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ABSTRACT X-ray crystallography has been fundamental in discovering fine struc-
tural features of ultrasmall gold clusters capped by thiolated ligands. For still unknown
structures, however, new tools capable of providing relevant structural information are
sought. We prepared a 25-gold atom nanocluster protected by the smallest ligand ever
used, ethanethiol. This cluster displays the electrochemistry, mass spectrometry, and
UV—vis absorption spectroscopy features of similar Auys clusters protected by 18 thiolated
ligands. The anionic and the neutral form of Au,s(SEt);s were fully characterized by 'H
and C NMR spectroscopy, which confirmed the monolayer's properties and the
paramagnetism of neutral Au,s(SEt);s". X-ray crystallography analysis of the latter

provided the first known structure of a gold cluster protected by a simple, linear alkanethiolate. Here, we also report the direct observation by electron
nuclear double resonance (ENDOR) of hyperfine interactions between a surface-delocalized unpaired electron and the gold atoms of a nanocluster. The
advantages of knowing the exact molecular structure and having used such a small ligand allowed us to compare the experimental values of hyperfine

couplings with DFT calculations unaffected by structure's approximations or omissions.
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gold clusters is a delicate balance of thiol

selection, relative concentrations, ex-
perimental conditions, and modus operandi.'
As for the analogous self-assembled mono-
layers (SAMs) of thiols on flat gold surfaces,’
interaction of the thiolated heads with the
surface gold atoms yields interesting struc-
tural features.®~® For monolayer-protected
gold clusters (MPCs), single crystal X-ray
crystallography has provided evidence and
details of both the inner gold-core struc-
tures and the staple-like, half-crown motifs
by which the outermost gold atoms inter-
act with sulfur atoms. For homogeneous
series of thiolate ligands (SR), the struc-
tures so far identified crystallographically
are AU102(SR)44:9 AU38(SR)24:10 AU36(SR)24:11

F ormation of different thiolate-protected
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AUZS(SR)20!12 AUzs(SR)mqus and AU23(5R)16-16
Noteworthy, in none of these structures
the ligands were simple linear alkanethiols
but rather were aryl and arene-type thiols
(phenylethanethiol, 4-tert-butylbenzenethiol,
4-mercaptobenzoic acid) or a hindered alka-
nethiol (cyclohexanethiol). Indeed, due to the
intrinsic complexity of MPCs, particularly be-
cause of the conformational mobility that
ligands may experience, successful prepara-
tion of crystals suitable for X-ray diffraction
analysis and atomic structure determination is
a very challenging task. Devising alternative
approaches suitable for obtaining relevant
structural information is thus of outmost
importance.

Independently of the approach employed,
the necessary starting point is identification
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of the chemical formula. Mass spectrometry techni-
ques proved to be very effective, particularly matrix-
assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry'’ and electrospray
jonization (ESI) mass spectrometry.'®'® Mass spectra
were indeed instrumental to establish the correct
cluster formula in advance of the actual structural
determination for Auys(SR)1g,'®'® formerly believed
to be Ausg(SR)54.2° Very recently, structural character-
istics of clusters whose single crystal X-ray diffraction
structure is still unknown were inferred by different
approaches. Rapid electron diffraction in scanning
transmission electron microscopy (STEM) was employed
to gain insights into the structure of Au;30(SR)so”' a
gold MPC very recently reported,”>*® and Au;44(SR)eo.>*
In both cases, structural analysis was supported
by the good agreement with density functional theory
(DFT) calculations.?™* Structural information about
Au,44(SR)gop Was also obtained by a combination of
infrared spectroscopy, '>C NMR spectroscopy, and
X-ray diffraction of a single crystal.?®

Au,5(SR);g is the most well-known and characterized
MPC displaying a distinct molecule-like behavior.° The
latter is evident from its characteristic UV—vis absorp-
tion spectrum that provides the energy gap between
the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO).?® The
spectrum depends on the charge state and so does
the HOMO—LUMO gap.”” Sensitive electrochemical
methods such as cyclic voltammetry and differential
pulse voltammetry show series of peaks marking the
stepwise charging of the gold core, and allow estimat-
ing the electrochemical HOMO—LUMO gap that upon
correction for charging energy furnishes essentially the
same gap energy.?®?® These charge states display
quite different stability.” One-electron oxidation of
the as-prepared cluster, a diamagnetic anionic species,
generates a paramagnetic species. The latter displays
a distinct electron paramagnetic resonance (EPR)
behavior,?”?° best detected at liquid helium tempera-
tures, and very particular 'H and '>C NMR spectroscopy
patterns.3®3" The above discussion shows that a crucial
feature to obtain reliable insights into the properties
of molecule-like MPCs is to prepare them in a truly
monodisperse form, with atomic precision. Overall,
Auys(SR)qg is thus the ideal candidate for testing new
concepts, techniques, and methodologies to investi-
gate structural properties of molecule-like and possibly
larger clusters.

