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ABSTRACT: Au,;(SR);3 (R = —CH,—CH,—Ph) is a molecule-like
nanocluster displaying distinct electrochemical and optical features. Although
it is often taken as an example of a particularly well-understood cluster, very
recent literature has provided a quite unclear or even a controversial
description of its properties. We prepared monodisperse Au,s(SR);s" and
studied by cyclic voltammetry, under particularly controlled conditions, the
kinetics of its reduction or oxidation to a series of charge states, =2, —1, +1,
+2, and +3. For each electrode process, we determined the standard
heterogeneous electron-transfer (ET) rate constants and the reorganization

E vs SCE (V)

energies. The latter points to a relatively large inner reorganization. Reduction

to form Au,5(SR),s*~ and oxidation to form Au,s(SR),s*" and Au,5(SR),¢*" are chemically irreversible. The corresponding decay
rate constants and lifetimes are incompatible with interpretations of very recent literature reports. The problem of how ET affects
the Au,s magnetism was addressed by comparing the continuous-wave electron paramagnetic resonance (cw-EPR) behaviors of
radical Au,5(SR);5° and its oxidation product, Au,s(SR);s". As opposed to recent experimental and computational results, our
study provides compelling evidence that the latter is a diamagnetic species. The DFT-computed optical absorption spectra and
density of states of the —1, 0, and +1 charge states nicely reproduced the experimentally estimated dependence of the HOMO—
LUMO energy gap on the actual charge carried by the cluster. The conclusions about the magnetism of the 0 and +1 charge
states were also reproduced, stressing that the three HOMOs are not virtually degenerate as routinely assumed: In particular, the
splitting of the HOMO manifold in the cation species is severe, suggesting that the usefulness of the superatom interpretation is
limited. The electrochemical, EPR, and computational results thus provide a self-consistent picture of the properties of
Au,y5(SR) 4 as a function of its charge state and may furnish a methodology blueprint for understanding the redox and magnetic

behaviors of similar molecule-like gold nanoclusters.

B INTRODUCTION

Au,y5(SR)5 (R = phenylethanethiolate) is the most studied and
stable form among gold clusters displaying molecule-like
behavior." Au,s(SR),s has a core composed by an Au,
centered icosahedron surrounded by six Au,(SR); units in
which the 12 Au atoms are stellated on 12 faces of the core
(Figure 1).” The 18 ligands thus split into a group of 12 “inner”
ligands, with sulfur bonded to one stellated Au atom and one
core Au atom, and a second group of 6 “outer” ligands, with
sulfur clamped by two stellated Au atoms. In its native form,
ie, as prepared, Au,s(SR);s is negatively charged and
diamagnetic.za"b’3 On the other hand, under mild oxidizing
conditions, such as in the presence of oxygen, or upon addition
of a suitable oxidant, Au,s(SR),s~ undergoes oxidation to form
the very stable Au,s(SR);s’ species.”®* The latter is a
paramagnetic species displaying characteristic nuclear magnetic
resonance (NMR)4 and electron paramagnetic resonance
(EPR)® behaviors. Density functional theory (DFT) calcu-
lations on simple models of these clusters, Au,s(SH),s and
Auys(SMe),g, point to three almost degenerate highest
occupied molecular orbitals (HOMOs).® A DFT study of
Au,s(SR);s~ with para-substituted thiophenolate ligands
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pointed to one of the HOMOs as slightly higher in energy
than the other two (0.12—0.13 eV).”

As we said, Au,s(SR);s is paramagnetic, and its NMR
behavior is thus substantially different from that of Au,s(SR);5".
Therefore, on the basis of the near degeneracy of the HOMOs
mentioned above, further oxidation of the cluster to its +1
charge state should generate another paramagnetic (diradical)
species. However, according to the results that we obtained
through controlled oxidation of Au,s(SR);s" with the
dissociative electron-transfer (ET)-type acceptor® bis-
(pentafluorobenzoyl) peroxide,” the resulting Au,s(SR)s"
species shows an NMR behavior that closely resembles that
of Au,s(SR);s~, which indicates that Au,s(SR)s" is, in fact,
another diamagnetic species. A similar conclusion was later
reached by using a different oxidant.'® The charge-dependent
magnetism scenario, however, becomes more complicated
owing to the very recent and intriguing observation of some
EPR spectral behavior attributed to paramagnetism of
Au,s(SR) 4", obtained from Au,s(SR);s" by following the
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Figure 1. Structure of Au,s[S(CH,),Ph]ys: core Au atoms (dark
yellow), stellated Au atoms (light yellow), inner-ligand S atoms (blue),
outer-ligand S atoms (light blue). For clarity, the R groups have been
omitted.

aforementioned peroxide-induced oxidation approach.'’ In
other words, there are opposite views on the magnetic state
of the +1 species. Concerning the UV—vis absorption behaviors
of the clusters with —1, 0, and +1 charge states, the
corresponding spectra roughly display similar patterns but
also show some different features (peaks and shoulders, and
their position) and absorption onsets.*”'" Based on our own
experimental results, the HOMO—-LUMO gap (LUMO =
lowest unoccupied molecular orbital) of Au,(SR);" and
Au,s(SR),s" is larger by ~0.13 and 0.20 eV, respectively,*
than that of Au,s(SR);s”, 1.33 eV."?

