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ABSTRACT: The molecular Pt nanocluster [Pt,,(CO);,]*" (1*7) was obtained
by thermal decomposition of [Pt;s(CO);0]*” in tetrahydrofuran under a H,
atmosphere. The reaction of 1*~ with increasing amounts of HBF,*Et,O afforded
the previously reported [Pt,s(CO)3,]*” (3*7) and [Pty(CO)5,]~ (37). The new
nanocluster 1*~ was characterized by IR and UV—visible spectroscopy, single-
crystal X-ray diffraction, direct-current superconducting quantum interference
device magnetometry, cyclic voltammetry, IR spectroelectrochemistry (IR SEC),
and electrochemical impedance spectroscopy. The cluster displays a cubic-close-
packed Pt); framework generated by the overlapping of four ABCA layers,
composed of 3, 7, 11, and 6 atoms, respectively, that encapsulates a fully
interstitial Pt, tetrahedron. One Pt atom is missing within layer 3, and this defect | =
(vacancy) generates local deformations within layers 2 and 3. These local K
deformations tend to repair the defect (missing atom) and increase the number of
Pt—Pt bonding contacts, minimizing the total energy. The cluster 1*" is perfectly
diamagnetic and displays a rich electrochemical behavior. Indeed, six different oxidation states have been characterized by IR SEC,
unraveling the series of 1"~ (n = 3—8) isostructural nanoclusters. Computational studies have been carried out to further support the
interpretation of the experimental data.
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1. INTRODUCTION

Atomically precise metal nanoclusters have attracted impressive
interest since the discovery of the thiolate-protected Au,q,.'
Most of the literature has been dedicated to molecular Au
nanoclusters and then to Cu and Ag nanoclusters as well as
related molecular alloy nanoclusters.”'* The researches on
atomically precise Pt nanoclusters have also grown, in view of
the widespread use of Pt complexes, nanoparticles, and
crystallites in catalysis and electrocatalysis.'>~*° Gaining atomic
precision on Pt nanoclusters dispersed on supports and
electrode materials would offer the possibility of increasing
our knowledge on the fundamental steps involved in catalytic
and electrocatalytic processes.”' ~>° Moreover, the properties of
such materials could be improved and finely tuned depending on
the dimension and structure of the Pt nanoclusters.

Platinum carbonyl clusters represent the richest class of
atomically precise Pt nanoclusters that have been structurally
characterized to date.”””® These can be classified based on their
carbon monoxide (CO) content as (a) CO-rich clusters (CO/Pt
=2) of the type [Pt;,(CO),])*~ (n = 2—8), the so-called Chini
clusters, and (b) CO-poorer species (CO/Pt < 2), which
comprise globular molecular Pt nanoclusters, often referred to as
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Pt browns in view of the color of their solutions. Chini clusters
adopt 1D structures based on triangular Pt;(CO);(¢-CO); units
stacked along a pseudo-C; axis. Moreover, in the solid state, they
can self-assemble into conductive Pt wires.””~>*> Conversely, Pt
browns so far characterized contain from 14 up to 44 metal
atoms and possess more compact 3D structures such as
pentagonal prismatic (pp), body-centered-cubic (bcc), cubic-
close-packed (ccp), hexagonal-close-packed (hcp), or twinned
hep/cep.?*™* It must be remarked that larger Pt nanoparticles
as well as bulk Pt systematically adopt a ccp structure. This rich
diversity of the structures of molecular Pt nanoclusters
compared to larger nanoparticles is analogous to the case of
atomically precise Au nanoclusters in comparison the larger Au
nanoparticles. Thus, it seems to be a size effect independent of
the nature of the metals and/or ligandsf“’42
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Globular platinum carbonyl nanoclusters often adopt highly
symmetric regular structures, that is, [Pt;4(CO),,]*",

[Pt,4(CO)30)”", [Ptrs(CO)3,]"" (n = 1, 2), [Pt3s(CO)yl™,
[Pt40(co)4o]6_; and [Ptyy(CO)ysl™™ (n = unknown).34_40
Nonetheless, [Pt,;(CO),,]*", [Pt;;(CO);5]*7, and
[Ptys(CO)4,)* display less regular and defective structures,
originating from the removal of one or more metal atoms from a
compact structure.’* Systematically, deformations occur nearby
such local defects in order to fix them. Similar localized
phenomena may occur during heterogeneous catalysis employ-
ing ultradispersed metal nanoparticles, as shown in the case of
Pt;, and Pt;; nanoclusters encapsulated within dendrimers
employed for the oxygen reduction reaction.”*

As a further point of interest, large molecular metal carbonyl
clusters, including a few atomically precise platinum carbonyl
nanoclusters,”**° are multivalent, displaying several reversible or
quasi-reversible redox processes. This behavior can be studied in
detail by means of electrochemical methods as well as IR
spectroelectrochemical (IR SEC) studies.””** The fact that
molecular metal nanoclusters can exist with a variable number of
electrons is a direct consequence of the incipient metalization of
their metal core with increasing size.