Here, we describe a new strategy to address these
issues. We prepared a monodisperse Au,s cluster
protected by the smallest ligand ever used, etha-
nethiol. Au,s(SEt),g was fully characterized by MALDI-
TOF, UV—vis, electrochemistry, and "H and 'C NMR
spectroscopy of both the anion and the neutral forms.
Successful preparation of high-purity samples and
single crystals allowed us to obtain the first X-ray
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structure of a gold cluster protected by a very short
alkanethiolate. For this purpose, we used the neutral
cluster, Au,s(SEt);%, and found that the gold and sulfur
atoms are structurally arranged as previously described
for Au,s(SCoHaPh)1g® and Auas(SCH4Ph)ig "> '° but
also with some differences around the Au, 5 icosahedral
core. We focused on using a very short thiol ligand also
because of the possibility of carrying out particularly
accurate DFT calculations, that is, with fewer approx-
imations than required for describing more complex
ligand systems.

We then used frozen glassy solutions (at 5.5 K) of
paramagnetic Au,s(SEt);5° to obtain the first electron
nuclear double resonance (ENDOR) results for an MPC.
ENDOR is a superhyperfine technique able to deter-
mine hyperfine coupling constants that are unresolved
in the continuous wave EPR (cw-EPR) spectra.? Pulse
ENDOR is a particularly sensitive method of performing
ENDOR.3* ENDOR is especially suited to elucidate
hyperfine interactions between an unpaired electron
and surrounding nuclei. Each group of equivalent
magnetic nuclei with nuclear spin I = 1/2 gives rise to
a doublet of lines in the ENDOR spectrum, indepen-
dently of the number of equivalent nuclei coupled to
the electron spin. If the hyperfine coupling A is smaller
than twice the nucleus Larmor frequency v, the doub-
letis centered at v and the two lines are separated by A.
If A > 2v, the doublet is centered at A/2 and the two
lines are separated by 2v. For a nuclear spin larger than
1/2, the quadrupolar interaction affects the ENDOR
spectra by further splitting the ENDOR lines. This is
indeed the case of '*7Au (I = 3/2), which exhibits both
quadrupolar and hyperfine interaction.®* Au,s(SEt);g°
showed a very nice ENDOR pattern that enabled us to
determine the hyperfine interaction between the un-
paired electron and the gold atoms. Through knowl-
edge of the exact 3D structure of Au,s(SEt);g’, we
carried out a specific DFT study aimed to determine
the relevant isotropic and anisotropic hyperfine cou-
pling constants. A good match of the outcome of DFT
calculations and ENDOR results was observed, which
allowed assigning each ENDOR signal to specific types
of Au atoms forming the cluster. Our results show that
ENDOR is a valuable technique that can be successfully
employed for obtaining relevant information about
the fine structure and the electronic distribution of
nanoclusters.

RESULTS AND DISCUSSION

Synthesis and Characterization of Au,s(SEt);s. The synthe-
sis of Au,s(SEt);s was carried out as detailed in the
Experimental Section. Briefly, addition of ethanethiol
to a red tetrahydrofuran solution of tetrachloroauric
acid (molar ratio 4:1) and tetra-n-octylammonium bro-
mide (1.2 equiv) eventually yielded a colorless solu-
tion of reactive Au(l)-thiolate species. Reduction to
Au(0) was carried out by addition of aqueous sodium
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borohydride. After 2 days under stirring, the clusters
were separated from the reaction mixture and puri-
fied. Au,s(SEt),g, initially obtained as [n-Oct,;N"1[Aus-
(SEt)1g~ 1, was eventually oxidized to AU,s(SEt);5°
by silica-gel column chromatography under aerobic
conditions. The anionic and neutral forms show
the UV—vis spectra expected for Au,s5(SR)g clusters
(Figure S1 in Supporting Information).'*?*3*° The
chemical composition, purity, and monodispersity
of Au,s(SEt);s° were assessed by MALDI-TOF mass
spectrometry.3’ In particular, the spectrum of the
purified sample shows a peak centered at 6024 that
corresponds to the unfragmented cluster. The main
fragmentation pattern, which increases as the laser
intensity increases, reveals stepwise loss of four AuSEt
units (mass = 258.1) to form Auy;(SEt);4 (mass = 4992)
(Figure S2 in Supporting Information).

