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The Re atoms in perrhenate salts can act as electrophiles and form, with nucleophiles, adducts assembled
via Re---O interactions. X-ray photoelectron spectroscopy (XPS) is proven here as a reliable technique to
identify the presence of such interactions (commonly named matere bonds, MaBs) in powders.
Specifically, ten hybrid organic—inorganic perrhenate salts are described and their single crystal X-ray
(XRD) analyses allowed for establishing that short o-hole Re---O MaBs were present in seven of them.
The Re 4f;,, photoelectron energy is smaller in these systems than in those wherein the interaction is
absent. This signal is thus a valuable tool to identify the MaB presence in non-crystalline samples, namely
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Introduction

Non-covalent interactions involving ¢-holes™* play an important
role in numerous biological® and chemical (catalysis, sorption,
etc.)*” phenomena and their investigation is instrumental in
understanding molecular recognition and self-assembly
processes.®® For instance, the halogen bonding (HaB),® the
best known o-hole interaction and the first one to be given an
IUPAC definition," can remarkably contribute to the binding
affinity, selectivity, and pharmacological properties of
drugs.””** HaBs have been exploited in the design of catalysts
and sorbents with tailored properties, including increased
selectivity, reactivity, and stability."**® Moreover, the HaB
enables assembling ordered layers in crystalline materials and
enhancing the performance and long-term stability of photo-
voltaic devices.'*!

In addition to halogens, other p-block elements such as
chalcogens,? pnictogens,> tetrels,>>¢ and triels* (i.e., elements
of groups 16, 15, 14, and 13, respectively) can form o-hole
bonds*® and the same holds for various elements of the d-
block.>*” Recently, it has been shown that all three group 7
elements can function as electrophilic sites®® and the term
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XPS complements single crystal X-ray analyses in determining the MaB presence.

matere bond (MaB) has been introduced to designate these non-
covalent interactions. The MaB has been proved to drive the
formation of adducts not only between neutral compounds,*
but also between anions.** Perrhenate, pertechnetate, and
permanganate anions form anion---anion adducts with quite
different topologies, for instance, discrete adducts as well as 1D
and 2D networks. Indeed, the utilization of d-group metals as o-
hole donors seems to receive rapidly increasing attention in the
scientific community.** These metals possess unique electronic
configurations, allowing them to exhibit diverse coordination
geometries and oxidation states and to participate in a range of
non-covalent interactions, depending on the specific ligands
and the coordination environment.*>** This versatility enables
the formation of a kaleidoscopic diversity of metal-complexes
and metal-organic frameworks and provides opportunities for
tailored design and control over molecular recognition and
assembly processes. Non-covalent interaction in d-group metals
can influence their well-known catalytic efficiency for a wide
range of reactions,**** and the same holds for sensing and drug
delivery.*

Extensive experimental and computational studies on
different non-covalent interactions are needed to understand
and rationalize their basic aspects in view of applications.
Single crystal X-ray diffraction (SCXRD) is a powerful technique
to prove unambiguously the presence of a non-covalent inter-
actions. However, growing suitable crystals is often a non-trivial
challenge.

X-ray photoelectron spectroscopy (XPS) is a powerful tool to
identify different chemical states of compounds. For example,
Baines et al. employed XPS for the determination of gallium
oxidation state in ambiguous complexes for valuable insight

© 2025 The Author(s). Published by the Royal Society of Chemistry
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into reactivity.*> Fantauzzi et al. succeeded in the identification
of sulfides and polysulfides by XPS.** Moreover, XPS can be
applied also for determining non-covalent interactions. Indeed,
it has been demonstrated by Schroeder's group that XPS spec-
troscopy can distinguish between ionic salts and neutral coc-
rystals, and can even identify quasi-symmetrical hydrogen
bonds.”* Nangia's group mapped the salt-cocrystal
continuum in various pyridine compounds.*’

