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ABSTRACT Au,s5(SR);5 has provided fundamental insights into the properties of
clusters protected by monolayers of thiolated ligands (SR). Because of its ultrasmall
core, 1 nm, Auys(SR)g displays molecular behavior. We prepared a Auys cluster
capped by n-butanethiolates (SBu), obtained its structure by single-crystal X-ray
crystallography, and studied its properties both experimentally and theoretically.
Whereas in solution Au,s(SBu);s® is a paramagnetic molecule, in the crystal it
becomes a linear polymer of Au,s clusters connected via single Au—Au bonds and
stabilized by proper orientation of clusters and interdigitation of ligands. At low
temperature, [Auys(SBu);5”], has a nonmagnetic ground state and can be described
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as a one-dimensional antiferromagnetic system. These findings provide a breakthrough into the properties and possible solid-state applications of

molecular gold nanowires.
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riggered by publication of the first
Tstructure of a thiolate-protected gold

cluster,’ the number of studies con-
cerning properties*® and applications*® of
gold clusters protected by monolayers of
organic molecules (monolayer-protected
clusters, MPCs) has increased dramatically.
This is particularly true for MPCs displaying
molecule-like properties (gold core diam-
eter <1.5 nm), i.e., systems where a sizable
energy gap between the highest occupied
molecular orbital (HOMO) and the lowest
unoccupied MO (LUMO), a distinct electro-
chemical charging behavior, and molecular
nuclear magnetic resonance (NMR) fea-
tures are detected. Among these clusters,
Au,5(SR),g represents a true “gold mine” in
the sense that it keeps furnishing an effec-
tive benchmark for gaining insights into
properties of ultrasmall MPCs and develop-
ing and testing new concepts at the nano-
scale.” Solving the X-ray crystallography crys-
tal structures of Au;a(SR)as,’ AUys(SR)1°5 "
and other MPCs'*"® has undoubtedly pro-
vided a sound nonspeculative basis for gain-
ing a deep understanding of these systems
and developing tools suitable to obtain in-
formation about the fine structure and the
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electronic distribution of nanoclusters. The
structure of Au;g»(SR)ss showed how the
surface Au atoms interact with thiolate
ligands,' and a link with the corresponding
self-assembled monolayers on extended
gold surfaces'*'” could be established and
discussed.'® This discovery elicited further
research, notably to experimentally solve
the structure of Auys(SR);g>° and theoreti-
cally predict it."” A remarkable example is the
prediction of the structure of Ausg(SR)z4,'
later assessed by X-ray crystallography.'?
Such knowledge and successes have
paved the way for developing new investi-
gation methodologies and carrying out
calculations aimed to predict possible struc-
tures. This is also the case of structures
stabilized by multiple ligands, such as that
of the biicosahedral Au cluster, in which two
Au, 3 icosahedra share one vertex Au atom
to form a sort of dimer consisting of 25 Au
atoms, [Au,s(PPh3)10(SCoHs)sClo1* " This
discovery triggered curiosity about the ex-
istence of possible MPC oligomers and even
hypothetical polymers. First, a triicosahedral
structure, [Aus7(PH3)10(SCH3)10ClL]1T, was
proposed.”® Next, two MPC polymers or
thiolated gold nanowires were suggested,*'
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one based on a vertex-sharing icosahedral Au,; chain
where two neighboring icosahedra are further con-
nected by five —SR groups and another based on the
face-sharing biicosahedral model and the RS—Au—SR
motifs, motivated by the structure of Ausg(SR)za.'
A similar yet different dimeric structure was also
solved, which is interestingly missing the shared
vertex,?? and its electronic structure was analyzed from
spherical harmonics analysis.>®