Besides energy and magnetism differences, a change of the
charge state also affects the lability of the cluster, an issue that,
similarly to any other molecular species, should never be
underestimated in studying monolayer protected clusters.
Auys(SR);¢" is a fully stable species, Au,s(SR);s” is stable
under anaerobic conditions, and Au,s(SR);s" is stable for
several hours (we previously observed that overnight some
transformation of the NMR signal occurs).* In the time scale of
cyclic voltammetry (CV) or differential pulse voltammetry
(DPV), the corresponding redox peaks are thus chemically
reversible. The Au,s(SR);5"/Au,5(SR) s~ and the Au,s(SR) 5"/
Au,(SR),¢° redox couples (their formal potential, E°, values
are —0.077 and 0226 V vs SCE, respectively, in dichloro-
methane, DCM, containing 0.1 M Bu,NPF, TBAH)13 can thus
be used as stable ET mediators in redox-catalysis experiments.”
Important lability differences, however, arise for higher charge
states. Reduction to Au,s(SR);*™ is associated with chemical
processes that make the CV peak become irreversible.
Reversibility can be attained only at high potential scan rate
(v) values and/or low temperatures. Analysis showed that
irreversibility is associated with a cascade sequence of
intramolecular dissociative ET reactions® with release of
thiolated-type species.”> Besides the already mentioned redox
processes, scanning the potential toward more positive
potentials than those of the Au,s(SR);s*/Au,s(SR);s’ redox
couple reveals the presence of further oxidation peaks. These
peaks are chemically irreversible but become reversible at low
temperatures, as originally reported by Murray and his co-
workers.'” 1t is, therefore, surprising that an UV—vis spectrum
attributed to Au,s(SR),¢**, prepared by (slow) aerobic
stepwise-oxidation of Au,s(SR),s”, could be obtained."*

ET reactions are accompanied by reorganization of the
molecular species involved and the surrounding medium."> The

former, inner reorganization, is due to molecular deformation
of relevant bond lengths and angles of the reacting system on
its way to the ET product state. Although a comzparison
between the structures of the anionic and neutral forms~ shows
that the former is slightly distorted because of its interaction
with the counterion, tetra-n-octylammonium, it is quite unlikely
that a similar interaction could be present in solution,
particularly under electrochemical conditions where ET occurs
in the presence of a large excess of supporting electrolyte
(generally, a tetrabutylammonium salt). Marcus analysis™ of
the kinetics of oxidation of Au,s(SR);s~ showed that this
process is indeed endowed by significant inner reorganization,
no matter whether ET is carried out electrochemically,"
studied by the NMR electron self-exchange approach,16 or
characterized in the solid state.'” Raman results point to a Au—
S bond length change upon oxidation as the main contribution
to inner reorganization.'® These results thus indicate that the
HOMO and LUMO are not simply delocalized over the Au,;
core, as implied in calculations.”>®*® Finally, we note that the
nature of the actual species involved in individual ET steps and
the time scale in which these events take place are elements of
crucial importance that cannot be neglected in mechanistic
analyses of ET applications of Au,s clusters, such as when used
in electrogenerated chemiluminescence experiments.'®

The above scenario thus shows that a series of intriguing
results and corresponding interpretations do not harmonize
toward a self-consistent and uniform picture. Here we describe
results based on an in-depth experimental and computational
study that provides important insights into these and related
issues, leading to clarify the nature and stability of a series of
Au,5(SR) g species. By using monodisperse Au,s(SR),q’
samples yielding faradic curves void of contaminations and
taking advantage of an electrode/solvent/electrolyte system
furnishing ideal background curves, we studied the electrode
kinetics and determined the reorganization energies of
Au,s(SR),% as a function of the charge z, where z = =2, —1,
0, +1, +2, and +3. CV also allowed us to assess the lifetime of
particularly labile Au,s species, i.e., with two or more charges.
We then used low- and high-temperature continuous wave EPR
(cw-EPR) experiments to gain insights into the magnetism of
Au,5(SR),5" and possible energy differences among the first
HOMO:s. Finally, by DFT calculations we obtained insightful
information into how the frontier orbitals evolve across
different oxidation states, which were analyzed by taking into
account the experimental inputs.

B EXPERIMENTAL SECTION

Chemicals. Monodisperse Au,s(SCH,CH,Ph),* was prepared and
characterized as already described.* The clusters were kept at 4 °C, in
the dark, and their quality always checked before use by UV—vis and
"H NMR spectroscopies. The UV—vis spectra were recorded with a
Thermo Scientific Evolution 60S spectrophotometer, and the 'H
NMR spectra were obtained in toluene-dg (99.6%, dg, Aldrich) using a
Bruker model Avance DRX-400 MHz spectrometer. Dichloromethane
(VWR, 99.8%) was freshly distilled over CaH,. Tetra-n-butylammo-
nium hexafluorophosphate (Fluka, 99%) was recrystallized from
ethanol. Ferrocene (Carlo Erba, RPE) was recrystallized by
sublimation using a coldfinger. Bis(pentafluorobenzoyl) peroxide,
which is a moderately stable peroxide (it decomposes on standing at
room temperature for some days; no explosions, however, were
experienced during or after its preparation), was prepared as already
described,* stored at 4 °C in the dark, and used within days.

Electrochemistry. The working electrode was a 0.55 mm radius
glassy carbon (GC) disk prepared as already described.'” The

dx.doi.org/10.1021/ja407887d | J. Am. Chem. Soc. 2013, 135, 15585—15594



Journal of the American Chemical Society

electrode was initially polished using silicon carbide papers (500, 1000,
2400, and 4000), diamond pastes (Struers: 3, 1, and 0.25 ym), alumina
(BDH: 0.075 and 0.015 pm) and then stored in ethanol. Before use,
the electrode was further polished with 0.015 pm alumina,
ultrasonically rinsed with ethanol for S min, washed with acetone,
and carefully dried with a cold air stream. This type of electrode and
procedure ensures formation of a very reproducible surface particularly
suitable for ET studies.?’ Once inserted into the electrochemical cell,
the GC electrode was activated in the background solution, DCM
containing 0.1 M TBAH, by means of several voltammetric cycles at a
scan rate of 0.5 V s™' between the anodic and the cathodic potential
limits of concern. The electrode’s electrochemical area, 9.64 X 1073
cm?, was determined with reference to low scan rate voltammetric
oxidation of ferrocene in N,N-dimethylformamide/0.1 M n-Bu,NCIO,,
in which ferrocene has a diffusion coefficient of 1.13 X 107 cm* s™". A
Pt wire was the counter electrode and an Ag wire, kept in a tube filled
with the same electrolyte solution but separated from the main
compartment by a Vycor frit, served as a quasi-reference electrode. At
the end of each experiment, the potential of the Ag quasi-reference
electrode was calibrated against the ferricenium/ferrocene (Ec*/Fc)
redox couple (in the same solvent/electrolyte system, E°/p* = 0.460
V against the KCl saturated calomel electrode, SCE). Potential values
are reported against SCE.

