(dppe)sClz]* and [PtAusz(dppe)sClz]** are now elegantly completing
the continuum series.®* They were described by Tsukuda and coworkers as 8-ce species,
but differing from [Auis(dppe)sCl2]*" in that when doping the central position by Pt or Ir
(keeping the total electron number constant), the jellium core potential which controls
the superatomic electron configuration becomes shallower at the central position.®
Although different, this rationalizing approach is equivalent to ours, but would be less
useful for interpreting optical properties.

Finally, 1t we would like to mention that the isoelectronic substitution of one Au
atom in [AuisClz(dppe)s]®* by Hg" substantially disfavors configuration I (Figure 1).
Indeed, the even lesser availability of the 5d(Hg) orbitals, as compared to 5d(Au), for
for bonding with the Aui, cage, leads to an energetic preference by 27 kcal/mol for
isomer 111, i.e. Hg located at the M-CI site, suggesting the possible extension to other
doped species at different sites of the MAui> core, besides the central position

(Supporting information).



Concluding remarks

Here we predict the stabilization of 18-ce superatoms based on the central doping of the
M@Au12Cl> core, showing characteristic patterns for both UV/Vis and CD spectra. The
optical properties are dominated by core—to—ligand charge transfer in contrast to the 8-
ce cluster 1, showing 1D — n*-ligand and 1P — =n*-ligand character transitions. Such
differences are also noted in the calculated CD spectra with a peak manifold between
950 and 650 nm, not observed for the parent Auiz cluster. The emission properties
derived from the T1—S: decay exhibit a red-shift from 809 nm calculated for 1 to 1045
nm for [Os@Aui2(dppe)sClz], which involves an equatorial distortion of the Aui2Cl,
core for the emissive excited state, rather than the axial distortion observed for 1. The
proposed neutral 18-ce [M@Auz12(dppe)sClz] (M = Os, Ru, Fe) clusters exhibit weaker
ligand—core interaction energy owing to a decrease in the ligand—core bonding
interaction due to the extra 1D shell, denoting the smaller role of the protecting
ligands to achieve stable species. The resulting sizable HOMO-LUMO gaps computed
for these species indicate substantial stability. As already explored extensively for
MAuU24(SR)1s clusters, similar structural features are found for 8-ce and 18-ce species.
This suggests further exploration of different doped species derived from the ligand-
protected Aui.Cl> core that would allow to tuning molecular properties, and further
designing novel building blocks for nanostructured materials under the superatom

approach.
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