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To evaluate future applications of metallic clusters
in nanoscience and nanotechnology, the electronic
properties of the high-nuclearity carbonyl anionic
platinum cluster [Pt;o(CO),]* were investigated
using two different organic cations. In particular,
N,N'-diethyl  viologen dication (Vio?*) and
N,N'-dimethyl-9,9"bis-acridinium dication (Acr?*)
were employed as counterions, oxidising agents and
characterisation probes. The reactions of [Pt;o(CO),,]*
tetra-n-butylammonium salt, (TBA*)4([Pt;o(CO)x]*),
with both (Vio?*) and (Acr?*), used as tetraphenylborate
salts, yielded two new compounds, which were
isolated. The stoichiometries and properties of these
new compounds were determined and compared on
the basis of infrared (IR) solution spectra, electron
spin resonance (ESR) analyses, fluorometric spectra,
superconducting quantum interference device (SQUID)

magnetometry and resistivity measurements. For
Vio?*, a cation-exchange reaction produced the final
compound  (Vio?*),([Pt;g(CO),5]*7), ‘PtVio’, which
was structurally characterised by single crystal X-ray
diffraction (XRD) analysis. However, when using
Acr®*, a spontaneous redox reaction occurred and
a (Acr*)(TBA"),([Pt1g(CO)x,]*) stoichiometry for
the precipitated solid, ‘PtAcr’, was inferred from the
experimental evidence, leading to an interesting
‘doubly-radicalic salt’. This new type of salt, consisting
of a radical anionic Pt cluster and a radical cation,
is characterised by extremely simple synthesis and
isolation processes and by the lowest solid-state
resistivity found in high-nuclearity cluster salts with
redox-active cations (1).

Introduction

Large metal carbonyl clusters are well-known
compounds resembling fragments of metal aggregates
stabilised by surrounding carbon monoxide ligands
and free negative charges. A recent review reports the
synthesis and characterisation of nanosized homo- and
heterometallic Pt carbonyl clusters up to 38 and 165
metal atoms respectively (2). Carbonyl clusters are
excellent models for the metallic state because their
molecular structures mimic very well either bulk metal
packings (i.e. cubic close-packed (ccp), hexagonal
close-packed (hcp)) or quasicrystalline phases in
amorphous metals (i.e. Bagley’s pentagonal packing (3))
and can be considered as useful tools to study metallic
physical properties, such as electrical conductivity
and magnetic behaviour. Electron-transfer processes
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involving high-nuclearity metal carbonyl clusters have
been investigated (4) as they have a number of potential
applications in nanoscience and nanotechnology (5).

Electrochemical research is particularly focusing
on high-nuclearity Pt carbonyl clusters, such as
[Pt;9(CO)]* and [Pty (CO)s0]?~, which behave as
molecular charge capacitors, showing several redox
waves with features of electrochemical reversibility (4).
This multivalence in redox activity could be exploited
to obtain electron-transfer materials based on salts of
redox-active anionic clusters and redox-active organic
counterions. So far, the only reported examples
encompass heterometallic low-nuclearity carbonyl
clusters, which are characterised by less developed
electrochemical properties and multivalence than high-
nuclearity clusters (1). Interestingly, in those cases,
an order-of-magnitude decrease was observed in
the solid-state cluster salts’ resistivity when passing
from non redox-active cations to the redox-active
N,N*-diethyl viologen. In order to better understand
the chemistry of such compounds and explore their
potential exploitations, the present article reports
a comparative study on new cluster salts: a simple
exchange-salt and an electron-transfer salt. The latter,
in particular, is characterised by the lowest solid-state
resistivity found in previously reported electron-transfer
cluster salts (1).