Electrochemistry. The electrochemical behavior of
Au,5(SEt);g was studied in a dichloromethane (DCM)
solution containing 0.1 M tetra-n-butylammonium
hexafluorophosphate (TBAH). The electrochemical pat-
tern is quite similar to that of Au,5(SC,H4Ph).g, i.e., two
main reversible peaks O1 and R1 associated with the
+1/0 and 0/—1 redox couples, and further oxidation or
reduction peaks corresponding to formation of higher
positive or negative charge states.?® In cyclic voltam-
metry (CV), the latter are chemically irreversible. For ex-
ample, Figure 1A, obtained starting from Auys(SEt);8°,
shows that the peak current of the irreversible peak R2
is much larger than that of R1; as a matter of fact, its
peak current corresponds to ca. 5 electron/molecule
at0.1Vs~', avalue larger than that of ca. 3.5 electron/
molecule observed for Au,s(SCoH4Ph)is.2® Peaks R2
and 02 can be made reversible by increasing the CV
scan rate and/or lowering the temperature. Figure 1B,
obtained starting from Au,s(SEt);g~, shows the situa-
tion observed for 02 (and O3) at —49 °C, in which 02 is
partially reversible. By carrying out CV analysis of the
peaks, according to previously described method-
ologies,?’8 the lifetimes of the corresponding electro-
generated species (at 25 °C) were estimated to be
0.11 sand 3 ms for 02 and R2, respectively. Comparison
with the values of 0.33 s (O2) and 4 ms (R2) measured
for Au,5(SC,H4Ph), g under similar experimental condi-
tions shows that the ethanethiolate ligands make the
higher charge states less chemically stable. The lability
of the species generated at O2 and R2, conceivably a
radical dication and a radical dianion,?” respectively, is
thus incompatible with their use in NMR and, particu-
larly, ENDOR experiments. In the following, we will thus
focus on the only stable radical state, Aus(SEt);s°.

NMR Spectroscopy. The 'H NMR spectrum of an aceto-
nitrile-d; solution of [n-OctsN"1[Au,s(SEt);51 shows
two sharp CH;—CH, typical patterns (triplet and
quartet), together with signals associated with the
tetra-n-octylammonium countercation (Figure 2A).
When taking the area of the ammonium N—CH,
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Figure 1. CV pattern for (A) the reduction of 0.32 mM
Au,5(SEt);s° at 25 °C and (B) the oxidation of 0.30 mM
Au,5(SEt);g~ at —49 °C in DCM/0.1 M TBAH, on a glassy
carbon electrode at 0.2 Vs '. The peaks are labeled accord-
ing to electron uptake or release by the neutral cluster.
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Figure 2. "H NMR spectra of (A) [n-(Oct);N™] [Au,s5(SEt);57]
in acetonitrile-d; at 25 °C, and Au,s(SEt),5° in benzene-dg (B)
at 25 and (C) 65 °C. The spectra show the relevant zones and
resonances, including some peaks of n-(Oct),N*, as indi-
cated. The asterisk (*) marks an impurity (DCM).

resonance (3.05 ppm) as a standard for integration,
the resonances at 1.30 and 2.94 ppm pertain to CHs
and CH, of the 6 ethyl groups of the outer ligands,
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whereas the corresponding resonances of the
12 ethyl groups of the inner ligands are found at
1.43 and 3.36 ppm. It is worth noting that a larger
shielding is experienced by the groups belonging to
the outer ligands, and that the integrals confirm the
inner-to-outer ligand 2:1 ratio. The corresponding
13C resonances are observed at 33.21 (CH,);, and
21.88 ppm (CHs)in, and 29.27 (CHy)ou: and 19.88 ppm
(CH3)out-

For solubility reasons, the spectra of Au,s(SEt);g°
were obtained in benzene-dg (Figure 2B). This neutral
cluster is expected to be a radical, and as a matter of
fact, the resonances of both its outer and inner ligands
are broadened due to proximity with the paramagnetic
metal center. The COSY-correlated CH;—CH, reso-
nances of the outer ligands are at 1.19 and 4.83 ppm,
respectively, whereas those of the corresponding inner
groups are 4.12 (CH3) and 23.4 ppm (CH,, measured at
65 °C). The highly deshielded (CH,);, resonance is very
broad at 25 °C (ca. 3000 Hz) but becomes sharper as the
temperature is increased to 65 °C, at which a COSY
correlation with the CH; signal at 4.12 ppm is detected.
Under these conditions, the corresponding integrals
are in very good agreement with the expected inner-
to-outer ligand 2:1 ratio. The '>C resonances of the
outer ligands are detected at 28.0 (CHs) and 35.5 ppm
(CH,). On the other hand, the very long instrumental
time (at least 48 h at 65 °C) required for observing the
very broad '*C resonances of the inner ligands induces
extensive sample decomposition. The general NMR
behavior of Au,s(SEt);g° is thus in keeping with that
of other paramagnetic Au,s(SR)s° clusters.3%3!