In addition, XPS was applied to corroborate the presence of
halogen bonded compounds.’®***" To the best of our knowl-
edge, there are no previous reports on XPS studies aimed at
identifying any other o-hole interaction, MaB included. Solid-
state NMR spectroscopy®>** allows for detecting the MaB pres-
ence, but ultrahigh fields are required and single crystal anal-
yses remains the by far most used technique to identify the
interaction. It is therefore of interest to find out new techniques
to assess the presence of MaB also when no single crystal is
available. Possibly the technique should also give information
on geometric or energetic features of the bonding. Herein we
report a small library of perrhenate salts that was characterized
through single crystal XRD to check the presence/absence of
MaBs. Then the same samples have been analyzed through XPS
in order to determine the differences in the photoelectron
energy of Re 4f signals between systems wherein the interaction
is present and absent. This energy is smaller in the salts that are
matere-bonded than in those that are not. Importantly, a good
correlation was found between the interaction length and the
binding energy (BE) so that XPS is proven as a reliable and
particularly valuable technique to identify MaBs even in non-
crystalline samples.

Results and discussion

The presence of some c-hole interactions, such as halogen or
chalcogen bondings, is associated with shifts and/or appear-
ance of new signals in UV-visible, IR, and Raman spectra.>*
More pertinent, c-hole bonds formation causes shifts also of
XPS signals and this is the case for 3d signals of iodine when
iodocarbons act as halogen bond donors.*® For this reason, we
expected that XPS could be used as a reliable and unambiguous
technique to detect MaB presence. We synthesized several
perrhenate salts (Fig. 1) and we characterized them through
single crystal X-ray diffraction in order to unambiguously
establish the presence (salts 1la-g) or absence (salts 2a-c) of
MaBs. The purity of all synthesized compounds was evaluated
by comparing simulated and experimental powder X-ray
patterns (see SI). To maximize our understanding of the rela-
tionship between MaB presence/absence and XPS data, hybrid
organic-inorganic salts with a diverse assortment of cations
were prepared and AgReO, (1h) was studied in order to consider
also inorganic salts. This approach aimed at gathering infor-
mation on the variations in the BE exhibited by photoelectron
signals of Re atoms of perrhenate anions experiencing different
chemical environment, namely different interactions patterns
with the objective to identify the specific BEs variations related
to MaB presence.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structural formulae of the perrhenate salts with (in blue) and
without (in red) MaB.

Perrhenate salts 1a-g display short Re---O contacts, leading
to different supramolecular assemblies (Fig. 2). The Re:--O
separations and the O-Re---O angles (Table 1) allow for ratio-
nalizing these interactions as MaBs.

In detail, salt 1a, recently reported by some of us,*® shows
a cation-anion dimer where the carboxylic -OH of betaine is
functioning as a nucleophile towards the Re atom of the
perrhenate anion and a Re---O MaB is formed on the extension
of one of O-Re perrhenate bonds. This dimer is stabilized also
by a hydrogen bond (HB) involving another oxygen of the anion
and the —-CH, moiety of betaine cation.

In salts 1b-g the MaBs assembles anion---anion adducts
whose formation is probably favored by the presence of
a network of HBs between anions and cations.”

Salts 1b,c (ref. 32) and 1f form anion infinite chains where
each ReO,  units function as electrophile (MaB donor) via the
rhenium atom and nucleophile (MaB acceptor) via one of the
oxygen atoms.

Salts 1d,e form anion---anion dimers via the antiparallel
pairing of two anion units. Similar to the infinite chains formed

gy A

Fig. 2 Ball and stick representation of the supramolecular assemblies
formed by MaB in salts 1a, 1b, 1d, and 1g. Compounds 1c and 1f afford
anion---anion infinite chains similar to those of 1b; compound le
affords dimers similar to those of 1d. Color code: navy, rhenium; red,
oxygen; grey, carbon; whitish, hydrogen; indigo, nitrogen.
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Table 1 Geometric parameters of the MaBs observed in salts la—h
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Perrhenate salt Nc* Re---O distance (A) O-Re:---O angle (°) MaB type and topology in obtained adducts
1a 0.925 3.329 177.09 Anion-cation dimer