Despite the existing knowledge of structures and
solution-phase properties of some MPCs, however, the
physicochemical behavior of gold nanoclusters in the
solid state is virtually unknown. Here we describe the
discovery that whereas in solution Au,s protected by
18 n-butanethiolates (SBu) is a paramagnetic molecule,
in the solid state it forms a linear polymer. Single-
crystal X-ray crystallography analysis reveals that the
Au,s polymer, hereafter indicated as [Au,s(SBu);5°In,
displays not only interesting features but also much
less complicated structural motifs than addressed in
theoretical studies: in particular, the clusters are con-
nected by single Au—Au bonds with no loss of atoms,
and an important role of dispersion forces is inferred.
This gold nanocluster polymer structure has not been
observed previously in practice or predicted by theory.
The properties of the polymer were studied both experi-
mentally and theoretically, in comparison with the corre-
sponding Au,s(SEt);5 cluster (Et = ethyl),' which despite
its less hindered ligands remains monomeric under
otherwise identical solid-state conditions. Analysis of its
properties shows that polymer [Au,s(SBU)1%, is the
thinnest gold nanowire ever described.

RESULTS AND DISCUSSION

Synthesis. The synthesis of Au,s5(SBu);g was carried
out as recently described,?* and full details are provided
in the Supporting Information. Briefly, we prepared a
solution of tetrachloroauric acid and tetraoctylammo-
nium bromide in tetrahydrofuran and then added
n-butanethiol to form a colorless solution of Au(l)-
thiolate species. Addition of sodium borohydride fol-
lowed by aging for 3 days yielded a solution displaying
the typical UV—vis absorption spectrum of Auys(SR);g™
clusters. The as-prepared cluster is a diamagnetic anion.
Its HOMO—LUMO gap determined from the onset of
optical absorption in solution (Figure S1) is 1.35 eV.
Similarly to Au,s5(SC;H4Ph)5 % this estimate is in agree-
ment with that obtained electrochemically, 1.30 eV,
after correction of the relevant electrochemical formal
potentials (E°) of peaks R1 and R2 for the charging
energy (potential difference between O1 and R1: see
Supporting Information). Quantitative one-electron
oxidation of anion Au,s(SBu);g~ to form the very stable,
paramagnetic Au,s(SBu);g° cluster was performed by
passage through a silica gel column under aerobic con-
ditions,"" as verified via characteristic changes observed
in the UV—vis absorption spectrum (Figure S2). The
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optical and electrochemical behaviors of Au,s5(SBu)g
in solution are thus in line with those of other molecule-
like Auys(SR)g clusters.?*

X-ray Crystallography. Crystals suitable for X-ray single-
crystal diffraction experiment were obtained by slow
crystallization at 4 °C of Au,s(SBu);g° dissolved in DCM
in the presence of a tiny amount of acetonitrile, a
solvent in which the cluster is insoluble. The asym-
metric unit contains two halves of Au—Au bonded
Auys(SBu)qg clusters. Each cluster has a centrosym-
metric Au,z icosahedral core capped by six —(SBu)—
Au—(SBu)—Au—(SBu)— half-crowns (Figures 1a and S3).
The two MPCs have similar geometry and show no
significant differences with respect to the other known
thiolate-protected Auss structures;®~"" the icosahedron's
central Au atom is at the inversion center; 12 Au atoms
interacting with the Au center form the icosahedron
surface; six Au,(SBu)s half-crowns, hereafter indicated
for simplicity as staples, cover the icosahedron via Au—Au
and S—Au bonds. In terms of distances between the
icosahedron and staple Au atoms, however, subtle differ-
ences are also detected, as detailed in the Supporting
Information. These bond distances fall in the general
range of aurophilic bond distances, generally regarded as
ranging from ca. 2.9to 3.5 A, well below the van der Waals
distance (3.80 A).% Relevant bond distances are gathered
in Table S1.