For the electrode kinetics experiments we used an EG&G-PARC
173/179 potentiostat-digital coulometer, an EG&G-PARC 175
universal programmer, and a Nicolet 3091 12-bit resolution digital
oscilloscope. Some measurements, such as to determine the
equilibrium potential, to double-check some heterogeneous kinetics
results, and for the DPV experiments, we used a CHI 660c
electrochemical workstation. To minimize the ohmic drop between
the working and the reference electrodes, careful feedback correction
was employed. Our procedures were double checked by carrying out
specific test experiments under the same and further experimental
conditions. Standard heterogeneous rate-constant results for ferrocene
oxidation were 2.2 (acetonitrile/0.1 M 5-Bu,NCIO,), 0.39 (N,N-
dimethylformamide/0.1 M n-Bu,NCIO,), and 040 cm s~ (N,N-
dimethylformamide/0.1 M n-Bu,NPFj), in line with results from other
electrochemical laboratories.*' The experiments were conducted under
an Ar atmosphere in a glass cell thermostatted at 25 °C. The quality of
the electrode and solvent/electrolyte system was first checked in the
background solution by CV. The digital faradic CV curves were
corrected by subtracting the corresponding curves (same potential
range and scan rate) previously obtained in the absence of Au,5(SR) .
The CV analysis was carried out using the Nicholson method** and
digital simulations, using the DigiSim 3.03 package (stepsize = 1 mV,,
exponential expansion factor = 0.5). For the DPV experiments we used
peak amplitude of 50 mV, pulse width of 0.05 s, 2 mV increment per
cycle, and pulse period of 0.1 s.

Computational Methods. Optimization and single point energy
calculations of different charge states were carried out using density
functional theory (DFT) as implemented in TURBOMOLE.”® We
employed the S-VWN functional and def2-TZVP basis set for C, S,
and H. For Au atoms, def2-ecp was used, which is an effective core
potential that includes scalar relativistic effects. Optical absorption
spectra were calculated using time-dependent DFT theory (TDDFT)
under the resolution of identity (RI) approximation.

Electron Paramagnetic Resonance. For cw-EPR experiments at
T < 50 K, we used 2 mM solutions of Au,5(SR),s” or Au,s(SR),s" in
DCM. The solution containing Au,s(SR)s" was freshly prepared by
oxidation of Au,s(SR);s’ with bis(pentafluorobenzoyl) peroxide.4’9
The solutions were introduced into 2.8 mm i.d. quartz tubes, degassed
by several freeze—pump—thaw cycles and sealed off under vacuum (§
X 107 Torr). The samples were then rapidly cooled down to 77 K,
and the EPR measurements were carried out at 6—50 K within 4 h
after preparation of the solutions. Further cw-EPR experiments were
carried out in DCM solution, at T = 260 K, and in frozen glassy matrix,
at 120 K. We used freshly prepared samples of 1 mM Au,s(SR),s,
taken as a reference, Au,s(SR);s*, and a third solution in which
Au,g(SR),¢” was treated with 2 equiv (1 molar equiv) of peroxide. The
solutions were still degassed and sealed under vacuum but using 0.8

mm id. quartz tube. After sealing, the samples were cooled down and
then analyzed by EPR at the appropriate temperature within 20 min
from preparation.

X band cw-EPR spectra were recorded with a Bruker ER200D
spectrometer equipped with a standard cylindrical TEO11 cavity. The
temperature was controlled by a helium flow cryostat system equipped
with a variable-temperature controller unit (Oxford ITC-4). All
experimental data were collected under nonsaturating microwave
conditions (microwave power: Py = 250 yW or lower). A
modulation frequency of 100 kHz and amplitude (peak-to-peak) of
S G were used for all spectra. Simulation of EPR sgectra were carried
out using Matlab routines from EasySpin toolbox.** To estimate the
spin concentration in the samples, we used a comparison method
based on recording spectra in the presence of an external standard
reference and then normalizing them relative to the standard reference
EPR signal. The ratio of double-integrated EPR spectra (areas under
absorption EPR spectra), recorded for the pristine and oxidized
clusters, provides an estimate of the relative spin concentration of the
samples.

B RESULTS AND DISCUSSION

Electrochemistry. The heterogeneous ET behavior of
Auys(SR),5 was studied on a GC disk electrode in DCM/0.1
M TBAH. The temperature was controlled at 25 °C, although
for specific kinetic studies, lower temperatures were also used.
For all experiments, the starting cluster was the Au,s(SR),s°
radical. Compared to Au,s(SR)s”, for which the equilibrium
potential (potential at which no current flows) is negative to
the Au,s(SR),~ oxidation peak,'” the corresponding potential
for Auys(SR),¢° rests at a more positive value, +0.088 V, in
between the peak of the Au,s(SR);°/Au,s(SR);s~ and
Au,ys(SR) 15" /Auys(SR) ¢ redox couples. We thus had the
opportunity of studying the heterogeneous ET kinetics of these
redox processes by initiating the potential scan in either the
positive or negative going direction (Figure 2), a quite
uncommon situation indeed in molecular electrochemistry. At
low v values and for both the first oxidation and reduction
peaks (hereafter defined as O1 and R1, respectively, to stress
the final charge state), the separation between the anodic and
the cathodic geak potentials (AEP) exhibits the reversible value
of ~59 mV.> The diffusion coefficient (D) of Au,s(SR),5, 4.0
X 107 cm? 7% was calculated from low scan-rate peak-
current (i,) measurements.”” It is worth stressing that we used
extremely pure materials and very controlled electrochemical
conditions leading to immaculate CV patterns. As a matter of
fact, it is particularly rewarding to note that on the basis of the
Stokes—Einstein equation (D = kgT/67nr, where kg is the
Boltzmann constant, # is the solvent viscosity, and r is the
molecular radius), the above experimental D value corresponds
to a radius r of 13.2 A, ie., exactly the same value calculated
from the gold core (S A)» plus the van der Waals thickness of
the monolayer, 8.2 A.*’