Experimental

The compounds were obtained through the spontaneous
reaction of the homo-metallic high-nuclearity Pt
carbonyl cluster salt (TBA*),([Pt19(CO),,]*") with either
N,N'-dimethyl-9,9"-bis-acridinium dication (Acr?*)
tetraphenylborate salt, (Acr)(BPhy),, or N,N'-diethyl
viologen dication (Vio®*) tetraphenylborate salt,
(Vio)(BPhy),. These particular organic dications were
chosen not only for their redox activity, which played
a key role in the synthetic stage, but also for their well-
known and widely applied fluorescence, (6-10), in
order to have probe molecules through which the
nature of the final compounds could be investigated. In
particular, Vio is characterised in its dicationic state by
a twisted XRD structure (7) and, as density functional
theory calculations indicate, it turns planar when the
radicalic state is reached (11). In cyclic voltammetry, this
dication shows two chemically and electrochemically
reversible monoelectronic reduction steps (see the
Supplementary Information section available on the
web version of this article). On the other hand, the

Acr structure evolves from twisted to semi-planar
when going from its dicationic to its neutral state
(6, 8) and its cyclic voltammetry, even if it is affected
by such conformational changes, indicates a higher
oxidising power than Vio?* (see Supplementary
Information).

Materials and Reagents

All products and solvents were handled and kept under
inert (N,) atmosphere using Schlenk glassware in
order to avoid the possible presence of atmospheric
oxygen, which could oxidise and decompose the Pt
cluster framework. The classic literature synthesis (12,
13) was performed for the cluster, which can be briefly
summarised as follows. Beginning with a Pt wire, a
three-step synthesis was carried out, involving:

(a) The dissolution of metallic Pt in aqua regia, initially
forming hexachloroplatinic acid (H,PtClg) and then
sodium hexachloroplatinate (Na,PtClg) by addition
of sodium chloride

(b) Reductive carbonylation of Na,PtCls, which
was treated with sodium hydroxide under CO
atmosphere in methanol solution:

9Na,PICls + 76NaOH + 37CO — (Na*),([Pty(CONg*)
+ 54NaCl + 19Na,CO; + 38H,0

(c) Thermal decomposition — thermal CO evolution
in refluxing acetonitrile was used to promote new
metal-metal bonds and enlarge the metal nuclearity
of the cluster to obtain the final carbonyl cluster
[Ptio(CO)]*:

3[Ptg(CO)gl’ — [Pig(CO)al* + [Pte(CONF~ +(32-X)CO.

The synthetic reactions of (Vio?*),([Ptg(CO)0l*),
PtVio, and (Acr*)(TBA*),([Pt;o(CO),,]%), PtAcr, were
performed in acetonitrile (CH3CN) at room temperature
starting from (TBA*)4([Ptg(CO),]*") and either
(Vio)(BPhy),, obtained from the commercial bromide
salt, or (Acr?*)(BPh,),, obtained from the commercial
nitrate salt. In the former case, a 1:2 molar ratio is
stoichiometrically required to obtain PtVio precipitation;
in the latter case, a 1:1 molar ratio is stoichiometrically
required but experimentally a 1:2 molar ratio proved
helpful in shifting to the right the precipitation equilibrium
of PtAcr.

Instrumentation

IR solution spectra were collected with a Bruker Vector
22 instrument in a calcium fluoride (CaF,) cell, which
was loaded under a constant nitrogen flux.
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ESR analyses were performed with a Bruker
ELEXSYS E500 instrument both at room temperature,
i.,e. T =298 K, and at low temperature, i.e. T = 77 K.
The microwave frequency used was 9.7999 GHz for
spectra recorded at room temperature and 9.4756 GHz
for spectra recorded at low temperature. The power of
the microwaves used was 6.3 mW and, when dealing
with low temperature analyses, two different types of
gain were used: 40 dB and 60 dB.

Direct current (DC) magnetic susceptibility and
magnetisation measurements were performed on
powder samples with a Magnetic Property Measurement
System (MPMS®) XL-5 SQUID magnetometer.
Temperature dependent susceptibility was measured
in the range of 2 K-300 K in a field exceeding the
saturation magnetisation of ferromagnetic impurities.
Field dependent magnetisation was measured within
the field range ygH = £5 T. The samples, always handled
in inert atmosphere, were sealed in a pre-calibrated
quartz vial, whose contribution was cancelled by using
the instrument’s automatic background subtraction
mode. Aresidual helium pressure of 1 mbar guaranteed
a good thermal contact.