1b 0.959 3.454 171.11 Anion infinite chain

1c 0.956 3.441 172.66 Anion infinite chain

1d 0.957 3.445 176.21 Anion antiparallel dimer

le 0.942 3.392 176.45 Anion antiparallel dimer

1f 0.880 3.168 176.97 Anion infinite chain

1g 1.03 3.717 156.46 Anion dimer

1h 0.848 3.052 174.03 Anion antiparallel dimer

“ The “Normalized contact” Nc for an interaction involving atoms i and j is the ratio Dy;/(RvdW,i + RvdW,j) where Dj; is the experimental distance
between i and j and RvdW,i and RvdW,j are the van der Waals radii of i and j.

by 1b,c,f, any anion acts both as donor and acceptor of electron
density, but in 1d,e dimers the interacting units are doubly
pinned to each other by two MaBs. In the inorganic salt 1h
anions self-assemble via antiparallel pairings of Re-O moieties
similar to those observed in 1d,e; any anion forms four such
supramolecular synthons and an adamantanoid infinite
network is assembled.

Crystals of 1g displays singly pinned anion---anion dimers,
where one ReO, act as MaB donor and the other one as MaB
acceptor. Although in this last case the Re---O distance is close
to the sum of the van der Waals radii of the involved elements,
the O-Re---O angle (156.46°) allows to rationalize it as a MaB.

Perrhenate salts 2a and 2¢ have been previously reported®**¢
and along with the newly prepared salt 2b they have been used
as control samples wherein no Re---O interaction is present, i.e.,
their X-ray photoelectron spectra have been studied in
comparison to those of 1a-h in order to assess if the MaB
presence affects Re photoelectrons energies.

Data collection began with survey scans of each sample
(Fig. S1-S11, SI). XPS survey spectra revealed the following
elements: Re, O, N, C (in one case some amounts of adsorbed Ag
on the surface of crystals was also observed - Fig. S1). Various
photoelectron signals were detected for rhenium in the survey
spectra of perrhenate salts 1 and 2, including Re 4f, Re 4d, and
Re 4p emissions. The ensuing discussion will only focus on the
Re 4f photoelectron energies due to their higher intensity and
closer proximity in energy to the rhenium valence shell, making
it particularly responsive to slight alterations in the chemical
state of rhenium and the interaction pattern it is involved in.

A brief literature survey was performed in order to gain
a better understanding of trends for Re 4f energies in XPS
spectra of Re’" derivatives. This survey revealed considerable
differences in the reported 4f;,, BEs that can vary in the range
45.2-46.9 eV.>*° For instance, these energies are 45.3 and
46.3 eV for the relatively similar salts AgReO, and NH,ReO,.>**
However, the majority of Re 4f,, energy values for Re”" struc-
tures are greater than 46.0 eV (ref. 59, 60 and 62-65) and the
deviation from Re’* = 46.0 eV may be related to the presence of
non-covalent interactions which redistributes the electron
density around Re.

Subsequently, high-resolution XPS spectra were acquired for
perrhenate salts 1a-h and 2a-c (Fig. 3 and S1-11). BEs values for

18930 | Chem. Sci,, 2025, 16, 18928-18935

Re 4f,;, are lower than 46.0 eV in matere bonded salts 1a-h
while are higher than 46.0 eV (consistent with the majority of
literature data) in salts 2a-c wherein no MaB is present. For
example, the BE of the Re 4f;/, signal in 1b and 1fis 0.8 or 1.2 eV
at lower energies than in 2a and in 1d it is approximately at
0.5 eV at lower energies than in 2b or 2c¢ (Table 2). Typical XPS
BEs uncertainties are ~0.1 eV, so the observed BEs changes
cannot be ascribed primarily to measurement uncertainties®
and it can be dependably stated that the Re 4f;/, signals of

vevene B

|l

Counts /s

Fig. 3 Re 4f processed spectra of compounds 1a and 2a. Table 2. X-
ray and XPS data of perrhenate salts 1la—h and 2a-c.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 X-ray and XPS data of perrhenate salts 1a—h and 2a-c

Perrhenate salt MaB Nc MaB length (A) XPS Re 4f;," (eV)
la 0.925 3.329 45.5

1b 0.959 3.454 45.7

1c 0.956 3.441 45.7

1d 0.957 3.445 45.7

1le 0.942 3.392 45.7

1f 0.880 3.168 45.3

1g 1.03 3.717 45.8-45.9
1h 0.85 3.052 45.2-45.3
2a — — 46.5

2b — — 46.1

2¢ — — 46.1

“ The instrumental binding-energy accuracy is 0.1 eV.

perrhenate salts are at lower binding energies when MaB is
present and at higher energies when this interaction is absent.

