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Valence electronic structure is crucial for understanding and predicting reactivity. Valence
non-resonant X-ray photoelectron spectroscopy (NRXPS) provides a direct method for
probing the overall valence electronic structure. However, it is often difficult to separate
the varying contributions to NRXPS; for example, contributions of solutes in solvents or
functional groups in complex molecules. In this work we show that valence resonant X-
ray photoelectron spectroscopy (RXPS) is a vital tool for obtaining atomic contributions
to valence states. We combine RXPS with NRXPS and density functional theory
calculations to demonstrate the validity of using RXPS to identify atomic contributions
for a range of solutes (both neutral and ionic) and solvents (both molecular solvents and
ionic liquids). Furthermore, the one-electron picture of RXPS holds for all of the closed
shell molecules/ions studied, although the situation for an open-shell metal complex is
more complicated. The factors needed to obtain a strong RXPS signal are investigated
in order to predict the types of systems RXPS will work best for; a balance of element
electronegativity and bonding type is found to be important. Additionally, the
dependence of RXPS spectra on both varying solvation environment and varying local-
covalent bonding is probed. We find that RXPS is a promising fingerprint method for
identifying species in solution, due to the spectral shape having a strong dependence
on local-covalency but a weak dependence on the solvation environment.
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1. Introduction

Theories linking electronic structure to reactivity are well-established.'” For many
applications which revolve around electron donation in the liquid phase, e.g.
electrochemical energy storage and catalysis,*"® knowledge of the occupied
electronic states is vital for understanding and predicting reactivity. Experimental
measures of the occupied valence states (OVSs)'* and calculations of the occupied
molecular orbitals (OMOs)'>** for gas phase molecules and for solids/adsorbates
on solids are widely available. The highest OVS (HOVS) from experiments and
highest OMO (HOMO) from calculations are often found to be important for
explaining reactivity, but deeper OVSs/OMOs at larger binding energy (Egp) have
also been found to be critical.”*** Therefore, knowledge of both Eg and the atomic
contributions to the OVSs/OMOs is crucial to understanding and predicting
reactivity for the liquid phase. Ideally, this question would be answered using
experimental data, but measuring every solute/solvent combination is not
possible; calculations offer a potential for screening solute/solvent combinations.
Eg(HOMO) calculated on gas phase species has been suggested as a suitable
descriptor for choosing solutes (e.g. redox mediators) and solvents for battery
electrolytes,*”**'” although gas phase calculations do not include solvation
effects.”® Calculations on models of the liquid phase®' or where solvent effects
are accounted for,* have been published, but capturing solvation with calcula-
tions is very challenging, both in terms of the methods and the system size.
Therefore, benchmark experimental data is required for validation of these
calculations.

Information about the electronic structure can be obtained from valence non-
resonant X-ray photoelectron spectroscopy (NRXPS) (Fig. 1b). Currently there is
little liquid phase experimental data for OVSs compared to the amount of
experimental data available for the gas phase and solids, especially for solvents
other than water, as solutions pose significant challenges. Given the volatile
nature of most solutions, liquid jet sample set-ups are usually required,*>*
although UHV-compatible ionic liquids (ILs, liquids containing only ions and no
neutral molecules) have also been studied.” A further challenge is when contri-
butions from the solute and solvent overlap; contributions from the solvent
dominate, making OVSs from the solute particularly hard to identify. There are
a small number of solutions where the solute HOVS was clearly the sample HOVS,
meaning that NRXPS could be used to measure Ey, for the solute HOVS, e.g. Nal in
water.?® For certain solutes, the solute HOVS has been found to overlap with the
solvent HOVS; therefore, the solute Eg(HOVS) can be measured with very careful
valence NRXPS measurements and subtraction of the solvent valence NRXPS
contribution. However, Ep for most other solute OVSs cannot be readily
measured, e.g. imidazole in water.”” Little valence NRXPS exists for solutes with
large HOVS Ep due to the significant experimental challenges.