The X-ray Structure. The X-ray single-crystal diffraction
experiment confirmed the compositional and structur-
al deduction from the mass spectrometry, the electro-
chemical, and the spectral analyses. The crystals used
for X-ray crystallographic study were obtained by
diffusing diisopropyl ether vapor into the toluene
solution containing Au,s(SEt);6%. The compound crys-
tallizes in a centrosymmetric triclinic space group PT,
with the central Au atom at the inversion center, as
observed for Au,5(SCoH4Ph);g°."° The central Au atom
is surrounded by 12 Au atoms. These 13 atoms form the
inner (body-centered) icosahedral core (Figure 3A). The
Au—Au bond distances between the central Au atom
and the 12 inner layer Au atoms vary very little and are
between 2.785 and 2.801 A. In addition to being bound
to the central Au atom, each of the 12 inner shell Au
atoms is coordinated to five icosahedron Au atoms and
one S atom. Interestingly, whereas six of them are also
bound to three stellated Au atoms, the remaining six
atoms show interactions only with two stellated Au
atoms. In other words, the staples are distorted so that
whereas one of the two Au(stellated)—Au(icosahedron)
distances is, on average, 3.315 A, the second one is
3.241 A (the latter is evidenced as a bond in Figure 3).
This kind of dissymmetry is not observed in the
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Figure 3. (A) Projection showing the X-ray crystal structure
ofAuzs(SEt)13°. Au =yellow, S =red, C = gray, H = white. (B)
View of the twisted staple (H and C atoms removed for
clarity). Auico = blue, Augiapie = yellow, inner-ligand S = red,
outer-ligand S = purple.

Au,s5(SC,H,4Ph) g, where the average distance is 3.23
and 3.22 A for the neutral’® and anionic cluster,'?
respectively. The outer shell of the Au,s cluster
consists of 12 stellated Au atoms included in six
half-crowns, —(SEt)—Au—(SEt)—Au—(SEt)—, where
the Au atom of each —(SEt)—Au—(SEt)— structure
is bound to three inner shell Au atoms and two S atoms,
with the S—Au—S angle ranging from 170 to 173.5°.
These Au—Au bonds, however, are longer than the
icosahedral Au—Au bonds (Table 1) and could be con-
sidered to be aurophilic in nature. This feature is also
present in the previously reported Au,s clusters,'*~'° but
is missing in the Au;s cluster without further aurophilic
bonds.>>*¢ Whereas the gold cluster is not disordered
(see below), the ethyl-chain carbon atoms exhibit larger
thermal movement. In the solid state, weak intermo-
lecular C—H- - -S hydrogen bonds (S- - -C distance of
3.65 A, with C—H- - -S angle of 137°) join the clusters
to a loose one-dimensional (1-D) chain along crystallo-
graphic (110) vector (Figure S8 in Supporting Information).
A packing coefficient of 65.8% illustrates the close packing
of the Au,s clusters.
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TABLE1. Relevant Average Bond Distances” in Au,5(SR),g
Clusters As Obtained from Single Crystal X-ray Crystallo-
graphy Structures

R=Et R = GH,Ph R = GH,Ph
bond charge =0 charge = 0 (ref 15) charge = —1 (ref 13)
Al central —Alice” 279 2.79 278
Atio—Aties” 298 297 2.95
Ao —Auic,” 279 278 2.80
Mgiapte—Aics? 3.18 3.15 3.16
S—Aui,” 237 238 237
S—Atapie” 230 230 231

Al bond lengths are in angstroms; the Au,s(SCH4Ph);5 data were taken from
the known structures,">"> as obtained from Cambridge Structural Database
(v.5.342013), The Cambridge Crystallographic Data Centre, Cambridge, U.K. (2013).
®From the central Au atom to the 12 Au atoms of the icosahedron surface. © Bonds
between icosahedral Au atoms not under staples. ¢ Bonds between the six Au—Au
pairs below the six staples. ® Distance between stellated Au atoms and the three
icosahedron Au atoms directly below. "S—Au bonds involving icosahedral Au
atoms. ¢ Bond between stellated gold and sulfur atoms.

The structure of Au,s(SEt);g° is the first known
example of single crystal X-ray crystallography struc-
ture of an Auys cluster entirely protected by a short
alkanethiol. It is, therefore, instructive to make a com-
parison with relevant parameters obtained from the
structures of the corresponding phenylethanethiolate
stabilized clusters. Table 1 shows some selected aver-
age bond distances.