For sufficiently high v values and for both peaks, AE,
increases, as illustrated in Figure 2. This indicates that as the
time scale of the experiment decreases, the heterogeneous ET
starts becoming quasi-reversible. The standard heterogeneous
ET rate constant (k°) is the ET rate constant measured at an
applied potential (E) corresponding to E°>* The smaller k°,
the larger AE,. k° was thus obtained by studying the v
dependence of AE,, according to the Nicholson method.** For
both O1 and R1 processes, the plot of AE, vs log v'/* shows an
excellent fit to the Nicholson theoretical curve (Figure 3) in the
whole scan rate range investigated, 0.1-50 V s™h Digital
simulation of the experimental CV curves confirmed both k°
determinations.
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Figure 2. Cyclic voltammetry curves for the reduction of 0.91 mM
Au,(SR),¢’ in DCM/0.1 M TBAH on a GC electrode. The scan rates
are 0.1, 0.2, 0.5, 1,2, 5, 10, and 20 V s™". The CV curves, normalized
with respect to scan rate (i, i/v'/2), can be identified based on the
increasing capacitive-current component, which de 2pends linearly on o,
whereas the faradic component depends on v'/2>* T = 25 °C. In the
upper and lower graphs the initial scan direction is negative and
positive, respectively.
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Figure 3. Scan rate dependence of the separation between the
cathodic and the anodic peak potentials for the reduction (@) and
oxidation (O) of 0.91 mM Au,5(SR);¢’ in DCM/0.1 M TBAH at the
GC electrode, T = 25 °C. The plots show the best fit of the data to the
theoretical curve describing the competition between the diffusion and
the ET steps.22 The transfer coefficient @ was set to 0.5, and the same
D value was used for all charge states.

For R1 and O1 we obtained different k° values (Table 1).*
Whereas for R1 k° is 0.16 cm s7}, the value for the formation of
Auys(SR) ¢ is 0.073 cm s~ Both values are within typical
values obtained for common outer-sphere acceptors or
donors.>®*! Once corrected for the D value the Rl’s k°
value is the same as previously obtained starting, however, from

Au,(SR),s™."% For the other redox couple, Au,s(SR);s"/
Au,(SR),°, we carried out a second determination of its k°
value, this time starting from Au,5(SR);". The latter was
obtained by adding 0.5 molar equiv of bis(pentafluorobenzoyl)
peroxide to a solution of Au,s(SR);s’. This peroxide, which
undergoes a two-electron dissociative reduction®”  at very
positive potentials, operates as an effective two-electron oxidant
and is able to convert quantitatively the neutral Au,(SR),s° to
its oxidized state.*” Thus, we started the CV experiments from
a new equilibrium potential, ca. 0.67 V, and scanned the
potential negatively. The value of k° obtained by following this
alternative procedure was exactly the same of that starting from
Au,ys(SR) 1% Therefore, for both redox couples the same k°
values were obtained no matter whether the potential scan was
initiated starting from Au,5(SR);s”, Au,s(SR),g’, or
Au,s(SR),s", which further confirms the reliability of the
methodologies employed.

From the k° values and using the Eyring-type equatlon ke
Z exp(—AG,¥/RT), the ET intrinsic barriers (AG,¥) pertalnlng
to O1 and R1 were calculated. These and further results (see
below) are collected in Table 1. AG,¥ is the activation free
energy when the reaction free energy (AG®) is 0; it is known as
the intrinsic barrier because it defines the kinetic facility of the
ET reaction. AG,* is composed by the outer component
(AG,,"), arising from the solvent reorganization associated
with the charge variation, and the inner component (AGO1 ),
already defined. Z was calculated to be 730 cm™ (Z = (RT/
22M)Y2* where M is the molar mass). The resulting AGy*
values for R1 and O1 are 5.0 and 5.4 kcal mol™!, respectively.
AGO1 was obtained by subtracting the solvent reorganization
term from AG,*. AGO * (1.2 keal mol™) was calculated from
the Hush equation, AG, ¥ = ¢* (1/ €op — 1/€,)/8r (where e is
the charge of the electron, and ¢,, and 8 are the high frequency
and static dielectric constants of the solvent respectlvely) , using
the above Value of r = 13.2 A for Auys(SR),5. AG,,* was also
calculated'® by considering only the radius of the gold core (i.e.,
without including the capping monolayer thickness) and &,
and &, values obtained on the basis of the dielectric properties
of the monolayer, as the actual surrounding medium. The truth
probably is in between these two approaches because according
to the structure” the Au,s monolayer is not as tight as in self-
assembled monolayers on extended gold surfaces (2D SAMs)>*
and it is thus somehow permeable to exogenous molecules as
supported by the solvent effect'>"® on O1 and R1 as well as
very recent homogeneous ET processes involving the same
Au,s species.” Incidentally, however, such an alternative
approach yields an almost identical value of AGOf, 1.3 kcal
mol™". To conclude, our experimental results show that a larger
inner intrinsic barrier is involved in the formation of the
nanoparticle monocation (peak O1) compared to formation of
the monoanion (peak R1). Since the reorganization energy is
four times larger than the intrinsic barrier (4 = 4AGH),!
conclude that the inner reorganization component (4;) of O1 is
larger than that of R1 by 1.6 kcal mol™.