A comprehensive description of liquid-phase electronic structure can poten-
tially be obtained from valence resonant XPS (RXPS, Fig. 1c and d), which is
element-specific and orbital-specific, and at times site-specific.?*”® In particular,
contributions from overlapping OVSs can be identified using valence RXPS, which
is very important for complex systems such as solutions. RXPS has been used for
many years to study readily vaporised small molecules, e.g. water, N,.>*>** In the
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Fig.1 Sketches explaining the different electron dynamics events featured in this article.
(a) Ground state. (b) Valence non-resonant XPS (NRXPS). (c) X-ray absorption (resonant
excitation). (d) Core—valence—valence participator Auger (PA) transition; X-ray absorption
followed by a valence PA transition = valence resonant XPS (RXPS). (e) Core—valence—
valence spectator Auger (SA) transition; X-ray absorption followed by a valence SA tran-
sition = valence resonant Auger electron spectroscopy (RAES). The text at the bottom of
each sketch gives the final state of each process and the approximate electron kinetic
energy (Ey) or binding energy (Eg). lecont = electron in the continuum. le, = electron in
a previously unoccupied valence state. Element- and orbital-specificity are achieved
through studying different element core state X-ray absorptions followed by RXPS for the
same samples; site-specificity can be achieved for certain samples by studying two or
more different X-ray absorptions followed by RXPS for the same element of the same
sample.

condensed phase, RXPS has been used to study many solids: metal salts/
complexes,** inorganic salts, small organic molecules, protein,* poly-
mers,* organic perovskites.®>** Furthermore, RXPS has been used at the solid-
adsorbate interface.®>*® More recently, RXPS has been used to study liquids, both
for the solvent (water,*” ILs***?) and more commonly for solutes in water (H,O,,*”
metal complexes™” such as Fe’" in aqueous solution” and Ti** in aqueous
solution,” and nanoparticles’®””).

Valence RXPS is best pictured as a two-step process. (i) X-ray absorption (XA) by
a core state to give a 1h.rele, state (1A.o. represents the core-hole and 1e,
represents an electron in a previously unoccupied valence state, Fig. 1c), where
the absorption cross-section is large for dipole allowed transitions (e.g. N 1s — N
2p m* or Co 2ps;, — Co 3d). (ii) A core-valence-valence participator Auger (PA)

36-45 46-52
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transition as the de-excitation step; the excited valence electron refills the core-
hole (i.e. participating in the process through direct recombination) and an
electron from an OVS is ejected (Fig. 1d). The final state for valence PA emission is
one hole in the valence, 1A, (Fig. 1d), 1+ relative to the ground state (Fig. 1a), the
same final state as for valence NRXPS (Fig. 1b). Hence, XA followed by valence PA
emission is known as valence RXPS and can be interpreted in terms of a one-
electron picture, i.e. the frozen orbital approximation.

The selection rules are different for valence NRXPS and valence RXPS, with the
selection rules well-known for valence NRXPS (explained by the Gelius
method”®®°) but unclear for valence RXPS.*"*>** One of the requirements for a PA
transition is that the OVS (in the ground state) involved in the PA process has
good overlap with the core-hole. Therefore, features due to RXPS appear as
resonant enhancements in the intensity of valence NRXPS contributions and
normally appear at constant binding energy, Eg; the same Ej as for valence NRXPS
from the same OVS.***® Using a combination of results from RXPS (i.e. PA tran-
sitions), valence NRXPS and ground state calculations to obtain the partial
density-of-states (pDoS), it has been shown that RXPS can be used to identify
atomic contributions to OVSs for a number of relatively simple systems, e.g.
pyridine,*® pyrazine,*® s-triazine,*® butadiene,** furan,* pyrrole,* benzene,*® and
also the polymer poly(4-hydroxystyrene) (PHS),* i.e. the one-electron picture held.
Leading on from these findings, RXPS has been used to identify the HOVS as
originating from: (a) DNA bases and not in the backbone of DNA duplexes,*” and
(b) the cation (and not the anion) for nine ILs (out of 60 ILs studied).®** However,
most RXPS studies have been limited to organic molecules containing -bonding.