Concerning the icosahedron, its size does not de-
pend on ligands and charge state. Similarly, in all three
structures, the bond distance between the pairs of gold
atoms directly under the central sulfur atom of the six
staples is also virtually constant and detectably smaller
(by ca. 0.2 A) than that of all other icosahedral Au—Au
bonds. The distance between the stellated and the
nearest icosahedron Au atoms is larger by ca. 0.4 A
than that between most icosahedral Au—Au bonds. No
significant S—Au bond-length differences are evident
among the three clusters, at least within experimental
error: this observation could be relevant in gaining
insights into the hypothesis of a possible Au—S bond
length variation upon changing the charge state of the
cluster, as detected by Raman spectroscopy.” A com-
parison between the geometry of the staples also is
quite interesting. It has been observed that albeit similar,
the structures of the anionic and the neutral state of
Auys(SC,H,4Ph), g display two main differences.'” Whereas
the anionic cluster shows that all staples are distorted in
the sense that the S—Au—S—Au—S motif is twisted with
respect to the plane formed by the g}, mirror in the Dy,
subgroup of the icosahedron, none of the staples of the
neutral cluster display any significant distortion. This
was attributed to a possible effect of the charge state or
a solid-state effect induced by the presence of the
bulky counterion for the anionic state. Interestingly,
however, in the neutral cluster Au,s(SEt);5° we find two
couples of linear staples (as shown in Figure 3A) and
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Figure 4. (A) View of the down—up—up ligand orientation
in the front staple. (B) View of the up—up—up orientation. In
both cases, the carbon atoms are shown in green. Hydrogen
atoms removed for clarity.

one couple (Figure 3B) displaying the same distor-
tion mentioned above for Au,s5(SC,H4Ph).s~; there-
fore, neither charge nor the presence of the coun-
terion can be the primary cause of such a structural
feature.

From the viewpoint of the orientation of the ligands
in the monolayer, another interesting feature makes
all three structures different. In each staple of
Au,s5(SC,H4Ph); 8% the three ligands are oriented in a,
say, down—up—down direction with respect to the
plane containing the S(R)—Au—S(R)—Au—S(R) motif."”
In Au,5(SC,H4Ph) g7, on the other hand, the orientation
is always of the down—up—up type.'® In Au,s(SEt);s°
we find an even different situation: whereas the ligands
of two couples of staples display the same down—up—up
orientation (Figure 4A) of anion Au,s5(SC;H4Ph),5~, the
third couple of staples shows the novel feature that all
three ligands are oriented on the same side of the
S(R)—Au—S(R)—Au—S(R) plane (Figure 4B). These com-
parisons clearly show that, at least in the solid state, not
only charge somehow affects the structure but also the
ligand type does.

ENDOR Analysis and DFT (alculations. The Davies
ENDOR?? spectrum was obtained in frozen matrix at
5.5 K for a 0.5 mM solution of Au,s(SEt);s° in toluene.
The spectrum was acquired at the field of 291.1 mT,
corresponding to the maximum of the EPR signal. The
spectrum shows five broad lines in the range from
0 to 90 MHz, with maxima located at 9.8, 24.7, 42.1,
60.9, and 77.9 MHz (Figure 5, red trace). The fact that
the spectrum shows peaks at frequencies larger than
40 MHz is only consistent with hyperfine and quad-
rupolar couplings with '’Au. Other possible ENDOR
lines could come from the ligands' protons for which,
however, the spin-density is low and lines around the
proton-free Larmor frequency (12 MHz, at the mag-
netic field used for the ENDOR experiment) are ex-
pected. Because the number of ENDOR lines is related
to the groups of equivalent Au atoms, the intriguing
issue now is to explain the spectral pattern while
considering that, apparently, Au,s clusters are com-
posed by three such groups: central Au, 12 icosahe-
dron Au atoms, and 12 staple Au atoms.
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Figure 5. Davies ENDOR spectrum of a frozen 0.5 mM
solution of Au,s(SEt);s° in toluene at 5.5 K (red line). The
blue line shows the corresponding simulation (vertically
shifted for clarity) based on the hyperfine and quadrupole
components obtained by DFT (see text). The ENDOR spec-
trum was recorded at a field of 291.1 mT.

To gain insights into this aspect, we carried out
specific DFT calculations aimed to obtain the hyperfine
and the quadrupolar tensors. We used the single
crystal X-ray diffraction structure as the starting point,
and the calculations were performed on two models,
that is, the actual Au,s(SEt);s° MPCs and the corre-
sponding structure where SMe replaces SEt. The ratio-
nale was to test whether and to what extent a small
ligand change could affect the quality of calculations,
in comparison with an actual experimental system. This
is an important aspect because, so far, accurate MPC
calculations have been performed mostly on SH or SMe
ligands, more or less implicitly assuming that an increase
of the ligand length or change of its nature does not
affect the outcome of electronic structure calculations.