Electrical resistivity measurements were carried out
under nitrogen in a glove bag with a Keithley 2400
SourceMeter on polycrystalline materials pressed into
pellets (with a diameter of 8 mm or 13 mm, thickness
ca. 1 mm) using a four-point probe.

For PtVio, the XRD analysis was performed on
crystals obtained by slow diffusion of isopropyl alcohol
into a dimethylformamide (DMF) cluster salt solution.

The final structure obtained for PtVio was deposited at
the Cambridge Crystallographic Data Centre (CCDC),
Cambridge, UK, with deposition number CCDC 951529.

Results and Discussion
Infrared Characterisation

The IR spectrum of PtVio in DMF, Figure 1(a), mainly
shows the terminal and bridging carbonyl absorption
features of the starting [Pt;o(CO),,]*" tetraanion (4) at
2002 cm(s), 1930 cm™'(w) and 1801 cm~'(m) with
a tiny fraction of oxidised cluster at 2024 cm™ and
1820 cm™', suggesting that a part of PtVio (hereinafter
indicated as PtVio*) underwent an internal redox
reaction, thus containing [Pt;o(CO),,]* and Vio™.

The IR spectrum of PtAcr in DMF, Figure 1(b), shows
the terminal and bridging carbonyl absorption features
of the never before isolated [Pt;o(CO),,]* trianion at
2020 cm™ (s), 1953 cm™'(w) and 1821 cm™"(m) with an
expected 20 cm™" shift from [Pt,o(CO),,]* absorption
features (4).

Electron Spin Resonance Spectrum of PtVio
Sample

The ESR spectrum of PtVio sample is composed of
a single V line at g = 2.002 characterised by a peak-
to-peak width AH,, = 11.47 G nearly independent
of temperature, at least down to 77 K. At room
temperature, this line is Lorentzian, Figure 2(a), whereas it
becomes slightly asymmetric at 77 K. (The 77 K spectrum
is not shown because of its low signal to noise ratio.)
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Fig. 1. IR spectra of: (a) PtVio in DMF; and (b) PtAcr in DMF
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Electron Spin Resonance Spectrum of PtAcr
Sample

The ESR spectrum (not shown here) of the PtAcr
sample consists at room temperature of a Lorentzian-
shaped A line at g = 2.001 with AH,, = 13.50 G. This
feature changes somewhat at lower temperature,
Figure 2(b), becoming 35% Gaussian- and 65%
Lorentzian-shaped and assuming a line width
AH,, =13.20 G at 77 K, whereas a second overlapping
ESR pattern B appears, characterised by g,= g, = 2.03;
g, = 2.38 <g> = 2.15 as represented by the calculated
red line in Figure 2(b).

Only one paramagnetic species was detected at room
temperature with both the PtVio and PtAcr samples,
generating in both cases a single ESR line, although
this was a bit narrower with the former (V line) than
with the latter (A line). The former can be attributed to a
Vio* monocationic radical, i.e. the organic component
of PtVio*. This is similar to that reported in (14) for
the cation radical [Vio*]5[AgsFes(CO)s,]° -4 DMF.
Analogously, the A line, rather similar to V, can be
attributed to a Acr® monocationic radical. The partially
Gaussian shape of A at low temperature can be
accounted for by the constrained mobility of the radical
species. The B spectrum which is added to the A line of
PtAcr at low temperature is attributable to the trianionic
odd-electron [Pt;o(CO),,]*~". This broad signal is
comparable to that reported for the electrogenerated
monoanion  [Pt;4(CO)30]" at liquid  nitrogen
temperature (4). That signal was unresolved and

displayed a significant spectral anisotropy, attributed
to three different g; parameters, with a mean g value
<g> = 2.117, which is only just lower than that of B
measured in the present study. Furthermore, the ESR
spectrum reported in (4) was rapidly collapsing with
increasing temperature, as observed with B, which
disappeared at room temperature, though residual
traces of it overlapping A cannot be completely
excluded in this case.