The BE shift to lower energies induced by MaB is consistent
with the nature of the interaction. The Re 4f,,, BE increases with
the oxidation state of rhenium, specifically it is 40.5, 43.0, 45.4,
and 46.7 eV in elemental rhenium, ReO,, ReO;, and Re,0,
respectively.”” On Re---O MaB formation, donation of electron
density occurs from an oxygen lone pair to a rhenium anti-
bonding orbital (see onwards) and the increased electron
density at rhenium translates into a lower Re 4f;, binding
energy (Fig. S12).

Moreover, there is a correlation (r = 0.91) between the Re 4f;,
» photoelectron BE and the MaB length, specifically the former
decreases with the latter (Fig. 4). Ordinary least squares
regression of the experimental data (compounds 1a-1h) gives
BE = (1.00 % 0.13) x d(Re---O) + (42.21 & 0.44) eV, R*> = 0.906 (r
~ 0.95,p = 2.7 x 10~* n = 8). The 95% confidence intervals are
0.68-1.32 eV A™" for the slope and 41.12-43.30 eV for the
intercept. The residual standard error (0.070 eV) is in line with
the +0.1 eV experimental accuracy, confirming that the
observed correlation is statistically significant. Compound 1f
shows the shortest MaB bond among the hybrid organic-inor-
ganic salts and the smallest Re BE, the inorganic salt AgReO,
(1h) has an even shorter MaB bond length®® and it seem to have
a smaller Re BE than 1f (Table 2). This correlation between

B 45,70 o @ .

3
eo 0o o0

45,30 e 1h

3,00 3,10 3,20 3,30 3,40 3,50 3,60 3,70 3,80
Re---O Distance (A)

Fig. 4 Correlation between Re 4f,,, BE from XPS analysis (the values
45.85, and 45.25 have been used for 1g, and 1h) and Re---O distance
from single-crystal XRD.
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binding energies and MaB separation is consistent with the
MaB nature. It is well established that the charge-transfer
component of c-hole interactions increases when the interac-
tion length decreases. In shorter Re---O contacts the electron
density donation from oxygen to rhenium is greater and the
increased electron density on Re translates into lower Re 4f;,
BEs.

Various structural features, such as hydrogen bonding
networks and counterion effects, could potentially influence the
observed Re 4f;, binding energies, but these interactions
primarily involve the perrhenate anion's oxygen atoms and do
not directly engage the rhenium atom. Consequently, their
influence on the Re 4f;), binding energy is likely to be minimal.
Furthermore, the robust correlation observed between the
matere bond length and the Re 4f,, BE (Fig. 4) provides
compelling evidence for the dependence of the former param-
eter on the second one, largely independent of other ancillary
interactions.

To obtain further information on the correlation between
XPS and MaB length, we utilized Density Functional Theory
(DFT) calculations with a focus on Natural Bond Orbital (NBO)
analysis. This technique is especially suitable for comparing
MaBs unaffected by intense electrostatic interactions. For
example, the interaction in compound 1a involves counterions,
whereas in other compounds it is an anion---anion interaction.

Importantly, the LP(O) — o*(Re-O) charge-transfer is closely
related to the interacting distance (orbital overlap), which
correlates with the binding energy, as demonstrated below.
Table 3 presents the NBO second-order perturbation energies
[E?] for the compounds examined in this theoretical study,
corresponding solely to the LP(O) — o*(Re-O) donor-acceptor
interaction. Fig. 5a-c illustrates the three distinct binding
modes identified in these compounds, along with the specific
NBOs involved in the MaBs. In every system, the characteristic
LP(O) — o*(Re-0) charge transfer was noted. Specifically, in
the anion antiparallel dimer observed in 1d,e featuring two
symmetric LP(O) — o*(Re-0) electron donations, only half of
the total second-order stabilization energy (E®)) value is listed in
Table 3. This represents the contribution of one MaB, allowing
for direct comparison with the other complexes.