To probe the OVSs, intense RXPS transitions are ideal. Therefore, it is
important to determine what structures give intense RXPS transitions. At Eg >
~20 eV (depending on the sample and element edge studied) transitions are
detected, e.g. spectator Auger (SA) transitions, where the final state is 2k,1e, with
one-electron ejected to the continuum (Fig. 1e). For these SA transitions the one-
electron picture does not hold.*® SA transitions compete with PA transitions to fill
the core-hole; large PA : SA intensity ratios are best for probing OVSs. In general,
valence SA features are more intense than valence PA features.’"3%3745:49,50,52,54,35
For X-ray absorption for core state — 7* versus X-ray absorption for core state —
o*, organic molecules with w* showed much larger PA : SA intensity ratios than
organic molecules with no w* and only o* (which generally showed no PA
intensity),”*** e.g. ethylene versus cyclohexane.®® For different elements, much
larger PA : SA intensity ratios were obtained for the B 1s — w* absorption for
solid BN and solid B,O; than for the N 1s — 7* absorption for solid BN.**"** For
solid pyrrole the PA : SA intensity ratios were 1 : 10 for the C 1s — w* absorption
and 1:50 for the N 1s — 7* absorption.* Furthermore, the PA : SA intensity
ratios were 1 : 10 for the C 1s — 7* absorption for solid furan, polystyrene and
poly(4-hydroxystyrene).*>*** For the gas phase of four simple O-containing
organic molecules (formic acid, acetaldehyde, acetic acid and methyl formate),
the PA : SA intensity ratio was small even for O 1s — 7* absorption.** Lastly, no
PA intensity was observed at the F 1s absorption edge for solid CaF, and fluori-
nated nanotubes.’*”®

Studies have investigated whether valence RXPS spectra gave fingerprint
contributions that represent functional groups within a sample. For solid M[NO;]
(where M = Li", Na") the [NOs]~ anion was essentially quasi-isolated, as the RXPS
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spectra were broadly independent of the counterion identity.*** Conversely, for
four gas phase small C=0 containing organic molecules (formic acid, acetalde-
hyde, acetic acid and methyl formate), the RXPS spectra did not match; RXPS was
deemed too sensitive to the chemical bonding to enable identification of specific
functional groups in these molecules.**

In this article, we investigate the liquid phase electronic structure of both
solutes and solvents using valence RXPS and DFT calculations. The key molecules
and ions studied are given in Fig. 2. A full list of samples studied using valence
RXPS is given in ESI Table S1.f Four samples were molecular liquids (water,
ethanol = EtOH, acetonitrile = MeCN and propylene carbonate = PC), 11 samples
were solutes in molecular liquids (water and MeCN), and eight samples were neat
ILs. Coordinates for the molecules/ions for which DFT calculations were per-
formed are given in ESI Section 2;f to capture the liquid phase, a polarisable
continuum model was used (see Section 2.6 for more details). Separation of solute
and solvent contributions to the valence electronic structure was achieved using
valence RXPS. The factors that underpin valence RXPS intensity were probed. It is
challenging to determine the factors for many of the solutes studied here due to
the dominance of solvent contributions; hence, we mainly focused in this part on
neat solvents, i.e. molecular liquids and ILs. By combining knowledge from: (i) Ex

<
e
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Fig. 2 The key molecules, cations and anions studied.
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matches from valence RXPS and NRXPS and (ii) comparisons of valence RXPS
traces to pDOS from calculations, we demonstrate that the one-electron picture
for valence XPS holds for closed shell molecules/ions in the liquid phase. The
cyano-based anions are ideal for testing the one-electron picture, as these anions
gave sharp and well-defined features in valence NRXPS. Lastly, insights into
bonding were gained by making comparisons between experimental RXPS traces.
The use of valence RXPS traces as fingerprints for both intramolecular and
intermolecular bonding/interactions is investigated; this knowledge is important
to understand interactions of ions/molecules with both other solutes and
surfaces.