In the present paper, the synthesis and total structure
determination by single-crystal X-ray diffraction (SC-XRD) of
the unprecedented atomically precise [Pt,,(CO);;]* (1*7)
nanocluster, displaying a defective ccp structure, is reported.
The new nanocluster has been further characterized through IR
and UV—visible spectroscopies and its diamagnetism ascer-
tained by superconducting quantum interference device
(SQUID) measurements. In addition, the redox properties of
1*~ have been investigated by means of electrochemical and IR
SEC methods, as well as electrochemical impedance spectros-
copy (EIS). Computational studies of 1*~ have been carried out
to further support interpretation of the experimental data.

2. EXPERIMENTAL SECTION

2.1. General Procedures. All reactions and sample manipulations
were carried out using standard Schlenk techniques under nitrogen and
in dried solvents. All of the reagents were commercial products
(Aldrich) of the highest purity available and used as received, except
[PPh,],[Pt,;s(CO)5,], which has been prepared according to the
literature.* Analyses of C, H, and N were obtained with a Thermo
Quest Flash EA 1112NC instrument. IR spectra were recorded on a
PerkinElmer Spectrum One interferometer in CaF, cells. Absorption
spectra were recorded at 298 K using an Agilent Cary 100 UV—visible
spectrometer. Structure drawings were obtained with SCHAKAL99.*

2.2. Synthesis of [PPh,]4[Pt,;(CO);;1 ([PPh,14[1]). A solution of
[PPh,],[Pt;5(CO);] (0.700 g, 0.158 mmol) in tetrahydrofuran (THF;
20 mL) was heated at 65 °C under a H, atmosphere for 8 h. Then, the
solvent was removed under reduced pressure and the residue washed
with H,O (3 X 15 mL), isopropyl alcohol (3 X 15 mL), toluene (3 X 15
mL), and THF (3 X 15 mL) and extracted in acetone (20 mL). Crystals
of [PPh,],[1]-CH;COCHS;solv suitable for SC-XRD were obtained by
slow diffusion of isopropyl alcohol (50 mL) on the acetone solution
(yield 0.32 g, 48% based on Pt).

Calcd for Cy30Hgs05,P,Pt,; (7551.29): C, 20.68; H, 1.15. Found: C,
20.38; H, 1.31. IR (Nujol, 293 K): vco 2003(vs), 1953(sh), 1849(m),
1803(s), 1770(ms), 1747(ms) ecm™'. IR (CH;CN, 293 K): vcq
2018(vs), 1814(m), 1777(w) cm™'. IR (acetone, 293 K): vco
2018(vs), 1816(m) cm™. IR (CH,Cl, 293 K): vco 2019(vs),
1811(m).

2.3. Synthesis of [PPh,][Pt,5(CO);,] ([PPh,I[3]). HBE,-Et,O (15
4L, 0.110 mmol) was added to a solution of [PPh,],[1] (0.354 g, 0.047
mmol) in acetone (15 mL) up to the formation of 327, as indicated by
IR spectroscopy [vco 2044(vs), 1803(m) cm™']. The solvent was
removed under reduced pressure, the residue was dissolved in CH,Cl,

(15 mL), and further HBF,-Et,O (15 uL, 0.110 mmol) was added up to
the formation of 3™ [vco 2062(vs), 1820(m) cm™']. The resulting
solution was filtered and layered with n-hexane (30 mL), resulting in
crystals of [PPh,][3] suitable for SC-XRD (yield 0.16 g, 51% based on
Pt).

Calcd for CyqH,05,PPt,¢ (6308.03): C, 10.66; H, 0.32. Found: C,
10.89; H, 0.57. IR (CH,Cl,, 293 K): v 2062(vs), 1820(m) cm™.

2.4. X-ray Crystallographic Study. The crystal data and
collection details for [PPh,],[1]-CH;COCH;-solv and [PPh,][3] are
reported in Table S1. The diffraction experiments were carried out on a
Bruker APEX II diffractometer equipped with a PHOTON?2 detector
using Mo Ko radiation. Data were corrected for Lorentz polarization
and absorption effects (empirical absorption correction SADABS).*’
Structures were solved by direct methods and refined by full-matrix
least squares based on all data using F~.** H atoms were fixed at
calculated positions and refined by a riding model. All non-H atoms
were refined with anisotropic displacement parameters, unless
otherwise stated.