An analysis of Table 3 shows that compound 1g, character-
ized by the longest MaB distance and the lowest binding energy,
also has the lowest £ value. Conversely, compound 1f, with the
shortest MaB distance, exhibits the highest experimental
binding energy and NBO E? energies. Notably, a good corre-
lation (r = 0.9511) has been identified between the experimental
binding energy and the theoretical second-order stabilization
energy, as depicted in Fig. 5d. This finding implies that the
variation in XPS values experimentally observed is associated

Table 3 Second-order stabilization energies (E?) calculated in this
study

Compound 1a 1b 1c 1d 1le 1f 1g

E® (I mol™) 2.1 0.8 1.0 1.5 1.8 4.5 0.2

Chem. Sci., 2025, 16, 18928-18935 | 18931
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Fig. 5 Plots of the NBOs involved in the three types of MaB observed
in compounds 1a (a), 1b,c,f,g (b) and 1d,e,h (c). Regression plot (d) of
the NBO stabilization energies £ and the Re 4f;, BEs derived from
XPS the value 45.8 have been used for 1g.
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Fig. 6 The molecular electrostatic potential (MEP) surface is shown in
the upper part of the figure, with a MEP value of —359 kJ mol ™! at the
rhenium o-holes and —475 kJ mol™ at the oxygen atoms. The lower
part displays correlation plots (a and b) between the theoretical Re 4f
BEs and the corresponding Re---O distances.

with the formation of the MaB. The significance of this corre-
lation, particularly evident in the regression plot, underscores
the role of electron charge transfer to the rhenium c-hole. This

18932 | Chem. Sci, 2025, 16, 18928-18935
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transfer leads to a redistribution of electron density around the
Re-atoms, thereby facilitating the release of a 4f electron from
the Re atom.

To further investigate the direct relationship between MaB
separation and the Re 4f BE, we computed the theoretical XPS
spectrum of an isolated perrhenate molecule and examined
how this spectrum changes upon formation of both linear and
antiparallel homodimers. In addition, we evaluated how BE
values vary as a function of the Re---O distance, ranging from
2.8 to 4.0 A. As shown by the NBO analysis (Fig. 5d), charge
transfer from the oxygen atom to the o-hole on rhenium
increases with decreasing interaction distance, leading to lower
Re 4f BEs. This trend is further supported by theoretical simu-
lations (Fig. S13, SI), which compare the spectra of monomers
and dimers at various distances. Notably, we observed strong
correlations (Fig. 6) between the MaB distance and the BEs of
both the 4f;, and 4f;, bands. These results provide strong
theoretical support for the experimental findings and effectively
rule out alternative explanations - such as counterion effects or
crystal packing - as the source of the observed changes in the
XPS spectra.

Conclusions

In this paper we prove that XPS is a suitable spectroscopic
technique to detect the matere bond (MaB) presence involving
the rhenium atom of perrhenate anions as the electrophilic
atom. The interaction presence correlates with negative shifting
(about 0.3-1.2 eV) in the binding energy of Re 4f,, and it thus
become possible to differentiate between salts wherein MaB
driven anion---anion self-assembly occurs from those wherein it
does not. The XPS technique complements the single crystal X-
ray analyses for assessing the MaB presence. It offers the
advantage of working on non-crystalline, or microcrystalline,
solids and of requiring relatively short measurement time so
that it is amenable for routine analyses.

A strong correlation was established between the Re---O
distance and the Re 4f binding energy, as both experimental
and theoretical XPS analyses confirm that shorter MaBs are
associated with lower Re 4f binding energies. This effect origi-
nates from increased electron density donation from the oxygen
atom to the rhenium o-hole, as verified by Natural Bond Orbital
(NBO) analyses and second-order perturbation energy calcula-
tions. Theoretical modeling of isolated perrhenate monomers
and dimers further supports these findings, ruling out alter-
native influences such as counterions or packing effects.