Let us now consider the other redox states. By scanning the
potential negatively of R1 or positively of O1, further peaks are
detected. For clarity, these peaks are compared in Figure 4 in
terms of the DPV behavior of Au,s(SR);s’. The corresponding
background curves are displayed to evidence better the faradic
peaks. Concerning R2, we previously reported that the dianion
is not stable in the time scale of DPV and CV experiments, at
least at room temperature.”> The electroreduction mechanism
proceeds by a sequence of stepwise dissociative ET steps
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Table 1. Electrochemical Parameters, Standard Rate Constants, Decay Rate Constants, Intrinsic Barriers (AGO*), and Inner
Intrinsic Barriers (AG,,;*) for the Oxidation and the Reduction of Au,s(SR),s Clusters on GC in DCM at 25 °C

peak (charge states) E° (V) k° (em s7")
R2 (-1/-2) -1.72¢ 0.030%"
R1 (0/-1) -0.077¢ 0.16“"
01 (+1/0) 02264 0.073%</
02 (+2/+1) 0.96," 0.070%¢
03 (+3/+2) 1.16° 0.11%8

AG,* (keal mol™) AGy;* (kcal mol™) ky (s71)
6.0 4.8 250°
5.0 3.8 stable
54 4.2 stable (hours)
S5 4.3 3
52 4.0 50

“Digital simulation. Uncertainty is 25%. “From ref 13. “Formal potential is obtained as the average of the reduction and the oxidation peak

potentials. “AE, method. fUncertainty is 15%. €Uncertainty is 20%.

0302 O1 R1 R2

i (uA)

+3 +2 +# -1 -2
i 1 i 1 1 i 1
15 10 05 00 -05 -10 -15 -20
E vs SCE (V)

Figure 4. DPV behavior of 0.70 mM Au,s(SR);¢ in DCM/0.1 M
TBAH on a GC electrode. The dashed lines show the corresponding
background contribution. The peaks have been labeled (top) and the
charge state indicated (bottom), T = 25 °C.

affecting the monolayer integrity of the cluster and charac-
terized by similar formal potentials. For this peak, the ratio i,/
0% increases as v decreases (Figure S1), which implies that the
number of electron per molecule (1) also increases significantly
(at 0.1 V7', n ~ 3.5). By digital simulation of the CV curves
obtained at various scan rates, we could estimate a decay rate
constant (k;) of 250 s~ and thus a lifetime of 4 ms.

CV analysis of the process leading to Au,s(SR);s*" shows
that, at 0.1 V s7', the O2 peak is partially reversible. By
increasing v, the peak becomes chemically reversible, and then,
at higher v values, the anodic peak potential (E,) starts shifting
toward more positive values; at the same time, the current
function (ip/ 0'/?) undergoes a small decrease (Figure S2). The
overall behavior is thus consistent with a one-electron oxidation
followed by a chemical reaction (EC mechanism) and becomes
electrochemically quasi-reversible at moderate v values. The
analysis of the O2 peak was carried out by starting the
voltammetric scan from either the equilibrium potential of
Au,(SR),¢° or an E value, 0.72 V, more positive than that of
the O1 peak; this potential was held for 20 s, to accumulate
Auys(SR),s+ at the electrode surface, and then the CV scan was
started. The curves on which digital simulation was carried out
(such as that in Figure S) were obtained by subtracting the
background contribution, using CVs previously acquired under
the same conditions. Figure S also shows the subsequent
oxidation step (peak O3). An EC mechanism was used to
simulate the CVs of both O2 and O3 processes.

In this regard, it is worth stressing that at O2 we do not have
the same cascade stepwise dissociative ET mechanism®
occurring at R2."3 This is because of the following observations.
High scan-rate measurements and low-temperature studies (see
below) show that O3 truly corresponds to formation of

i (WA)

1.4 1.2 1.0 0.8
E vs SCE (V)

Figure S. Background-subtracted CV for the oxidation of Au,s(SR)s"
in DCM/0.1 M TBAH on a GC electrode at 25 °C. The curve was
obtained at 1 V s™' starting from a 1.04 mM solution of Au,s(SR);s
that was previously polarized at 0.72 V for 20 s. The open circles show
the corresponding, optimized digitally simulated curve.

Auys(SR);¢*". In other words, peak O3 is not due to an
oxidizable species formed in some fragmentation process
occurring at O2. On the other hand, the fact that the height
of peak O3 inversely depends on the efficiency of the chemical
reaction associated with peak O2 implies that such reaction
subtracts Au,s(SR),¢** from further oxidation at O3. Because
the electroactive center is the gold core itself and considering
the specific aprotic and unreactive solvent employed, the
voltammetric behavior thus points to the occurrence of a
cleavage reaction in which the leaving group does not carry
away the extra charge, as otherwise a gold cluster with virtually
the same oxidation potential of Au,s(SR);s"* would form
(analogously to what happens at R2). The gold containing
fragment, in turn, cannot be a “simple” Au,s cluster species
because it would have an oxidation potential (at O3) similar to
that of Au,s(SR),g** itself. A probable hypothesis is thus that
the fragmentation reaction also removes gold atoms from
Au,s(SR) 4™, thereby yielding a smaller, and thus more difficult
to oxidize, cluster.

Simulation of CV curves such as that in Figure 5 requires, for
both redox processes, optimization of thermodynamic and
kinetic parameters, namely E°, D, k°, a (transfer coefficient),
and kg values (details are provided in the Supporting
Information (SI)), and the relevant data are gathered in
Table 1. The results were obtained by simulation of the
voltammetric curves obtained at 25 °C. As a further check of
the rate constant values, however, we also studied processes 02
and O3 as a function of temperature. As already observed in
pioneer work by Murray and co-workers,'” lowering the
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temperature makes the O2 and O3 peaks chemically reversible
(Figure S3): here we carried out a quantitative analysis, as we
previously did for R2." In the temperature range from —41 to
—1 °C, reversible CVs could be obtained for a sufficient
number of scan rates to allow the estimation of the k° values of
02 and O3 from the AE, scan rate dependence. From the
corresponding Arrhenius plots, we extrapolated the two k°
values to 25 °C and then used them as known parameters in
the simulation of the CV curves to obtain the two ky values.
The k° and k, values were the same, within error, as those
calculated directly at 25 °C.