2. Experimental
2.1 Sample synthesis

Details of sample synthesis/preparation are given in ESI Section 1.}

2.2 Lab XPS apparatus

Laboratory-based XPS for the IL [C,C{Im][BF,] was carried out using a Thermo K-
alpha spectrometer utilising Al Ka radiation (hv = 1486.6 €V), as detailed in ref.
68. No impurities were observed after Ar' ion sputtering (ESI Fig. S217).

2.3 Synchrotron XPS apparatus

The measurement for 15 solutions was performed on the U49/2-PGM 1 beamline
with SOL’PES end-station® at BESSY II (Germany). Solutes were weighed and
mixed with a corresponding mass of solvent to achieve the desired concentration.
Liquid-jet apparatus was used. XP and RXP spectra were acquired using a Scienta
Omicron R4000 HIPP-2 hemispherical electron analyser.

The measurements for two ILs ([CsC;Im],[CoCl,] and [CgCiIm],[Co(NTE),])
were performed on the B07-C (VerSoX) beamline at Diamond Light Source (UK).*
A thin film (less than 0.1 mL, essentially so that no drop could be observed) of the
IL sample was placed on a tantalum sample holder. The “T-pot” analyser chamber
was used, which allowed for rastering of the sample continually, perpendicular to
the analyser entrance nozzle during X-ray irradiation. Rastering allowed for the
maximum X-ray flux of B07, as beam damage did not occur during the raster
experiments (unlike during static experiments, see ref. 69). XP and RXP spectra
were acquired using a PHOIBOS 150 NAP hemispherical electron analyser
supplied by SPECS. No sputtering was applied to the samples prior to measure-
ment (no contaminants were observed by NRXPS).

The measurements for five ILs ([CsC4Im][C(CN)s], [C4C1Im][SCN], [Ps 6 6,14][NOs],
[N 1 1,0][TfO] and [Ny ; 4 o[HSO,]) were performed on the 1311 beamline at MAX-lab
(Sweden). The apparatus used at MAX-lab is explained in ref. 68.

The angle between the polarisation vector of the incoming X-rays and the
analyser was different for the experimental set-ups used here (see ESI Table S1+
for the angle each sample was run at). However, this angle is unimportant for
valence RXPS, and will only affect the relative intensity of peaks in valence NRXPS.
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2.4 Producing RXPS traces

Valence RXPS traces were produced using the subtraction procedure outlined in
ref. 68. Briefly, traces of valence RXPS plus valence NRXPS had the valence NRXPS
contributions subtracted. In some cases, this subtraction method gave negative
features, due to either complications due to 2™ order light (e.g. Fig. 8c) or RXPS
contributions being much lower intensity than the NRXPS contributions (e.g.
Fig. 6d and 7e). The latter scenario causes a problem when a small percentage
increase in the NRXPS contribution at the absorption edge (i.e. the zv at which the
RXPS contribution occurs) relative to the hv at which only NRXPS contribution
occurs that is used for subtraction, leading to negative peaks in the subtracted
RXPS trace.

2.5 Charge referencing methods for XP spectra

The valence NRXPS features were at constant Eg with respect to Av for all exper-
iments presented here, see Fig. 3a and ESI Fig. S2-520.1 Therefore, any changes in
Eg for resonant features relative to non-resonant features were not due to sample
charging.