The striking feature of the Au,s(SBu);g° structure is
the formation of a polymeric chain (Figure 1b) along
the (111) lattice plane. The length of the Au—Au bond
linking two MPCs is 3.1518(9) A, i.e., a bond length
larger than those in the Au;; core (2.78—2.97 A) but
still smaller than typical Austaple—AUicosahedron ONdS
(3.17—3.18 A). The torsional angle between the two
connecting Au—Au bonds on the opposite sides of
each MPC is 180° and this makes the polymer a
precisely linear 1D chain. Interestingly, in one of the
two staples involved in the bond between neighboring
clusters, the longest distance between two Au atoms
is observed, 3.369(10) A (Figure 1a). We regard this
pronounced elongation as the result of polymerization
of the MPCs via one of the bonding atoms. We also
note that for the two Au atoms forming the intercluster
bond the S—Au—S angle is almost straight, 177.3(2)°
(MPC1) and 177.0(2)° (MPC2), whereas the S—Au—S
angle of the other staples is smaller, ca. 170°. Collec-
tively, these distortions allow generating a 1D chain.

Because of some flexibility of the n-butyl chains,
some SBu groups are disordered. For each staple of
both Au,s(SBu);s° cluster types, the three alkyl groups
are oriented in either an up—down—up or an up—up-
down manner with respect to the S(R)—Au—S(R)—
Au—S(R) plane, but not on the same side as found
for one pair of staples in Au,s(SEt);”."" These results
further confirm our previous conclusion that in the
solid state the ligand type may affect the monolayer
structure. It is worth noting that whereas Aus(SBu);5°
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Figure 1. (a) Stick-and-ball view of the Au,s5(S),g skeletons of
the two MPCs found in the Au,s5(SBu),g crystal. Au = yellow,
S =red (in the first three panels, C and H atoms are removed
for clarity). (b) View of the 1D chain evidenced along the
(111) direction; connecting Au—Au bonds are in green. (c)
Comparison between the Au,sS,s skeletons of Au,5(SBu)qg
and the Au,s(SEt),g crystals, with relevant distances and
torsional angles. (d) View of the two Au,s sequences to
highlight interdigitation of ligands, in Au,s5(SBu);g, or its
absence, in Au,5(SEt),s. C = light blue, H = white.

forms a polymer, the “nearly naked” Au,s(SEt);g° does
not. In fact, a striking difference between these two
structures is the relative orientation of the two closest
staples between neighboring clusters. Figure 1c shows
that whereas in Au,s(SBu);s° the Au—Au bonded
staples are oriented almost perpendicularly to each
other (torsional angle 83°), which results in a distance
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between two neighboring central Au atoms of only
13.001 A, in Aus(SEt);¢° the corresponding angle is ca.
1° and the distance 13.886 A. The interstaple Au—Au
distance in Au,s(SEt);s° is thus clearly longer than in
AU,5(SBU)15% 4.117 vs 3.152 A. For Au,s(SCoH4Ph)6° '
which is protected by bulkier ligands, the minimum
distance between two central Au atomsis 16.412 A and
that between two Au atoms of the closest staples is
6.969 A. These comparisons suggest that a “twist-and-
lock” mechanism might be responsible for formation of
the [Au,s(SBu);s°], polymer, where a ca. 90° twist
allows for interdigitation (lock) of ligands having prop-
er length. The latter feature is evidenced in Figure 1b, in
comparison with Au,s(SEt);s°, in which no interdigita-
tion is observed. These observations would imply that
too short (no lock) or too long ligands (steric hindrance
hampering a sufficiently short intercluster Au—Au
distance) are not suitable for stabilizing the 1D poly-
mer. To estimate the driving force for such a twist-and-
lock mechanism, we computed the binding energy
between two Au,s(SBu);g° clusters in a dimeric state
by dispersion-corrected density functional theory
(DFT) and found it to be quite strong, at —2.25 eV.
Without dispersion interactions, the binding energy
diminishes to a much lower value, —0.28 eV. In other
words, the lock is made possible by van der Waals
interactions among SBu ligands of neighboring clus-
ters. This “sticky” interaction between ligands thus
appears to be essential for setting up ideal conditions
for Au—Au bond formation. These Au—Au bonds are
sufficiently strong to cause some local deformation of
the staples involved. Formation of a linear chain but
not a branched 3D polymer shows that both dispersion
interactions and directional Au—Au bond formation
concur to stabilize the observed structure.