Albeit slightly larger than the intrinsic barrier of R1, the
AG,F values of R2, 01, 02, and O3 are still similar to those
pertaining to the reduction or oxidation of delocalized redox
molecules, such as those commonly employed as one-electron
mediators in homogeneous redox-catalysis experiments carried
out in organic solvents. For these molecules, ~80% of AG,*F is
ascribed to solvent reorganization.”*' Because of its relatively
large radius, however, the AGO‘SjF of Au,s(SR);g species is
particularly small,>* and thus subtraction of this term from
AG,* shows that for all redox couples of the Au,s(SR), 5 system
AG,,* is the major component, amounting to 76—80% of AG,*
(Table 1).

Concerning the lifetime of the various oxidation states, the
order is Auy(SR);g*" (4 ms) < Auy(SR);¢** (20 ms) <
Au,s(SR)¢*" (0.33 s). This shows that as long as the time scale
of the experiment is longer than these lifetimes, there is no
chance of accumulating these species for, say, UV—vis'* or ECL
experiments.'® On the other hand, within shorter time windows
one can efficiently use these charge states for, e.g,
homogeneous redox catalysis as we previously demonstrated
for Au,s(SR),>~ by proper selection of the ET partner.'?

Electron Paramagnetic Resonance. To establish on a
comparative basis the magnetic properties of Au,s(SR)s’ and
Au,s(SR),s" and to investigate the spin multiplicity of their
fundamental states, we recorded cw-EPR spectra at 6 K. Figure
6 shows the spectra of Au,s(SR);s’ before and after oxidation
with bis(pentafluorobenzoyl) peroxide. The spectra were
obtained in frozen matrix at 6 K. The spectrum of
Au,s(SR),4° is typical of a distribution of randomly oriented
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Figure 6. EPR spectra of Auys(SR);s” before (red curve) and after
oxidation (green curve). Both spectra were recorded at 6 K by setting
the same instrumental parameters (microwave frequency: 9.4670
GHz; microwave power: 25 yW; amplitude modulation: 0.5 mT). The
blue curve shows the simulated spectrum of Au,s(SR);s’. The inset
shows an enlarged view of the spectrum of the oxidized cluster
together with the corresponding simulation (see text).

S = 1/2 state molecules with anisotropic g-tensor components.
Recently, Zhu et al. described low-temperature cw-EPR spectra
of Auys(SR)¢’ together with the corresponding simulation.®
The observed significant reduction of the hyperfine isotropic
coupling in the Au,5(SR);s’ sample was interpreted by
assuming that the unpaired electron occupies an orbital
sensitively lacking s-character, i.e., assuming the unpaired spin
as having a negligible spin density on the Au nucleus. Main
conclusion was that the observed highly delocalized spin
density was consistent with a “superatom” model,** where most
of the spin density is localized in the Au,; core.

Figure 6 shows that the experimental EPR spectrum of
Au,s(SR),¢° nanoparticles (red curve) is closely reproduced by
a spectral simulation (blue curve) based on previously reported
anisotropic g-tensor (g = 2.56, 2.36, 1.82) and anisotropic
hyperfine coupling (A = 71, 142, S0 MHz) with 13 equivalent I
= 3/2 "Au nuclei.’ We should note, however, that because of
the inhomogeneous broadening caused by unresolved hyperfine
components, a satisfactory simulation of the spectrum can be
obtained at low temperature also by decreasing the
aforementioned hyperfine coupling and increasing the g-tensor
anisotropy, as already commented upon.® Interestingly, the use
of a smaller number of equivalent Au atoms does not
appreciably affect the quality of the simulation (see Figure S4
in SI), which indicates that one does not have necessarily to
describe the EPR outcome on the basis of an Au,; core.

The oxidation of Au,;(SR);5° to Au,s(SR) 4" was carried out
using bis(pentafluorobenzoyl) peroxide. Au,s(SR);s" reduces
the peroxide according to a concerted dissociative ET step
forming a stable carboxylate anion and the pentafluorobenzoy-
loxy radical; the latter also reacts by ET with another
Au,s(SR) ;" species with formation of a second carboxylate
ion.” We considered that even a slight excess of peroxide would
have resulted in the formation of some pentafluorobenzoyloxy
radical that, given the lack of sufficient co-reactant, would have
decayed®® to form products possibly affecting our cw-EPR
experiments. We thus resorted to add a slight defect of
peroxide. The resulting EPR spectrum shows a strong decrease
in intensity. That the only signal is due to remaining
Auys(SR),¢" is shown in the inset of Figure 6, where the
experimental curve was successfully simulated using the same
parameters used for the original Au,s(SR),5” sample. A relative
quantification of the EPR signal intensities recorded for both
the pristine and the oxidized Au,s(SR),s’ samples was carried
out using an external standard (see Experimental Section) and
normalizing the recorded spectra on the standard reference
signal. A simple calculation of the double integrated intensities
of the experimental spectra of the pristine and oxidized
Au,s(SR) ;¢ samples (red and green spectra of Figure 6,
respectively) shows that the EPR intensity of the signal
recorded for the oxidized sample is ~16 times weaker than that
of Au,5(SR),5. Taken together these results can be accounted
for by considering a residual amount (~6%) of nonoxidized
Au,5(SR);° in the resulting Au,s(SR);s* solution. The
remaining Au,s(SR),s” cluster thus provides sort of an internal
reference for understanding the magnetic properties of
Auy5(SR);5". In fact, beside remaining Au,s(SR),’, we did
not detect any other EPR signal.