The hyperfine and the quadrupole DFT-calculated
tensors of Au,s(SEt);s° were used to simulate the
experimental ENDOR spectrum. The former are gath-
ered in Table 2, while the latter and other relevant data
are provided for both SEt and SMe in Tables S1 and S2
of Supporting Information. Inspection of Table 2 shows
a most evident fact that the 12 Au atoms on the
icosahedron surface can be divided into two groups:
whereas a first group of 8 atoms (labeled as 2, 3, 4, and
5: for symmetry and with the obvious exception of the
central atom, each label corresponds to two equivalent
Au atoms) is characterized by strong and similar hy-
perfine couplings (x,y, and zaverages of 41—55 MHz), a
second group of 4 Au atoms (labeled as 6 and 7)
have much smaller hyperfine couplings (averages of
15—17 MHz). We should also note that whereas the
DFT-calculated tensors pertain to a single configura-
tion, on the ENDOR time scale we expect the hyperfine
and quadrupolar tensors of these atoms to be dyna-
mically averaged by vibrational motion. To simulate
the ENDOR response, for each group of similar core
nuclei we thus used the average of each Cartesian
component of the hyperfine and quadrupolar tensors,
and their Euler angles. Staple nuclei have low hyperfine
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TABLE 2. DFT-Computed Values of the Anisotropic
Hyperfine Tensors for Auys(SEt);5°

atom label” Ax (MHz) Ay (MHz) Az (MHz) ave® (MHz)
Au1(central) 20.7 14.2 11.6 15.5
Aud(ico) 403 445 36.7 40.5
Au3(ico) 528 451 485 488
Au7(ico) 9.1 227 126 14.8
Au2(ico) 395 40.8 47.6 42.6
Au5(ico) 50.8 61.6 527 55.0
Aué(ico) 14 143 239 16.5
Aug(staple) 1.9 19 3.1 23
Aul1(staple) 20.0 18.6 189 19.2
Au9(staple) 40 29 28 3.2
Au10(staple) 37 5.0 43 43
Au12(staple) 210 183 194 19.6
Au13(staple) 103 1.1 9.8 104

“Except for the central atom, Au1, for symmetry reasons all other labels pertain to
couples of equivalent Au atoms (labeling refers to the deposited structure, as also
provided in the Supporting Information). ° Average of Ax, Ay, and Az.

Intensity (a.u.)
\:
—

0 50 100 150 200
Frequency (MHz)

Figure 6. Simulation of the Davies ENDOR spectrum: from
top to bottom, simulations pertain to the first (gold curve)
and second groups of icosahedral atoms (green curve),
staple Au atoms (red curve), and central atom (purple
curve). The first two traces correspond to the average
values. The simulations show a larger frequency range than
that experimentally accessible.

couplings and, if we assume a dynamical averaging
also for this group of nuclei, their main contribution is
in the range 0—5 MHz of the spectrum; due to the pulse
sequence used, this region is not detectable in the
experimental ENDOR, and therefore, we neglected the
contribution of the staple Au atoms in the simulation.
The simulation for SEt (blue line in Figure 5) shows that
the main features of the experimental spectrum can be
reproduced quite satisfactorily. It is also worth noting
that the use of average values indeed improved the
quality of the simulation of the ENDOR spectrum quite
significantly (Figure 5, blue line, to be compared with
the results shown in Figure S5 in Supporting Informa-
tion, where tensors were not averaged).

Figure 6 provides insights into the simulations for
the groups of Au atoms. The results can be summarized
as follows: (i) the peaks at 24.7 and 42.1 MHz are mainly
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due to the first group of 8 Au core atoms, whereas (ii)
the second group of 4 core atoms contributes to the
strong peak at 9.8 MHz; (iii) the 77.9 MHz peak matches
the simulated high-frequency structured quadrupolar
peak of the central Au atom; (iv) the 60.9 MHz peak
receives contributions from both the first group of core
atoms and the high-frequency quadrupolar peak of the
central Au atom; (v) the group of staple Au atoms only
contributes to the peak at 9.8 MHz, although use of the
dynamically averaged values makes its effect to the
simulated peak as marginal.