NMR Analysis. The discovery that Au,s(SBu);g° is a
paramagnetic monomer in solution but becomes a
polymer in the solid state prompted us to carry out
specific calculations and experiments aimed at under-
standing the fundamental properties of this new ma-
terial. In Au,s(SR),g clusters, the 18 thiolated ligands
forming the monolayer split into a group of 12 inner
ligands, in which sulfur makes bonds with one staple
Au atom and one icosahedron Au atom, and a group of
6 outer ligands in which the bonds are only with staple
Au atoms. The two groups of ligands display distinct
NMR spectroscopy patterns, a difference that is mag-
nified for some resonances when the cluster becomes
paramagnetic.'"?*?” Figure 2 illustrates that the effect
of the unpaired electron mostly concerns the methy-
lene groups in positions a, 5, and y of the inner ligands
and the a methylene of the outer ligands (cf. Figure 2).
This NMR behavior is caused by the contact interaction
of the nuclear magnetic moments with the unpaired
electron and can be taken as a probe of whether the
singly occupied MO (SOMO), and thus the spin density,
spreads onto those specific nuclei. As a matter of fact,
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Figure 2. (a) "H NMR spectrum of [n-Oct,N"1[Au,5(SBu);5 1. The peaks marked with a star pertain to n-Oct;N™. (b) '"H NMR
spectrum of Au,s(SBu);s°. Both samples were in benzene-dg at 25 °C. Symbols a, 3, and y refer to the positions of inner and
outer methylene groups from sulfur, as indicated in the structure (for clarity, only one staple is displayed). Arrows indicate the
most significant shifts observed upon oxidation of Au,5(SBu);s~ to Au,s(SBu);5’. The (0-CH,);, resonance is at 25 ppm. Inset
shows the resonance difference against the average distance of carbon atom of the corresponding CH, groups (of all staples
of the two MPC types, with standard deviation error bars) from the icosahedron's central Au atom.

we have previously shown that specific DFT calcula-
tions could nicely reproduce the NMR spectrum of
radical Au,s(SCoH4Ph);s° and that the spin density
spans over the ligands' methylene groups.?” Distance
from the gold core is thus a crucial parameter. Accord-
ing to the X-ray structure, for Au,s(SBu);g° the distances
from the central Au atom to the carbon atoms of the
(a-CH)in, (B-CHa)iny (y-CHo)in, and (a-CH,) oy groups are
5.9(2), 7.0(6), 8.0(4), and 7.2(1) A, respectively. The MPC
charge state does not significantly affect the (5-CH,)out
resonance, as this group is already quite distant,
8.1(2) A. Similar distance values are observed for
Au,s5(SEt),gin the solid state:'" (0-CH,)in, 6.1(2); (3-CH3)in,
6.8(7); (0-CHa)owy 7-2(1); (B-CH3)oue 8.1(1) A. In the
[Auys(SBu)5°1, polymer, the midpoint distance be-
tween the central Au atoms of two neighboring
clusters is only 6.5 A, and therefore, on the
basis of the above resonance values, the SOMOs of
neighboring clusters are expected to overlap quite
significantly. DFT calculations of the orbitals of a
Au,s(SBu);s° dimer, based on the crystallographic
structure, provide support for this view, as illustrated
in Figure S9. For Au,s5(SEt);5°, on the other hand, the
average midpoint distance along the three crystal-
lographic axes is distinctly larger, 7.0(1) A, which
suggests a much reduced interaction. The case of
the more hindered Au,5(SC;H4Ph); g cluster, for which
the minimum center-to-center half-distance in the
crystal already is 8.2 A, points to a particularly pro-
nounced lack of interaction.
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DFT Calculations. An important question now arises
about what happens when the SOMOs overlap. To
shed light on this question and, more generally, the
properties of polymer [Au,s5(SBu);g°l,, we performed
DFT calculations of the crystal with periodic boundary
conditions, in comparison with the Au,s(SEt);8° and
Au,s(SCoH4Ph);¢° crystals for which the structures are
known. In all three cases, calculations refer to the DFT-
optimized structures obtained for T = 0 K by starting
from the corresponding X-ray crystallographic struc-
tures, and the relative energies of the magnetic state
(at one Bohr magneton per Auys cluster) and the
nonmagnetic state are compared. For [Au,5(SBU)18°1,.,
we found that in the crystal the cluster has a nonmag-
netic ground state lower in energy than the magnetic
state by 27 meV. This is in contrast to the situation
arising for Au,s(SEt);s° and Au,s(SCoH4Ph) g crystals
in which the magnetic state now is lower in energy by
18 and 34 meV, respectively. A nonmagnetic ground
state implies that the otherwise unpaired electron in
the isolated Au,s(SBu);s° cluster is paired up in the
ground state of the Au,s(SBu);g° crystal, leading to a
fully occupied valence band (VB) and an empty con-
duction band (CB). Electron pairing is thus in agree-
ment with the NMR prediction about the SOMOs'
overlap. Concerning the Aus(SEt);g° crystal, for which
the room-temperature NMR behavior suggests a pos-
sible borderline behavior, calculations point to a mag-
netic ground state at 0 K, although less pronounced
than for Auys(SCoH4Ph)16°. Figure 3a shows the density
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Figure 3. (a) Electronic density of states of the Au,s(SBu);g
crystal structure optimized further by density functional
theory in the nonmagnetic state at 0 K. Inset shows a zoom-
in of the region near the Fermi energy, with the valence
band (VB) and conduction band (CB) labeled. (b) Relative
energy of the nonmagnetic and magnetic states of the one-
dimensional Au,5(SCHs);g polymer as a function of the
distance a between the central atoms of two neighboring
clusters (Au = yellow, S = red, central Au = green, methyl
groups removed for clarity). The arrow indicates the spin
crossover. The experimental distances for SEt, SBu, and
SC,H4Ph are 13.886, 13.001, and 16.412 A, respectively.