Together, these experimental and theoretical insights
confirm that XPS not only identifies the presence of MaBs but
also provides meaningful information about their geometric
and electronic characteristics, establishing it as a robust tool for
studying c-hole interactions in non-crystalline materials.

Experimental
Materials

All compounds were purchased from commercial suppliers
(Merck, aber) and used without further purification.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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General synthetic procedure of salts 1a-g, 2a-c

0.5 mmol of base are dissolved in 5 mL of a 0.1 M aqueous
solution of HCL. 0.5 mmol of AgReO, are then added to the
solution. A whitish solid precipitates immediately. After 5
hours, the solution is filtered and the liquid is left to slowly
evaporate in a clear borosilicate vial at room temperature.
Colorless crystals suitable for single crystal X-ray diffraction
form within one week. The same procedure was scaled up for
preparing salt amounts suitable for XPS analysis.

X-ray data collection

The single crystal data of the compounds were collected at room
temperature using a Bruker SMART APEX II CCD area detector
diffractometer. Data collection, unit cell refinement and data
reduction were performed using Bruker SAINT. Structures were
solved by direct methods using SHELXT®® and refined by full-
matrix least-squares on F> with anisotropic displacement
parameters for the non-H atoms using SHELXL-2016/6.7°
Absorption correction was performed based on multi-scan
procedure using SADABS. Structure analysis was aided by use
of the programs PLATON.” The hydrogen atoms were calcu-
lated in ideal positions with isotropic displacement parameters
set to 1.2 x Ugq of the attached atom.

Computational methods

The NBO analyses were computed as single point calculations
taking the geometries of the studied units from the crystal
structures at the RI-PBEO (ref. 72)-D4 (ref. 73)//def2-TZVP”* level
of theory, using the NBO7.0 (ref. 75) software integrated in the
Gaussian 16 (ref. 76) software package. To gather insights on the
theoretical XPS spectra, we performed calculations at the
ZORA”’-PBE0-D4//ma-def2-TZVP’® (SARC-ZORA-TZVP,” for the
Re atoms) level of theory as to compute and obtain a wave-
function which accounted for the relativistic effects of the
heavier Re atoms and described its more inner electrons using
the ORCA® software package. The obtained wavefunction was
then treated using the Multiwfn®' software to obtain the XPS
spectra. The models used in this case to study the variations in
the XPS spectra, were obtained from two separated optimized
perrhenate anions which were then oriented as to have a O---
Re-O angle of 180° and then their XPS spectra were plotted at
selected O---Re distances (see Fig. 6). This was done for two
different sets: one displaying a single MaB interaction (Fig. 6b)
and another displaying a double MaB where both units act as
MaB donor and acceptor (Fig. 6a). The Molecular Electrostatic
Potential surfaces (MEP) were obtained as well from the
computed wavefunction, making use of the Multiwfn program.

XPS measurements

For XPS study, an appropriate single crystal was collected from
the crystalized powder. Every crystallization batch has been
additionally studied using single crystal X-ray diffraction in
order to prove the structure. The chosen crystals of compounds
1la-h, 2a-c, were deposited onto copper conductive tape and
gently pressed with a spatula. Measurements were performed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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on a Thermo Fisher Scientific NEXSA XPS spectrometer equip-
ped with a monochromated Al Ko X-ray source (1486.6 €V). The
analyzed area was 100-400 pm?, and charge compensation was
provided by a flood gun. X-Ray was focused directly on the
surface of single crystal. Survey spectra were recorded at a pass
energy of 200 eV with an energy resolution of 1 eV. The high-
resolution spectra (C 1s, N 1s, O 1s, Ag 3d, Re 4f) were
acquired at a pass energy of 50 eV with an energy resolution of
0.1 eV. No charge compensation nor argon etching nor binding
energy correction by setting the C(1s) were applied. The accu-
racy of high-resolution XPS measurements is +0.1 eV, corre-
sponding to the instrumental resolution of the NEXSA
spectrometer. Multiple measurements for each compound
showed smaller variability, confirming that deviations below
this value are not meaningful.
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