In the context of ENDOR simulations, the agree-
ment between the experimental and the predicted
spectra of Figure 5 is indeed very good. In fact, it is also
worth noting that the simulations carried out by using
the DFT parameters obtained for the SMe ligands
did not lead to the same satisfactory match with
the experimental ENDOR spectrum, as illustrated in
Figure S6 of Supporting Information. This is actually a quite
unexpected finding because there is a general consensus
about considering the effect of ligands on the MPC
electronic structure as very small, at least as long as the
nature of the ligand does not change significantly.>

The question now is as to why the 12 atoms of the
icosahedral surface split into two groups. We note that
the two couples of Au atoms forming the second
group, and labeled as 6 and 7, correspond to those
atoms for which the distance from the stellated Au
atom of the same staple (see above) is the largest
observed in the X-ray structure (3.31—3.35 A). This
suggests that a small disorder can cause interferences
in the wave function leading to nonequivalent electron
densities at the icosahedral nuclei. We also note that in
the DFT-optimized structure, which is representative
of the structure in a low-dielectric solvent (as the one
analyzed by ENDOR), also shows disorder. In particu-
lar, the unique atoms, Au6 and Au7, form a rectangle
(Figure S9 in Supporting Information) with dimen-
sions different from those of the other two rectangles

EXPERIMENTAL SECTION

For chemicals and the synthesis of Au,s(SEt),g, see Support-
ing Information.

UV—Vis Absorption Spectroscopy. The UV—vis spectra were ob-
tained at 0.1 mM concentration in DCM, with 2 mm cuvettes. We
used a Thermo Scientific Evolution 60S spectrophotometer or,
during syntheses, an Ocean Optics QE65000 spectrophoto-
meter equipped with a DH-2000-BAL light source. The spectra
resolution was 1 or 0.8 nm, respectively.

Mass Spectrometry. MALDI-TOF mass spectra were obtained
with an Applied Biosystems 4800 MALDI-TOF/TOF spectrometer
equipped with a Nd:YAG laser operating at 355 nm. The laser
firing rate was 200 Hz and the accelerating voltage was 25 kV.
The laser pulse intensity was kept at threshold values and then
progressively increased. Au,s(SEt);° was dissolved in benzene
containing the matrix, DCTB, to obtain 0.1 mM solutions with a
1:400 MPC/matrix ratio. Two microliters of solution was drop-
casted onto the sample plate and air-dried before loading into
MALDI-TOF. The spectra were recorded using the reflectron
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(those involving atoms Au3 with Au4 and Au2 with
Au5).

CONCLUSIONS

Devising methods for obtaining relevant informa-
tion about the structure of MPCs is of paramount
importance for both fundamental and applied (e.g.,
in catalysis) viewpoints. We prepared a 25-gold atom
nanocluster protected by the smallest ligand ever
used, ethanethiol. Its composition, charge state, and
magnetic properties were assessed by a combination
of MALDI-TOF, UV—vis spectroscopy, electrochemistry,
and NMR spectroscopy results. The structure of
Auss(SEt)1° could be determined precisely by X-ray
crystallography analysis of high-quality single crystals.
Knowledge of the exact 3D structure of Au,s(SEt);g°
allowed us to determine the relevant isotropic and
anisotropic hyperfine coupling constants by DFT cal-
culations void of those approximations associated with
the use of simplified ligand models. The Davies ENDOR
spectrum showed a distinct pattern that, in compar-
ison with the DFT results, allowed us to understand that
the Au atoms of the cluster can be divided into four
groups: besides the central atom and the 12 staple Au
atoms, the 12 icosahedron Au atoms split into a group
of 8 and a group of 4 atoms. Such nonequivalence
among icosahedron atoms comes from the small dis-
symmetries associated with dissimilar staple motifs.
Such small distortions propagate into the core atoms
giving rise to nonequivalent electron densities at the
icosahedral nuclei and, therefore, hyperfine couplings.
Pulse ENDOR thus proves to be a powerful method to
study the structure and the electronic distribution of
nanoclusters. The technique requires the presence of
an unpaired electron and this is, in principle, always
possible as long as a stable paramagnetic charge state
can be attained via calibrated oxidation (or reduction)
of an otherwise diamagnetic MPC, as others and we
showed previously. 2’29313

positive-ion mode. As a standard, we used Au,5(SC;H4Ph)qg,
which has a MW of 7394.

Electrochemistry. The experiments were carried out in DCM
containing 0.1 M TBAH, under an Ar atmosphere in a glass cell
thermostatted at 25 °C, unless otherwise specified. The working
electrode was a glassy carbon disk (9.4 x 10~% cm?), prepared
and activated as already described.?” A Pt wire was the counter
electrode and an Ag wire served as the quasi-reference elec-
trode. At 25 °C, the latter has a potential of —0.187 V against the
KCl saturated calomel electrode (SCE). Calibration was per-
formed by addition of ferrocene at the end of the experiments;
in the above solvent/electrolyte, the ferricenium/ferrocene
redox couple has E° = 0.460 V vs SCE. We used a CHI 760d
electrochemical workstation, and the feedback correction was
applied to minimize the ohmic drop between the working and
the reference electrodes.