of states distribution and, particularly, that the non-
magnetic ground state of [Au,s(SBu);s°], has a band
gap (energy difference between VB and CB) of ca.
0.12 eV at 0 K. Such a small energy gap suggests that
at room temperature the Au,s(SBu);s® crystal should
behave as a narrow-gap semiconductor.

The energetics of nonmagnetic vs magnetic states
is closely related to the intercluster distance or the
closest Au—Au contact. When there is no close contact
between two neighboring Au,s clusters, the magnetic
state is preferred. This is the case of Au,s(SEt);s° and,
particularly, AU,s(SC,H4Ph)1g%. On the other hand,
when a close contact occurs, the nonmagnetic state
can be lower in energy than the magnetic state. To
examine this spin crossover or the magnetic-to-
nonmagnetic transition, we modeled a one-dimensional
[Au5(SCH3)15°,, polymer as a function of the center-to-
center distance between two neighboring Au,s clusters
(Figure 3b). The polymer has the same structure of
[Auys(SBu);g°1, and an intercluster Au—Au bond of
2929 A. As we stretch this polymer, which initially has
a nonmagnetic ground state just like the [Au,s(SBu)15°l,
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crystal (in this case, lower in energy by 22 meV and at
an intercluster distance of 12.75 A), both the magnetic
and nonmagnetic states become higher in energy, but
the nonmagnetic state has a higher rate of increase. At
ca. 13.0 A, the two states become almost degenerate in
energy; after this crossover point, the magnetic state
becomes lower in energy. Once again, these results
support the view that a slightly more stable nonmag-
netic state is expected for Au,s(SBu);s’, whereas for
Auss(SEt);5° and especially Au,s(SC,H4Ph)18°, which have
longer intercluster distances, a magnetic state is pre-
dicted to be more stable. That a full transition occurs
within less than 1 A is particularly worth stressing and is in
keeping with the outcome of the NMR analysis.