A rather similar situation is reported in (1), in which
[FesPt3(CO)qs]™ " and [Vio]*" in THF solution showed an
ESR pattern composed of two overlapping lines with
different widths. The g, = g, values of B are compatible
with the g, values of [FesPt3(CO)s5]™°, but the g,
value of B is lower than previously reported (15). As a
consequence, the <g>=2.15 mean value found for B in
the present study is lower than the <g> = 2.21 reported
previously (15). Furthermore, the hyperfine parameter
due to the coupling with three Pt atoms was resolved
in the previous study, differently from the present case.

Fluorometric Characterisation

Having established (see Supplementary Information)
that no fluorometric interference could result from the
starting cluster, solid-state fluorometric analysis, at a
constant excitation wavelength of 366 nm, was carried
out on both final compounds, exploiting the known
(6—10) fluorescence properties of the two cations used.
Unfortunately, this analysis was not helpful for Vio,
since its fluorescence properties (7) proved too weak
to allow fluorometric characterisation.
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Fig. 2. Solid-state ESR spectra of: (a) PtVio at room temperature, V line: g = 2.002; AHpp = 11.47 G; and (b) PtAcrat 77 K, A
line: ca. 35% Gaussian and 65% Lorentzian; AHpp = 13.20 G. Experimental B line: blue; calculated B track: red; <g> = 2.15
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The fluorometric emission of Acr was not only much
more intense than that of Vio, but was also dependent
on the oxidation state of the molecule. Having recorded
reference spectra for both its reduced and dicationic
oxidised state, it was possible to observe that the
fluorometric profile of PtAcr shows the absence of Acr®*
fluorometric emission, thus indicating that the final
stoichiometry of PtAcr should not include the organic
molecule dicationic state (Acr?*).

For a thorough description of the experimental set-up
and a more complete report on the final results, see
Supplementary Information.

Magnetic Analysis

The DC SQUID high-field susceptibility measurements
of the PtAcr and PtVio samples in solid-state are shown
in Figure 3.

The PtAcr susceptibility highlights its paramagnetic
nature, as shown by its Curie-like temperature
dependence, Figure 3. On the one hand, magnetisation
curves, M(H), recorded at low temperature clearly
indicate that paramagnetism arises from half integer
spin states, since the experimental data fit the standard
J =%, Brillouin function (not shown). On the other hand,
the temperature dependence of the PtAcr susceptibility
allows the microscopic origin of the observed signal to

be identified. The least-square analysis, displayed by
the blue line in Figure 3, was performed according to
the Curie-Weiss law (Equation (i)):

Nugg®S(S + 1)

A ST Tew) .

(where pg is the Bohr magneton and kg is the
Boltzmann constant). ESR measurements have shown
a significant contribution to paramagnetism coming
from the orbital angular momentum and for this reason
the average Landé g-factor g = 2.15 was introduced.
The least square analysis, following Equation (i), of
the observed susceptibility then gives (assuming
S =) N=1.22(2) x 102 spin mol™". This result is fully
consistent with the presence of two spin centres per
formula unit (N ~ 2 N,y), namely a spin Y2 contribution
arises from the odd electron trianionic [Pt;o(CO),]*",
while an equivalent spin % contribution is given by the
organic radical cation.

The room temperature magnetisation curve of
bulk PtVio (not shown) displays a weak diamagnetic
behaviour (7, = =14 + 1 mm® mol™'). Nevertheless, the
temperature dependence of its high-field susceptibility
exhibits a sizeable paramagnetic fraction, as shown
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Fig. 3. Temperature dependence of the high field molar susceptibility of PtAcr (blue line, square markers) and PtVio (black
line, round markers) samples. A relatively high field (3 T for PtAcr and 0.35 T for PtVio) was applied, in order to saturate the

contribution of ferromagnetic impurities. The constant value of 3, was subtracted to . Inset: zoom of the AFM peak of PtVio,

due to the presence of PtVio*
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by the black line in Figure 3. Such a signal can be
mainly attributed to the spin Y%, [Pt;9(CO).,]> and Vio*,
contributions of PtVio*. This agrees with the detection
of partly oxidised clusters by IR spectroscopy and
partially reduced cations by ESR spectroscopy. At
higher temperatures PtVio susceptibility departs from
that of a classical paramagnet: the residual slope
of the susceptibility curve is usually a signature of
triplet-singlet spin gap thermal excitation.