[PPh,],[1]-CH;COCHj-solv. The asymmetric unit of the unit cell
contains one cluster anion, four [PPh,]* cations, and one CH;COCH,
molecule, all located on general positions. The unit cell contains an
additional total potential solvent-accessible void of 1155 A® (ca. 8% of
the cell volume), which is likely to be occupied by highly disordered
solvent molecules. These voids have been treated using the SQUEEZE
routine of PLATON.*"*° The C and O atoms of the CO ligands in the
cluster anion and the acetone molecule were restrained to isotropic
behavior (the ISOR line in SHELXL, s.u. 0.01). Similar U restraints
were applied to the C and P atoms of the [PPh,]* cation and to the C
and O atoms of the acetone molecule (SIMU line in SHELXL, s.u.
0.01). The C atoms of the aromatic rings were constrained to fit regular
hexagons (the AFIX 66 line in SHELXL). Restraints to bond distances
were applied as follows (s.u. 0.02): 1.21 A for C—O and 1.51 A for C—C
in CH,COCH,,.

[PPh,J[3]. The asymmetric unit of the unit cell contains one cluster
anion and one [PPh,]" cation, all located on general positions. The C
and O atoms of the CO ligands in the cluster anion were restrained to
isotropic behavior (the ISOR line in SHELXL, s.u. 0.01). The [PPh,]*
cation is disordered, and, therefore, it was split into two positions and
refined anysotropically by applying a rigid group refinement (the AFIX
6 line in SHLEXL). Similar U restraints were applied to the C and P
atoms of the [PPh,]" cation (the SIMU line in SHELXL, s.u. 0.01).

2.5. Magnetic Measurements. Magnetic susceptibility measure-
ments were performed on powder samples with a Quantum Design
MPMS XL SQUID magnetometer, capable of fields as high as S T. The
samples for SQUID measurements were handled in an Ar glovebox (<1
ppm of H,0, O,) and sealed in quartz ampules of S mm diameter filled
with a low He pressure (approximately S Torr).

2.6. Electrochemical, Spectroelectrochemical, and EIS Meas-
urements. Materials and apparatuses for electrochemistry and IR SEC
have been described elsewhere.** EIS spectra were recorded using as
the E°’ of a reversible electrochemical reaction obtained from the
voltammetric experiments. E,. was set to 0.005 V, and the frequency was
scanned between 10000 and 1 Hz. All of the electrochemical
experiments were performed using a Palmsens 4 potentiostat
(Palmsens, The Netherlands).

2.7. Computational Details. Geometry optimizations of the
clusters and IR simulations were performed using the semiempirical
tight-binding GFN2-xTB method®" in the gas phase and in the presence
of acetone as a continuous medium thanks to the addition of an
analytical linearized Poisson—Boltzmann (ALPB) solvation model.”
Further calculations were carried out in the gas phase using the PBEh-
3c method, which is a reparametrized version of PBEO (with 42% HF
exchange) that uses a split-valence double-{ basis set (def2-mSVP) and
adds three corrections that consider dispersion, basis set superposition,
and other basis set incompleteness effects.”® The “restricted” approach
was used in all cases.

The software used for GFN2xTB calculations was XTB, version
6.5.0.>* PBEh-3c calculations were carried out with ORCA, version
5.0.3.%° The output, converted into .molden format, was elaborated
with the software Multiwfn, version 3.5.%¢ Cartesian coordinates of the
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optimized structures are provided as separate .xyz files. IR spectra were
plotted using Gabedit, version 2.5.1.>

3. RESULTS AND DISCUSSION

3.1. Synthesis, Molecular (Total) Structure, Magnetic
Behavior, and Reactivity of 1%~. 1*~ was obtained as an oily

()

Figure 1. (a) Molecular structure of 1*~ and (b) its space-filling model.
Color code: purple, superficial Pt; yellow, interstitial Pt; red, O; gray, C.
Pt—Pt bond distances: 2.633(3)—3.191(4) A. Average distance:
2.81(3) A.
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Figure 2. (a) Pt,, metal core of 1*~ containing a fully interstitial Pt,
tetrahedron compared to (b) an idealized Pt,, ccp fragment. Color
code: purple, superficial Pt; yellow, interstitial Pt.
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Figure 3. Four ABCA layers along (111) of the Pt,, metal core of 1*~
compared to an idealized Pt,; ccp fragment.

precipitate after refluxing [Pt,(CO)50]* as [PPh,]" saltin THF
under a H, atmosphere for 8 h. The formation of 1*~ was
accompanied by some [Pt,,(CO);0]* (227), and the two
clusters were separated by extraction with solvents of different
polarity. Thus, 2>~ was extracted in THF and 1*~ in acetone.
The previously known cluster 2>~ was spectroscopically
identified by a comparison with the published IR data.*****”
The molecular structure of 1*~ was established by SC-XRD on
its salt [PPh,],[1]-CH;COCHj,-solv (Figure 1). The quality of
the crystal was low and the diffraction pattern at high 26 very
weak. Thus, the data were cut at 26 = 48°. Despite the poor data
quality, the overall structure of the cluster, including the metal

cage and CO ligands, was well established, whereas some care
must be taken in discussing the bonding distances involving
lighter atoms.