Electron Paramagnetic Resonance. A distinct advantage
of starting from a well-defined paramagnetic cluster
is the possibility of studying the system by electron
paramagnetic resonance (EPR). EPR techniques detect
the interactions between the resonating magnetic mo-
ment of a single paramagnetic center and its surround-
ings and thus provide fundamental information about
the local field experienced by the paramagnetic centers
and the hyperfine interactions caused by nearby
magnetic nuclei?® For an assembly of paramagnets,
magnetic moments are coupled together, directly or
indirectly, by spin—spin dipolar and/or exchange inter-
actions. Information about the mechanisms of interac-
tion and the dynamics of the spin systems (relaxa-
tion effects) is obtained by analysis of the shape and
width of EPR lines.?® Continuous wave EPR (cw-EPR)
and associated techniques have already proved to
be very powerful tools for assessing the magnetic
behavior of Auss clusters®*®3! and obtaining structural
information."” We thus studied the cw-EPR behavior
of the [Au,s(SBu):g’l, crystals in comparison with
the spectrum obtained for a glassy toluene solution.
Figure 4a shows the two spectra, and the inset shows
the same comparison after normalization for peak
height. Figure 4b shows the corresponding spectra
obtained for the closely related Au,s(SEt);¢°. The very
different line width and the absence of a fine structure
at 3000—4000 G for polymer [AU,s5(SBU) 151, show that
the physical state in which Au,s(SBu);g° is studied
markedly affects the EPR signal. On the contrary, the
spectra obtained for Au,s(SEt)5° in either physical state
are very similar to each other and to that of Au,s(SBu);°
in frozen solution. More specifically, both clusters
in frozen solution display the spectrum of a distribu-
tion of randomly oriented S = 1/2 spin-state molecules
with anisotropic g-tensor components. The spectrum of
Au,s(SBu);g° in frozen solution can thus be simulated
very well (Figure S10), as already done for Auys-
(SC3H4Ph);1g°,°%3" using the same hyperfine coupling
values and a very similar anisotropic g-tensor. Similar
parameters can also be used for simulating the two
spectra of Au,s(SEt);g°. On the other hand, the spec-
trum of [Auys(SBu);g%l, cannot be simulated on the
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Figure 4. (a) Comparison between the cw-EPR spectra of
solid (blue traces) and frozen toluene solution (red traces) of
Au,5(SBu), g at 20 K. The inset shows the same spectra but
normalized for peak intensity. The black curve corresponds
to the EPR cavity signal, subtracted in the inset for clarity. (b)
Analogous comparison for Au,s(SEt),g at 20 K. All spectra
were obtained by using the following parameters: micro-
wave frequency = 9.733 GHz; microwave power = 150 uW;
amplitude modulation = 1 G. (c) Bonner—Fisher—Hall fit to
the experimental data, expressed as rescaled relative double-
integrated EPR signal values ( = 0.985).

basis of the same randomly oriented spin-state distri-
bution model.

The cw-EPR spectrum of the [Au,s(SBu);5°], crystal
differs from the other three spectra of Figure 4 in terms
of both line shape and width of the signal. To shed light
onto this aspect, the spectra of [Au,s(SBu);’],, were
thus obtained at 10—80 K (Figure S11). The spectra
show that as temperature increases, the line width
increases rapidly, and this makes the EPR signal spread
on a much wider magnetic-field range. On the basis of
the crystallographic structure, we could successfully
simulate the spectra by assuming a sequence of mag-
netic S = 1/2 centers interacting strongly along
the polymer chain but weakly with those of other
chains. Each magnetic center is viewed as experiencing
an anisotropic magnetic interaction, resulting from
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anisotropic dipolar and Heisenberg isotropic exchange
couplings, with the spins of the two neighboring MPCs.
For all temperatures employed, the simulations were
optimized for shape by using an anisotropic g-tensor
corresponding to that used for Au,s(SBu);g° in solution
and a dipolar interaction of 650 MHz (for details, see
the Supporting Information). The simulated EPR signals
(cf. Figure S11) can be integrated to obtain the corre-
sponding EPR absorption spectra. The latter are then
further integrated to obtain the so-called double-
integrated EPR signal (/,). Our analysis shows that
as T increases, whereas the EPR signal decreases as
illustrated in Figure S11, I, increases. This behavior is
opposite of that observed for paramagnetic Auss
clusters in frozen solution, where an increase of T is
accompanied by a decrease of I,.2" I, is proportional
to the magnetic susceptibility of the sample (ym).
Therefore, I, values obtained at different temperatures
provide an experimental estimate of the temperature
dependence of y.,. The problem of relating y., to
temperature for a linear chain of S = 1/2 spins was
originally solved by Bonner and Fisher,>> who com-
puted the values of y,, for the low-temperature limit
when the coupling energy (J) is negative, ie., for
antiferromagnetic coupling between neighboring
spins. An isolated [Au,s(SBu);g°l, chain represents an
ideal one-dimensional antiferromagnetic system, and
therefore, the Bonner and Fisher model should appro-
priately describe the temperature dependence of /,
and thus y,,. We here define J as the energy difference
between the nonmagnetic ground state and the
higher energy magnetic state of [Au,s(SBu);’],. To
estimate J from the values of I, we used the Hall
expression:>?
Nag’ug?
ImlT) = =
y 0.25 4 0.074975x + 0.075235x
1+0.9931x +0.172135x2 + 0.757825x3
(M