NMR Spectroscopy. 'H and '3C NMR spectra were obtained at
1 mM MPC concentration in acetonitrile-d; or benzene-dg for
[n-OctsN*1[Au,s(SEt);57] or Auzs(SEt)mO, respectively, with a
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Bruker Avance DMX-600 MHz spectrometer equipped with a
5 mm TX-1 x,y,z-gradient powered, triple resonance inverse
probe operating at 599.90 and 150.07 MHz, respectively. The
temperature was controlled with a Bruker BVT-300 automatic
temperature controller. Unless otherwise indicated, the probe
temperature was maintained at 25.0 £ 0.1 °C. Chemical shifts
are in parts per million (ppm) units (0) with reference to Me,Si
used as an internal standard for both "H and ">C NMR. To ensure
a complete relaxation for all the resonances, integral values for
the proton spectra were obtained by a prescan delay of 10 s. As
previously done for Auss(SCoH4Ph)1,%° the proton assignments
were performed by standard chemical shift correlations as well
as by 2D correlation spectroscopy (COSY), total correlation
spectroscopy (TOCSY), and nuclear Overhauser enhancement
spectroscopy (NOESY) experiments; the '3C chemical shift
values were obtained and assigned through 2D-heteronuclear
correlation experiments (heteronuclear multiple quantum co-
herence, HMQQC).

X-ray Single Crystal Diffraction. Crystallographic data of
Au,s(SEt);s were collected at 123 K with Cu Ko radiation
(A = 1.54184 A) on an Agilent SuperNova dual wavelength
diffractometer equipped with Atlas CCD area detector.
CrysAlisPro*® software was employed for the data measure-
ments and processing. The structure was solved by direct
methods integrated in the program of Olex%*' and full-
matrix least-squares refinements on F> were performed using
SHELXL.*? Analytical numeric absorption correction*® was ap-
plied to treat the reflections. Due to slight disorder, distances
restraints were applied for all the ethyl groups. For H atoms,
except for those attached to C2, C6, and C8, all the others were
calculated to their idealized positions with constraint isotropic
thermal factors [1.2 or 1.5 times of U.4(C)] and refined as riding
atoms. The H atoms bonded to C2, C6, and C8 were fixed at
calculated positions, as the riding mode refinement could not
reach convergence. For crystal data and refinement results see
Supporting Information. The crystal structure has been depos-
ited to the Cambridge Crystallographic Data Centre with CCDC
number of 984217 and the data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif.

ENDOR Spectroscopy. The '°’Au ENDOR spectrum was re-
corded with a Bruker Elexsys E580 spectrometer equipped with
a pulse ENDOR dielectric probe head and an Oxford CF935
cryostat. The 0.5 mM solutions of Au,s(SEt);g” in toluene were
introduced into 3 (0.d.) x 2 mm (i.d.) quartz tubes, degassed by
several freeze-pump thaw cycles, and sealed off under vacuum
(5 x 107> Torr). The samples were then rapidly cooled down
to 80 K, and the actual measurements were finally carried out at
5.5 K. We used the Davies ENDOR pulse sequence, with 32 ns of
microwave inversion pulse and 16—32 ns pulse sequence for
echo detection. The radiofrequency pulse was 4 us long and
was amplified by a 500 W Bruker RF amplifier. The frequency
range was limited to below 100 MHz to avoid frequency
artifacts. With the use of the DFT values as input for the
nucleus-electron interaction Hamiltonian, ENDOR simulations
were performed with the EasySpin software program** working
on the MatLab 7.12 calculation environment.

Computational Methods. Starting from the X-ray structure, the
Au,s(SEt),g cluster was optimized using DFT as implemented in
Turbomole V6.3.1.*° For the energy minimization step, we
employed the s-vwn functional and def2-TZVP basis set for all
atoms with a def2-ecp effective core potential for all Au atoms.
At the optimized geometry, hyperfine constants and quadru-
pole tensors were calculated using Orca 2.9.1.% These calcula-
tions were carried out using unrestricted DFT with the GGA
functional (BP86), the TZVP basis set for Au, and the DZP basis
set for all other atoms. Scalar relativistic effects were introduced
using Zeroth-Order Regular Approximation (ZORA).#” All core
electrons were included explicitly in the calculation of hyperfine
and quadrupolar tensors, using the segmented all-electron
relativistically constructed (SARC) basis set.*® The Orca-euler
utility program was used to calculate the Euler rotation of the
hyperfine tensor and the electric field gradient tensor with
respect to the g-tensor.
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