The data in the range from 9 K to 300 K were fitted to
the Bleaney-Bowers equation (Equation (ii)) (16):

+2 (i)

eeT e (1= p(T=Tow)™
T AkgT ( _,0)( - CW)

AU=AF
1+ 3e

where (1-p)A = C = N,ug%g?S.(S,+1)/3kg is the Curie-
Weiss constant of the paramagnet, pA = 2N,ug°g%/3kg
is the spin gap fraction and A is the exchange integral
of the triplet-singlet spin gap. The least square analysis
of the data with Equation (ii) reveals that the majority of
the sample, i.e. bulk PtVio, is diamagnetic and does not
contribute to the magnetic susceptibility (o = 0.262(7),
N~ 0.44 N,, and N, ~ 0.06 N4,). As anticipated,
the main contribution in Equation (ii) (73.8% of the
amplitude) is due to the paramagnetic fraction arising
from PtVio*. Similarly to the case of PtAcr, PtVio*
contributes with two spin S, = %2 per formula unit, one
from [Pt;g(CO),,]*>" and one from the Vio* counter
ion. Hence, from the amplitude of this paramagnetic
signal it can be estimated that PtVio* is 22% of the
sample. An additional fraction, corresponding to 6% of
PtVio, exhibits a triplet-singlet spin gap, which could
be ascribed to metal-organic impurities. The transition
energy between the triplet fundamental state (S, = 1)
and the singlet excited state (S, = 0) is A= 224.5(1) cm™
(~27.8 meV).

In both systems, the Curie-like paramagnetism
presents a negative ordering temperature (Tcw)
of =11.5(1) K for PtAcr and -6.6 K for PtVio. These
negative values are due to antiferromagnetic spin
correlations occurring within the paramagnetic phase
beneath |Toyl. For PtVio, an antiferromagnetic (AFM)
transition can be directly observed (see the evident
peak at 2.5 K'in the inset of Figure 3). This is assigned
again to PtVio*, whose spin % clusters can interact with
the unpaired electrons of Vio* cations. Similarly, in the
case of PtAcr the AFM correlations are attributed to the
exchange interaction between the %z spin residing on
the clusters and the %2 spin of the cations. Moreover,
field dependent magnetisation measurements recorded

at 300 K (not shown) point out the presence of a tiny
ferromagnetic contribution, originating from a small
concentration of impurities (approximately equivalent
to 25 ppm of iron in both samples), which are commonly
found in similar metal clusters (17). The residual
temperature-independent susceptibility 3, (present
in both Equations (i) and (ii)) originates from the sum
of these ferromagnetic impurities, diamagnetism and
possibly Van Vleck paramagnetism.

Structure and Stoichiometries

All of the obtained data suggest that PtVio
bulk  stoichiometry can be expressed as
(Vio?*),([Pt19(CO)5]*"). Moreover, the XRD structure
of this compound, Figure 4(a), was determined using
crystals obtained by slow diffusion of isopropanol into
a PtVio DMF solution. The (Vio?*),([Pt1g(CO),5]*")
elemental cell, see Figure 4(a), contains four cluster
units and eight cation molecules, confirming the
anion-to-cation stoichiometric ratio. Small differences
in the dihedral angles formed by viologen organic
rings can be attributed to solid-state packing steric
factors rather than intrinsic electronic ones (11). The
[Pt19(CO),,]* structure has an idealised D5, symmetry,
consisting of three five-membered rings stacked in an
eclipsed conformation with the other four Pt atoms
lying on the fivefold axis, two internally sandwiched
between the rings and two externally capping the outer
pentagonal units. The metal core is surrounded by only
12 terminal COs and 10 edge-bridging COs between
the stacked rings, a very small number of protecting
carbonyl ligands per surfacial metal atom (CO-to-metal
ratio of 1.29) (13).