where x = |J/kgT|, Na is the Avogadro number, ug is the
Bohr magneton, and kg is the Boltzmann constant.
Figure 4c shows that eq 1 provides a good fit
(r* = 0.985) to properly rescaled I, values (for details,
see the Supporting Information). This analysis reveals
two important aspects. First, the fact that the double-
integrated EPR signal is an increasing function of
T indicates that thermal activation makes a higher
energy magnetic state more populated, thereby con-
firming the DFT prediction that the ground state
of [Au,s(SBU)15°1, is nonmagnetic. In other words, the
EPR signal observed in the spectrum of polymer
[Au,s(SBu);°1,, is caused by the thermally induced
population of the paramagnetic excited states and
the recorded featureless, approximately Lorentzian,
broad line results from the overlap of the signals due
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to the paramagnetic excited states combined with
a prevalently homogeneous line broadening due to
the magnetic interactions between different centers.
Second, a best fit to the experimental data yields
a J value of 28(2) meV, i.e., virtually identical to the
DFT-calculated value of 27 meV. This outstanding
agreement between EPR results and calculations thus
provides compelling evidence that the Au,s(SBu);g’
clusters self-organize into a linear S = 1/2 antiferro-
magnetic polymer chain.

CONCLUSIONS

Au,s(SBu);° is a paramagnetic MPC that in solution
displays the same molecule-like behavior of other Au,s

EXPERIMENTAL SECTION

Auys(SBu),g was prepared as already described.?* UV—vis,
"H NMR (600 MHz), EPR, X-ray crystallography, and electro-
chemical instrumentation and general procedures have been
described.'’?*%”31 Extensive details on synthesis and charac-
terization of Au,s5(SBu);g, "H NMR spectroscopy experiments,
X-ray crystallographic analysis of Au.s(SBu);g° single crystals,
computational analysis, and full description of EPR simulations
and Bonner—Fisher analysis of [Au,s(SBu);5’], are provided in
the Supporting Information. Additional figures include UV—vis
absorption spectra and differential pulse voltammetry of
Auys(SBu)qg (Figures S1 and S2), structural details of the two
MPCs forming [Au,s(SBu);5°], and views of the crystal along the
a-, b-, and c-axes (Figures S3—56), NMR spectra (Figures S7 and
S8), orbital of the Au,s5(SBu),g dimer (Figure S9), cw-EPR spectra,
and simulations of [Au,s(SBu);g%l, and Auys(SBu);g in frozen
solution (Figures S10 and S11). Table S1 gathers the Au—Au
and S—Au bond lengths of the two MPCs forming the
[Auys(SBU) 1%, polymer. The crystal structure of AU,s(SBu);g°
and the corresponding checkCIF file have been deposited at
the Cambridge Crystallographic Data Centre with CCDC num-
ber 998586, and the data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif.
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