The 'H NMR spectra of 1*~ recorded overnight in both
deuterated acetonitrile (CH;CN) and acetone at room
temperature did not display any resonance in the hydride
region. A large chemical shift window was employed (from +50
and —100 ppm), and delays from 1 up to 20 s were employed to
compensate for potential relaxation problems. The possibility
that the detection of hydrides at room temperature failed
because of fluxionality was then checked by performing 'H
NMR spectroscopy at lower temperatures (down to —80 °C)
under similar experimental conditions. Also, these experiments
did not show any resonances attributable to potential hydrides.

The molecular structure of 1*~ is composed of a ccp Pt,,
framework generated by the overlapping of four ABCA layers,
composed of 3, 7, 11, and 6 atoms, respectively. As shown in
Figure 2, this structure contains a fully interstitial Pt,
tetrahedron. The structure is completed by 18 terminal and 13
edge-bridging carbonyls. In agreement with this, the IR
spectrum in an acetonitrile (CH;CN) solution of 1*~ displays
Vco bands in the terminal (2018 cm™") and bridging (1814 and
1777 cm™) region.

One Pt atom is missing within layer 3 (Figure 3), which
consists of 11 instead of 12 Pt atoms as expected for a compact
layer. As a result of this defect (vacancy), local deformations are
present within layers 2 and 3, whereas layers 1 and 4 are very
close to the idealized ones. As a result of these deformations that
occur in correspondence with the defect (missing atom), the
number of the Pt—Pt bonding contacts increases from 91 in the
idealized fragment to 93 in the real cluster. Moreover, the inner
Pt, tetrahedron, which is semiexposed in the idealized Pt,, ccp
fragment, becomes fully interstitial in the idealized cluster.

The structure of 1*~ was computationally investigated by
means of the PBEh-3c and GFN2-xTB methods, the latter also
in combination with the ALPB implicit solvation model (further
details are reported in the Experimental Section). All of the
approaches afforded stationary points in line with the
experimental data, with a root-mean-square deviation
(RMSD) between the computed and experimental geometries
of 0.520 A (PBEh-3c), 0.485 A (GEN2-xTB), and 0.593 A
(ALPB/GFN2-xTB). The RMSD values were even smaller
upon a comparison of only the {Pt,,} cores, with values equal to
0.243 A (PBEh-3c¢), 0.233 A (GFN2-xTB), and 0.280 A (ALPB/
GFN2-xTB). The arrangement of the Pt atoms in 1*~ appears
therefore to be indirectly confirmed by density functional theory
(DFT) calculations, as is also observable in Figure 4.
Superimpositions of the X-ray and PBEh-3c¢ structures high-
lighting the good overlap between the experimental and
computed geometries, in particular for those concerning the
{Pt,,} core, are shown in Figure SI.

The possible presence of hydrides not experimentally
detected in 1*~ was computationally explored, maintaining
constant the global charge and even number of electrons.
Starting from several different initial geometries, attempts to
optimize clusters having the formula [Pt,,H,(CO);,]*" at the
GFN2-xTB and PBEh-3c levels afforded species with terminal
hydrides as the most stable isomers (Figure S2). A comparison
with the experimental structure of 1*~ did not evidence excessive
distortions, as indicated by the RMSD values reported in the
caption of Figure S2. Moreover, the formation of a dihydride is
thermodynamically very unlikely because the energy variation
for the reaction 1*~ + H, — [Pt,,H,(CO),,]*" is meaningfully
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Figure 4. Comparison of the experimental and computationally optimized structures of 1*~. Color code: purple, Pt; red, O; gray, C. The Pt—Pt

interactions among the ABCA layers were not drawn for clarity.
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Figure S. Two views of the Pt—Pt (3, -1) b.c.p.’s with numbering (PBEh-3c calculations). In part a, the Pt atoms are in purple and the b.c.p.’s in cyan.
The intralayer Pt—b.c.p.—Pt connections are represented with solid lines, the interlayer Pt—b.c.p.—Pt connections with dotted lines, and those in the
interstitial {Pt,} tetrahedron as yellow lines. The b.c.p. numbers are colored accordingly to the p values: <0.270 e A3, light blue; between 0.270 and
0.400 e A™3, blue; >0.400 e A=, dark blue. In part b, the intralayer Pt—(b.c.p.)—Pt connections are colored in black, the interlayer Pt—(b.c.p.)—Pt
connections in red, and those in the interstitial {Pt,} tetrahedron in blue.
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Figure 6. UV—visible absorption spectrum of 1*~ in CH;CN at 298 K.

positive, 43.9 kcal mol ™' (PBEh-3c calculations, with the energy
variation calculated from the sums of the corrected electronic
energies and nuclear repulsions).