It was not possible to obtain a crystal structure for
PtAcr, notwithstanding several experimental attempts
made using a wide variety of crystallisation solvents.
However, the combined characterisation results
converge to one most plausible stoichiometry that
can be formulated as (Acr*)(TBA*),([Pt19(CO)0]%"), a
salt consisting of a radicalic organic molecule and an
odd-electron cluster, resulting from an electron-
transfer synthetic path, Figure 4(b). Indeed, this is the
only stoichiometry compatible with the composition of
the reaction mixture, considering that the trianionic
state of the starting cluster is clearly evident from the
IR spectra reported, that the absence of Acr?* can be
inferred from fluorometric data and that the presence
and identity of two radicalic species was shown in
ESR spectra and quantified on the basis of SQUID
results.
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(b)

Fig. 4. (a) (Vio?"),([Pt19(VO)2,]*") CCDC 951529 elemental cell; for a three-dimensional visualisation of the structure, see the
quick response (QR) code on the right; (b) schematic mono-electronic transfer representation showing [Pt1(CO),,]*~ on the left
side and Acr?* on the right side. For this compound no crystal structure was obtained probably because of the instability due to

its intrinsic doubly-radicalic nature

Resistivity Measurements

The PtAcr data show a perfect linear correlation in
a wide current range with a final resistivity value
p = 2.3 x 10% Qcm, Figure 5(b). On the other hand,
Figure 5(a) shows that PtVio data keep a linear
correlation in a narrower current range, as a result
of the higher resistivity of PtVio, p = 1.47 x 108 Qcm,
compared to that of PtAcr.

The three-order-of-magnitude difference in the
solid-state resistivity values of the PtAcr and

PtVio compounds observed in this present study
is currently under investigation. It is thought to
be related to the presence of radicalic redox-
active centres in the PtAcr sample, in contrast to
the closed-shell redox-active centres found in the
PtVio sample. The possible influence of structural
powder factors, as suggested by scanning electron
microscope (SEM) images (see the Supplementary
Information), should also be considered, since
electrical measurements have been performed on
pressed polycrystalline pellets.
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Fig. 5. (a) PtVio V/Volt vs. I/pA plot; (b) PtAcr V/Volt vs. I/uA plot. In both cases, the final resistivity values were obtained from

the slopes of the linear fits to the experimental points

120

© 2014 Johnson Matthey



http://dx.doi.org/10.1595/147106714X682409

Johnson Matthey Technol. Rev., 2014, 58, (3)

Furthermore, interestingly, the extremely Ilow
resistivity value obtained for PtAcr can be compared
to the reported values of intrinsic semiconductors
such as silicon or germanium and has been previously
reached, in the case of Pt carbonyl clusters, only when
Pt frameworks self-assemble into infinite wires upon
crystallisation (18, 19).

Conclusions

In conclusion, it has been shown that high-nuclearity Pt
cluster salts, in combination with organic redox-active
cations, should be considered as promising materials
for future applications in molecular electronics. In
particular, when using Vio?*, the final compound,
(Vio?")o([Pt19(CO),0]*), exhibited an exchange-salt
stoichiometry. In such a doubly-closed-shell salt,
the incipient redox activity of both the cluster and
the cation, as indicated by the experimental results
obtained in this study, together with the stability of the
starting system, could be exploited to prepare doubly-
radicalic species, such as (Vio*)(Vio?*)([Pt;g(CO)1%),
via controlled photochemical, chemical or thermal post-
synthesis inductions.

On the other hand, when using Acr?*, as a result of its
higher oxidising power, a spontaneous redox reaction
occurredandareasonable (Acr*)(TBA"),([Pt1g(CO),0°7)
stoichiometry for the precipitated solid was inferred
from the available evidence, leading to an interesting
fluorescent ‘doubly-radicalic salt’. This type of salt,
isolated and fully characterised here for the first time
and consisting of a radical anionic Pt cluster and a
fluorescent radical cation, was obtained by an extremely
simple synthetic process and shows the lowest solid-state
resistivity compared to previously reported cases (1),
reaching semiconductor-like values. Therefore, it is
possible to conclude that the future development of the
new Pt cluster salts described above could break the
boundaries of synthetic Pt cluster chemistry, eventually
entering the field of materials chemistry.
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