The cw-EPR spectra of the oxidation-treated Au,s(SR);s
sample were recorded and simulated also for higher temper-
atures, in the range T = 6—50 K (Figure 7). The observed
signals are still assigned to residual Au,s(SR);, as the
simulations were calculated using the same g and A values
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Figure 7. Experimental (green curves) and calculated (blue curves)
EPR spectra of oxidized Au,5(SR),5’, at different temperatures. For the
sake of better comparison, the curves have been shifted vertically. The
experimental parameters are as in Figure 6, except for the increased
microwave power (250 UW). Progressively increasing linewidths (21,
22, 25, 32 mT) and decreasing doubly integrated intensities (2 X 106,
1 X 10% 0.41 X 10 0.18 X 10° au) were used for the simulations at 6,
10, 30, and 50 K, respectively.

employed for pristine Au,s(SR)s’. Except for the expected
decrease of EPR intensity due to Curie law®” and for the line
broadening due to spin relaxation mechanisms, which become
more efficient at higher temperatures, increasing the temper-
ature does not significantly change the main spectral features.
Linewidths and EPR intensities yielded by the simulations are
given in the caption to Figure 7.°® At higher temperatures, the
EPR signals of nonoxidized Au,s(SR),s" start to broaden, and
the simulations of the spectra become progressively less
reliable.

Figure 7 shows that no additional EPR signals are observable
in the spectra, which may indicate that for T < 50 K, the lower
energy triplet state of Au,s(SR)s" is not thermally accessible
(see below). In principle, however, the absence of the triplet
lines in the experimental spectra of oxidized Au,s(SR);s" could
be explained by quick relaxation of the EPR signal. Because of
the marked anisotropy of the EPR line positions arising from
the spin—spin interaction between the coupled electrons, a
temperature increase may cause significant line broadening in
many systems with S > 1. Similar effects on linewidths may
result also from a large anisotropy of the spin—orbit interaction
(anisotropy of the g-tensor).>” In the framework of the theory
of the spin-relaxation mechanisms,* any dynamic process
(hindered rotations, molecular reorientations, tumbling of the
molecule in a viscous liquid) in and around the paramagnetic
center may affect line shapes. In particular, if the rate of
dynamic fluctuations of the local magnetic field at the unpaired
electron(s) is sufficiently high, a dramatic broadening of EPR
lines occurs. Concerning specifically triplet-state systems,*' in
nonrigid media when the anisotropic part of the zero-field
splitting (ZFS) interaction is not negligible, the rapid
modulation of the spin—spin interactions may lead to spin-
state lifetimes so short that the averaged triplet spectrum has
undetectably broad lines. Owing to modulation of the spin—
orbit coupling, triplet species with a large anisotropy of the g-
tensor may also lead to broadening effects. In the case of
Au,s(SR) 4", however, these factors do not play a role because
the very low temperatures at which we recorded the EPR
spectra were such to prevent the occurrence of effects caused by
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fast dynamics. In other words, even for a system like
Au,5(SR)*, whose ZFS and anisotropies in the g-tensor are
unknown, the EPR lines are expected to be sufficiently narrow
to be confidently detected. The absence of any detectable signal
assignable to the triplet state of Au,s(SR),s" in the spectra of
Figure 7 can thus be taken as a quite definitive evidence of the
diamagnetism of such charge state.

Puzzled by the outcome of a very recent study in which some
EPR signals were attributed to paramagnetism of
Auys(SR)5","" we carried out further cw-EPR experiments at
higher temperatures, both in DCM solution (at 260 K) and in
frozen glassy matrix (at 120 K), using freshly prepared samples
of Au,s(SR),s" and even a solution in which Au,s(SR),s’ was
treated with 2 equiv (1 molar equiv) of peroxide. In contrast to
the above claim, however, in all experiments we did not detect
any EPR signal either due to Au,s(SR)s* clusters or other
radicals. These results thus provide further evidence about the
diamagnetic character of Au,s(SR);s". To conclude, the EPR
results and analysis show that the idea of considering
Auys(SR)5* as a superatomic diradical must be dismissed.

Computational Results. A model structure of
Au,(SCH;),s~ was constructed from the available
Au,s(SR)™ crystal structure.” Ligands were slightly rotated
to attain a structure with C; point group symmetry. The states
—1, 0, and +1 were prepared in that order, that is, the starting
geometry for the O and +1 forms where the previously
optimized structures of —1 and 0, respectively.

Let us first consider the transition from the —1 to the 0
charge state. The electronic structure of Au,s(SCH;)(5™ is
characterized by a closed-shell configuration with three fully
occupied 1la, states (HOMOs) (in the superatom terminology,
a P orbital), while the first unoccupied orbital corresponds to
an a, state (LUMO) (see orbital diagrams in Figure 8 and
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Figure 8. Orbital diagrams in Au,s(SCH,),s° (z = —1, 0, +1). Levels
enclosed in the rectangles correspond to a single peak in the DOS plot

(Figure 9).

density of states (DOS) in Figure 9). Notice that the
commonly assumed triple degeneracy in the —1 state is no
longer strictly applicable. This result is in agreement with
Aikens’s analysis of ligand effects on the frontier orbtials.”
Nevertheless, assuming an inherited Lorentzian energy width of
0.1 eV, these three a, levels can be regarded within a single
energy manifold, herein called 1a,. In the —1 state, the energy
separation between the la, manifold and a, is 1.45 eV, in good
agreement with the 1.33 €V gap measured experimentally. > As
the cluster is oxidized from —1 to 0, the la, manifold splits,
giving raise to a second distinct Lorentzian peak in the DOS
(Figure 9); we call this second peak 2a,. In the O state, the gap
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Figure 9. DOS in Au,s(SCHj;),5" (z = —1, 0, +1). Curves have been
slightly shifted vertically to better discern corresponding lines. The a,
state was used as the zero of energy for all charge states. DOS was

constructed with 0.1 eV width Lorentzians.

between the LUMO level and the HOMO level with the largest
DOS increases by 0.03 eV. Although very small, such increase is
in qualitative agreement with the experimentally measured
HOMO—-LUMO gap increase (0.13 eV).