The “atoms in molecules” (AIM) analysis on the structure of
1*~ optimized at the PBEh-3c level afforded 76 (3, —1) Pt—Pt
bond critical points (b.c.p.’s), represented in Figure S. Selected
data regarding the b.c.p.’s are reported in Table S2. The negative
values of the energy density (E) and the positive values for the
Laplacian of the electron density (V?p) are in agreement with

12537

I I

o Experimental data
Brillouin fit J = 0.5
— Expected Moment in case of 1 spin 1/2 per molecule

o
-

Magnetic Moment (emu/g)
g

% 2 3
Applied Field (T)

Figure 7. First magnetization curve for [PPh,],[1] powder salt at 2 K.
Data are displayed as black circles, while the solid red line represents the
best fit with the Brillouin curve with J = 0.5. The small signal is
compatible with the presence of paramagnetic impurities. The black
line indicates the expected magnetic signal if each cluster would bear a
spin s

Bianchi’s definition of the M—M bonds.”**” The Hirshfeld
charges®’ on Pt atoms are comprised between —0.16 and +0.06
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Scheme 1. Reactions of 1*~ with Acids, and Synthesis of 3"~ (n
=0,1, 2)

+ HBF4 Et,O + HBF,-Et,O
—

CH,Cly
2044(s), 1803(m) cm™! o

[Pty,(CO)31* [PL6(CO)5 [Pt6(CO)32]"

+
2062(s), 1820(m) cm™!

acetone
2017(s), 1818(m) cm™
1+ 3
CH,Cl, l+ HBF, Et,0

[Pto6(CO)30]
2075(s), 1822(m) cm™

3° s

Figure 8. Molecular structure of 37. Color code: purple, Pt; red, O;
gray, C; blue, interstitial Pt. Pt—Pd bond distances: 2.641(2)—
2.9391(2) A. Average distance: 2.793(19) A.

(a)

20 pA

(b)

05 0,0 05 1,0
E/V (vs Ag/AgCl)

-2’,0 —lI,U
Figure 9. CV profiles recorded at the (a) Pt and (b) GC electrodesin a

CH,CN solution of 1*7. [N"Bu,][PF¢] (0.1 mol dm™) is the
supporting electrolyte. Scan rate: 0.1 V s™".

au. The four more negative values, from —0.16 to —0.14 au, are
localized on the Pt atoms constituting the interstitial
tetrahedron. The electron density at b.cp. (p) ranges from
0.155 to 0.472 e A3, and the lower values were generally found
in the outer region of the metal core. Accordingly, some Pt—Pt
b.c.p.’s at the surface of {Pt,,} were not localized, probably
because of the competition of the carbonyl ligands in the
localization of the bonds. The potential energy density (V)
values at b.c.p. are roughly correlated to the electron density,
with more negative values found for higher p. The V interval is
between —0.115 and —0.493 hartree A~>. The weakest Pt—Pt
interaction corresponds to b.c.p. of 10, while the strongest ones
are associated with b.c.p.’s of 38, 44 and 59.

The AIM data reported for 1*~ were compared with those
obtained for the smaller carbonyl cluster [Pt,,(CO) o]+ °
optimized at the same theoretical level. The DFT-optimized
structure is shown in Figure S3, and the data related to the Pt—Pt
(3, —1) b.c.p.’s are summarized in Table S3. The two clusters
have quite similar values, even if the p interval in [Pt;,(CO),5]*"
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Wavenumbers [1/cm]

1800

Figure 10. IR spectral changes of a CH;CN solution of 1* recorded in
an OTTLE cell during the progressive increase of the potential from
—0.24 to +0.24 V versus Ag pseudoreference electrode (scan rate: 1 mV
s7"). [N"Bu,][PF4] (0.1 mol dm™) is the supporting electrolyte. The
absorptions of the solvent and supporting electrolyte have been
subtracted.

is in the 0.193—0.444 e A™3 range, more limited with respect to
1*". The same consideration is valid for the V values in
[Pt,,(CO),5]*", comprised between —0.144 and —0.423 hartree
A73., As for 1*7, some Pt—Pt b.c.p.’s at the surface of the {Pt,}
core of [Pt;,(CO);]*" were not localized because of the
dominating interactions with the CO ligands. The smaller size of
[Pt,,(CO)5]* does not allow one to appreciate the increase of
p at Pt—Pt b.c.p. moving toward the center of the cluster
previously described for 1*.

The simulations of the IR spectrum of 1*~ gave as a result 31
active transitions (Table S4) related to the stretchings of the
carbonyl ligands, according to the low symmetry of the metal
cluster. The Gaussian line-shape fitting shown in Figure S4,
however, afforded simulated spectra qualitatively comparable
with the experimental one.

The UV—visible spectrum of 1*~ in a CH;CN solution shows
a featureless spectrum with a continuous and broad electronic
absorption typical of interband transitions.”’ Thus, the UV—
visible spectrum of 1*~ shown in Figure 6 closely resembles
those of ultrasmall metal nanoparticles.

The magnetic behavior of 1*~ was investigated by performing
dc SQUID magnetometry on the samples that were measured in
the form of powder. A magnetization curve of the sample M(H)
was collected at low temperature (2 K). The first magnetization
curve is displayed in Figure 7 and is compatible with a
paramagnetic behavior of the sample, with ] = 0.5. However, the
fit of the experimental data with the Brillouin curve indicated
that such a paramagnetic signal would correspond to just 0.04
spin !/, per molecule, a very small magnetic fraction that likely is
compatible with the presence of impurities, rather than intrinsic
magnetism of the cluster, thus strongly suggesting that the
sample is essentially diamagnetic. A much more intense signal
would be expected if each molecule would bear a net magnetic
moment (Figure 7).

The reaction of 1*~ with increasing amounts of HBE,-Et,O
afforded [Pty(CO)3,]*" (3*7) and then [Pt,(CO)4,]” (37)
(Scheme 1). 3>~ and 3~ were identified by IR spectroscopy;’ "
moreover, the structure of 3™ was determined by SC-XRD on its
[PPh,][3] salt (Figure 8). The structure of 3~ closely resembles
that previously reported for the same monoanion with different
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Figure 11. IR spectra of a CH;CN solution of 1*~ recorded in an OTTLE cell: (a) during the progressive decrease of the electrode potential from
—0.40 to —2.0 V (vs Ag pseudoreference electrode) at a scan rate of 1 mV s™'; (b) before (black line) and after (red line) CV from—0.40 to —2.0 V
(scanrate: 1 mVs™"). [N"Bu,][PF4] (0.1 mol dm™?) is the supporting electrolyte. The absorptions of the solvent and supporting electrolyte have been

subtracted.

cations as well as that of the dianion 3*~. They are all based on a
hep ABA structure, composed of three layers of 7, 12, and 7 Pt
atoms.

The only side product detected along the oxidation of 1*~ to
3>~ was some Pt metal. This is in agreement with the fact that
1*" contained 27 Pt atoms and 3%~ only 26 Pt atoms. Partial
degradation of the oxidized cluster should be the source of the
additional CO ligand present in 32~ (32 CO ligands) compared
to 1*~ (31 CO ligands).

Further oxidation of 3™ using an excess of HBF,-Et,O led to a
purported neutral [Pt,4(CO),] (3°) cluster, as evidenced by IR
spectroscopy. Because of its scarce stability, all attempts to
crystallize 3° failed.

3.2. Electrochemistry and IR SEC. The redox behavior of
1*" in a CH,;CN/[N"Bu,][PF] solution was investigated on Pt
and glassy carbon (GC) working electrodes (Figure 9). The
same cyclic voltammetry (CV) profile was obtained on both
electrodes, except at very low potentials, where two reductions
were observable at the GC working electrode, while at the Pt
electrode, the current increased without well-defined peaks.
Only the two redox processes at —0.67 and —0.96 V (vs Ag/
AgCl, KCI sat.) are resolved and appear to be chemically
reversible. In the anodic region, at least three processes are
present, whose chemical reversibility does not appear to be
complete. Moreover, an intense peak, due to adsorption of the
electrogenerated species, is present in the back-scan after the
more anodic process.

The redox processes of 1*~ were studied by in situ IR SEC
experiments conducted in an optical transparent thin-layer
electrochemical (OTTLE) cell.®* IR spectra were measured at
60 s intervals during the slow scan (1 mV s™") between selected
potential values (vs Ag pseudoreference electrode). When the
potential was raised from —0.24 to +0.30 V (vs Ag
pseudoreference electrode), the CO stretching frequencies of
1* (2018, 1814, and 1777 cm™") shifted toward higher values
(2037, 1832, and 1797 cm™'; Figure 10). This was attributed to
formation of the oxidized 13~

The shift of the IR bands at higher wavenumbers was correctly
predicted for the simulated structure of 13~ (one unpaired
electron) using semiempirical tight-binding approaches, as is
observable in Table S5 and Figure S4. The optimized geometries
of 13~ closely resemble those calculated for the corresponding
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1*" cluster. The RMSD between 1°~ and 1*~ at the GEN2-xTB
level is 0.362 A (0.157 A if considering only the {Pt,,}
fragment), and the main variation is related to the coordination
mode of one carbonyl, from terminal in 1*~ to bridging in 1°".
The ALPB/GFN2-xTB-optimized structures of 13~ and 1*~ are
even closer (RSMD of 0.096 A; 0.04S A if considering only the
metal core). The optimized structures of 1>~ are shown in Figure
Ss.