A more complex situation arises for the 0 to +1 oxidation.
The 2a, level, which now becomes vacant in the +1 state, shifts
further to higher energies. This clearly indicates that the
corresponding triplet (paramagnetic) state would require a
large energy promotion from la, to 2a,. Thus, a paramagnetic
+1 state can be ruled out. In fact, optimization of
Au,5(SCH3),5" in the triplet configuration gives an energy of
0.36 eV above that of the singlet. This result is thus consistent
with our previous NMR* and current EPR measurements which
show no paramagnetic behavior (in contrast to the strong
paramagnetic behavior of the neutral state).”> Note that while
in the +1 state the 2a, now becomes the LUMO, the la, — 2a,
transition is symmetry forbidden. Thus, the experimentally
measured gap in the +1 case actually corresponds to the 1a,/a,
gap. The calculated increase in this gap is 0.13 eV, again in
good agreement with the experimental HOMO—-LUMO gap
measured from the UV—vis absorption onset data (0.2 eV).
Notice that the observation of a severe splitting in the HOMO
manifold in the +1 species, consistent with our EPR results,
does not support a recent interpretation of thermal stability
based on a superatom picture.”” Thus, we suggest that a
superatom model representation for the diradical cation species
is inadequate.

The optical absorption spectrum was also computed for the
—1, 0, and +1 charge states at the TDDFT level of theory. In
the strict sense, these calculations correspond to zero
temperature. This observation is relevant because it has been
shown that the optical absorption properties of Au,s and Ausg
clusters display a strong dependency on temperature.*’ Figure
10 shows that all charge states have a double peak structure for
the excitations involving la, — a, transitions. As Figure 8
shows, such splitting originates from transitions starting from
the two different levels in the la, manifold (ie., HOMO —
LUMO and HOMO-1 — LUMO). Whereas these peaks are
much less resolved in the experimental spectra obtained at 298
K* Devadas et al. have shown that these features are
completely resolved at 78 K for Auys(SCeH,3) 157+ the two
peaks are located at 1.67 and 1.9 eV, with the second peak 1.5
times higher than the first. Our calculations give two peaks at

Absorption (a.u.)

0.5 I 1.0 I 1:5 I 2?0 I 25 3.0
Energy (eV)
Figure 10. Calculated TDDFT absorption spectrum for

Au,(SCH;),5° (z = —1, 0, +1). Spectra were constructed with 0.1
eV width Lorentzians.

1.47 and 1.61 eV, with the second peak 1.2 times higher than
the first. Note that this level of agreement on the absolute
values of the peak positions is typical in TDDFT calculations
for this type of systems.®*%”

In summary, all the results shown here are consistent with
the conclusions drawn by EPR, NMR, and UV—vis, confirming
the accuracy of our DFT calculations. Of special relevance is
the finding that a triplet state for Au,s(SR),s" nanoparticles
would be inaccessible for a large range of temperatures.
Therefore, Au,s(SR),s" exhibits, unambiguously, a diamagnetic
character.

B CONCLUSIONS

Auys(SR), is often taken as an example of a well-understood
cluster.'”® On the other hand, very recent research is also
providing quite unclear or even controversial description of its
properties. In the search of a self-consistent picture, we
prepared highly pure, monodisperse Au,s(SR),’ clusters and
studied their electrochemical and EPR behaviors under
precisely controlled conditions. CV was employed to assess
the kinetics of Auys(SR);s" reduction, to form the —1 and —2
charge states, and oxidation, to form the +1, +2, and +3 charge
states. Formation of all charged species is endowed by inner-
reorganization energy 4—S times larger than the solvent
reorganization energy, i.e., the opposite of what happens with
common delocalized ion radical species in organic solvents.>!
As opposed to the stable —I1, 0, and +1 charge states,
Auys(SR) 4%, Auys(SR)5**, and Au,g(SR) ;> are labile species
with lifetimes of 4 ms, 0.33 s, and 20 ms, respectively. These
results clearly demonstrate that the interpretations of recent
optical measurements'* and electrochemical results involving
one or more of these species'® need to be re-examined very
carefully.

The three HOMOs of Au,s(SR),5 are consistently depicted
as degenerated or almost degenerate.® By taking into account
the EPR® and NMR evidence* that Au,(SR),s is para-
magnetic, one is tempted to assume that Au,s(SR);s" should be
a triplet. In fact, room temperature "H and '*C NMR spectra
indicate that the latter is diamagnetic,* but very recent EPR
results pointed to Au,s(SR);s" as having a distinct radical
character."' However, the cw-EPR spectra of Au,s(SR) ;5" reveal
that the latter is not EPR active in the temperature range 6—
260 K. The spectra of Au,s(SR),s” were simulated using not
only the same parameters described by Zhu et al® but also a
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much smaller number of gold atoms, which shows that in this
respect there is no need to invoke an Au,; superatom model. As
opposed to commonly accepted views (ie, HOMO levels
remaining unaltered across charged species), our EPR study
provides definite evidence that Au,s(SR);s" is a diamagnetic
species, ie., has a ground state with two electrons low-spin
paired (singlet state). Together with the NMR results obtained
at 298 K,* the outcome of this study also indicates that the
energy difference between the first and the second HOMO
must be at least large enough to prevent formation of a triplet
state at all temperatures investigated. Calculations confirm that
such formation is energetically prohibitive.

We have shown that the DFT-computed optical absorption
spectra and DOS of the —1, 0, and +1 charge states nicely
reproduce the experimentally estimated dependence of the
HOMO-LUMO energy gap on the actual charge carried by
the cluster. DFT calculations provide a clear picture of the
evolution of the frontier orbitals, confirming that the +1 charge
state must be considered diamagnetic due to a significant
splitting of the HOMO energy levels.
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