Fairly defined isosbestic points were maintained during the
formation of 137, which appeared complete at +0.24 V.
However, in the time elapsed at the higher potential, during
the inversion of the scan direction, relatively fast decomposition
of 13~ was pointed out by a sudden reversal of the 1’y shift
direction (from 1832 to 1801 cm™") accompanying a further
upper shift of that related to the terminal ones (from 2037 to
2045 cm™}; Figure S6).

At the end of the reverse reduction back-scan, in the IR
recorded at the initial potential, the band at 1814 cm™ of the
starting cluster was not quantitatively restored (Figure $7) and a
new absorption arose at 1769 cm™’, while the v'¢, maximum
was at 2020 cm ™. These observations are in accordance with the
formation of 3>~ (2048 and 1803 cm™") as a product of partial
decomposition of the electrogenerated 1°~ and its reduction to
[Pt,(CO);,]* (3*) (2020 and 1768 cm™) in the reverse
back-scan.” Our conclusions were confirmed by the chemical
oxidation of 1*~ with increasing amounts of HBF,-Et,O, which
quantitatively resulted in 3~ (see above).

To further clarify the voltammetric profile observed in the
anodic region of Figure 9, we performed an IR SEC oxidation of
1*" from —0.24 to +0.80 V (Figure S8). The shift of 2'¢o up to
2048 cm™! and a single absorption at 1803 cm™ for bridging
carbonyl groups indicated the complete formation of 3*~, while a
progressive decrease of the intensity of all of the carbonyl
absorptions at increasing potentials pointed out the formation of
an insoluble oxidized cluster.

The spectrareported in Figure 11a were sequentially collected
in the potential range —0.40 to —2.0 V (vs Ag pseudoreference
electrode) at a scan rate of 1 mV s™". The decrease of the applied
potential produced a continuous and gradual shift to lower
wavenumbers of both 1 and 1°. The potential can be cycled
between —0.40 and —1.5 V with no decomposition of the
electrogenerated species, as demonstrated by the fact that the IR
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Figure 12. IR spectral changes of a CH;CN solution of 1* recorded in
an OTTLE cell during the progressive decrease of the potential from
(a) —0.40 to —0.90V, (b) from —0.90 to —1.44 V, and (c) from —1.44
to —2.0 V (vs Ag pseudoreference electrode). [N"Bu,][PF] (0.1 mol
dm™?) is the supporting electrolyte. The absorptions of the solvent and
supporting electrolyte have been subtracted.

spectrum, recorded when the working electrode potential was
returned to the initial value, is superimposable with that of the
starting 1*~. When the working electrode potential was further
decreased to —2.0 V, the reduction of the cluster was
accompanied by a relatively slow transformation into a species
that does not quantitatively restore the spectrum of the starting
tetraanion in the reverse oxidation back-scan (Figure 11b).
The sequence of IR spectra of Figure 11a was analyzed and
separated into three groups corresponding to three different
redox steps (Figure 12), taking into account the profile of the
related i/E curve and absorbance maxima in the bridging CO
stretching zone. The first reduction occurs in the potential range

Table 1. IR Frequencies (cm™") of the Terminal (v'cy) and
Bridging (v%,) Carbonyl Groups for 1"~ in CH,CN as a
Function of the Cluster Charge n®

cluster charge n Ueo 2o
-3 2037 1832, 1797
-4 2018 1814, 1777
-5 2004, 1999 1803, 1756
-6 1988, 1981 1783, 1733
-7 1975 1782
-8 195§ 1780, 1762, 1748

“The row in italics corresponds to the cluster charge deduced by
spectral deconvolution.
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Figure 13. IR spectra of 1*~ recorded in an OTTLE cell during a
progressive decrease of the potential from +0.24 to —2.0 V (vs Ag
pseudoreference electrode) in CH;CN containing 0.1 mol dm™
[N"Bu,][PF,] is the supporting electrolyte. The absorptions of the
solvent and supporting electrolyte have been subtracted. The red arrow
indicates the initial spectrum.

from —0.40 to —0.90 V; the IR bands of 1% shift at lower
frequencies (from 2018, 1814, and 1777 cm™! to 2004, 1999,
1803, and 1756 cm™'; Figure 12a), and fairly defined isosbestic
points are observable in this spectra, indicating the relative
stability of the electrogenerated species.

A second reduction process is evident from the spectra of
Figure 12b. In this case, in the potential range from —0.90 to
—1.44 V, the carbonyl absorptions downshift to 1988, 1981,
1783, and 1733 cm ™" with well-defined isosbestic points.

Finally, a third reduction process occurs between —1.44 and
—2.0 V (Figure 12c). The progressive lowering of v¢q bands to
1955, 1780, 1762, and 1748 cm™" occurs without maintaining
isosbestic points. Moreover, the bands broaden upon reduction,
and the relative intensities of 'co and 1’ vary, in agreement
with the observation that an increasing negative charge on the
cluster gromotes the bridging coordination mode of the CO
ligands. 364

The 1! and 1 bands of the reversible stable redox states
of the cluster are reported in Table 1. The charge of the
electrogenerated species was assigned based on the change of
the /o bands: a shift of 14—20 cm™ indicates a one-electron
step for high-nuclearity metal carbonyl clusters,***> ™% whereas
a shift of about 28 cm™ is related to the bielectronic
pro«:esses.34’39

In this regard, we can note that, in the potential range from
—1.44 to —2.0 V (Figure 12c), the 1!y shift is about 30 cm™,
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Figure 14. EIS spectra reported as Bode plots for the (A) GC and (B) Pt electrodes. The working dc potentials for each curve were 0.19 V (brown
circles), 0.04 V (red circles), —0.67 V (green circles), —0.96 V (blue circles), and —1.59 V (purple circles).

and the corresponding pattern of the spectra is complicated and
without an isosbestic point. This suggests the presence of an
intermediate transient negative state. Deconvolution analysis on
two selected intermediate spectra of the reduction sequence
reported in Figure 12c allowed determination of the two
absorbance contributions at 1975 and 1955 cm™' that give a
good fitting (Figure S9). The combination ratio of the two bands
changes according to the potential direction scan with a
maximum area of 49% in favor of the higher-frequency band,
which we tentatively assigned to the terminal CO groups of 17

Selected IR spectra assigned to the three long-lived redox
states of 1"~ (4—, 5—, and 6—), together with those of two
species (3— and 8—) with limited stability in the IR SEC time
scale, are shown in Figure 13. We also gathered evidence of a
cluster with charge 7—, which does not accumulate to be the
predominant species in solution, and in Figure 13, we report the
spectrum with the highest concentration obtained in our
conditions.

EIS analysis was performed using as Ey. the E°" calculated
from the CV reported in Figure 9. Figure 14 shows the Bode
plots of each spectrum recorded at +0.19, +0.04, —0.67, —0.96,
and —1.59 V (vs Ag/AgCl, KCI sat.) for GC and Pt working
electrodes.

As can be seen from the graph, the impedance module
(circles) of the EIS spectra does not show any significant
difference when the behaviors of 1*~ are compared at the GC
and Pt working electrodes. More information can be extracted
from analysis of the phase (triangles), also reported in Figure 14.
The processes at the GC electrode exhibit the same behavior,
except for the peak corresponding to the second oxidation
(+0.19 V), which shows a significant variation in the phase shift
of the system at lower frequency (i.e., the shift related to the
charge-transfer resistance of the equivalent circuit in the inset of
Figure 14A), which we theorize is related to the chemical
complications following the oxidation proven by the IR SEC
experiment. The spectra recorded at the Pt electrode present a
behavior similar to that observed at the GC working electrode,
for all peaks except for the reduction processes at —0.96 and
—1.59 V. While the process at —0.96 V did not show any
abnormal behavior with IR SEC and CV analyses, the phase shift
of the peak at —1.59 V can be related to the poorly defined peak
in the CV and the unresolved 17~ redox state of the cluster
shown by the IR SEC.

4. CONCLUSIONS

The new atomically precise Pt nanocluster 1*~ has been
obtained by a thermal method and fully characterized by a
multitechnique approach involving IR and UV—visible spec-

troscopy, SC-XRD, dc SQUID magnetometry, CV, IR SEC, and
EIS, as well as computational investigations. Its metal core
displays a defective ccp structure, and local deformations occur
in correspondence with this vacancy to fix the defect and lower
the total energy. A similar behavior was previously observed for
other molecular Pt nanoclusters, and, thus, it seems to be a
general mechanism with possible involvement in all processes
promoted by small metal nanoclusters.

The compound is perfectly diamagnetic, and its electronic
spectrum shows continuous interband absorptions. The electro-
chemical behavior of 1*~ indicates an incipient metalization of
its metal core. Indeed, six oxidation states have been
characterized by IR SEC, corresponding to five monoelectronic
steps (one oxidation and four reductions). Thus, 1* is
multivalent and displays an electron-sink behavior, which leads
to the 1"~ (n = 3—8) series of isostructural nanoclusters. These
oxidation states display different stabilities, and, in particular,
17 seems to be very elusive. This is indicative of the fact that,
within this size regime, the energetic levels of the cluster are
close enough to allow reversible addition/removal of electrons
but, at the same time, still sufficiently separated to clearly
distinguish among the different oxidation states of 1"~ (n = 3—
8).
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