For the 11 aqueous solutions, all RXPS spectra were charge referenced to
Eg(1b;) = 11.33 eV by fitting the valence NRXPS * measured at 4 just below the
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Fig.3 N 1svalence RXPS for 1.0 M [Ng4,1.10l[HSO4l in water. (a) Heat map of photon energy
against binding energy for the N 1s valence RXPS. (b) Partial electron yield N 1s NEXAFS
spectra (spectator Auger region plus participator Auger region = XAS, and participator
Auger region only). (c) Valence NRXPS below the N 1s absorption edge (hv = 403.0 eV)
and N 1s valence RXPS (hv = 405.6 eV). The valence RXPS trace was produced using the
procedure outlined in ref. 68. All electron spectra were charge referenced using proce-
dures outlined in Section 2.5.
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relevant absorption edge. No charge referencing was applied to RXPS for neat
MeCN, neat EtOH and neat PC, given no literature Ep values could be found
for valence NRXPS. For 0.5 M [C4C,;Im][OAc] in MeCN, the O 1s RXPS was
charge referenced to the O 1s RXPS spectrum for 1.3 M [C,C;Im][OAc] in water to
allow for visual comparisons. All IL spectra were effectively charge referenced to
Ep(Caiy 1) = 289.58 eV.* Further small Ey, shifts were then applied to allow visual
comparisons to the RXPS measured in molecular solvents.

2.6 Calculation methods

DFT calculations were carried out at the B3LYP-D3(B])/6-311+G(d,p) level; further
details can be found in ESI Section 2.1 Structures were optimised as individual,
isolated molecules/ions. A generalised solvation model has been employed
(SMD), and the parameters employed are reported in ESI Table S2.1 Coordinates
for the molecules/ions studied are given in ESI Section 10.7

3. Results

3.1 Separating solute and solvent contributions to OVSs

3.1.1 Identifying solute contributions to OVSs. For the 15 ions/molecules
studied here, our approach of identifying solute contributions using valence
RXPS worked very well, despite the presence of very intense NRXPS solvent/
counterion contributions, e.g. Fig. 4, 6, 7 and 8. For some solutes, the RXPS
contributions were more intense than the solvent NRXPS contributions, e.g. C 1s
RXPS for 0.5 M [C,C,Im]I in water (ESI Fig. S141). For other solutes, it was more
challenging to distinguish solute contributions from solvent contributions. For
example, for N 1s RXPS of 1.0 M [Ny ; 1 o][HSO,] in water a weak but detectable PA
feature is visible on the heat map at 404 eV < hv <407 eV (Fig. 3b) and 19 eV > Eg >
10 eV (Fig. 3a and c); the NRXPS contributions from water were larger than N 1s
RXPS contributions from [Ny .1,0]" (Fig. 3a and c).

O 1s RXPS for solutes is a particular challenge, given oxygen features in many
common solvents, especially those with the properties required for successful
liquid jet XPS experiments, e.g. solvents with large relative permittivity. O 1s RXPS
for [OAc]™ in water worked very well, the O 1s — 7* X-ray absorption energy for
[OAc]™ (v ~ 533 €V) was significantly lower than the O 1s — o* X-ray absorption
energies for water (hv > 534 eV). Therefore, the PA contributions for [OAc]™ could
be separated from the PA contributions for water. RXPS maps and traces for
a number of key solvents (water, ethanol, propylene carbonate, acetonitrile) are
given in ESI Section 4.1 This data is a useful resource, especially for determining
whether solute contributions can be distinguished from solvent contributions
using RXPS.

3.1.2 Factors determining RXPS intensity. In the competition between SA
transitions and PA transitions to fill the core-hole, SA features were more intense
than valence PA features (Fig. 4), matching the literature.??%43-15:495052,5455 Ror
example, for N 1s RXPS of 1.0 M [N, 1 1 0][HSO,] in water, very strong features due
to SA transitions were observed at 45 eV > Eg > 20 €V relative to the features due to
PA transitions (Fig. 3a and c).

For the anions [BF,]” and [TfO] the F 1s RAES/RXPS spectra gave very low
intensity features due to PA transitions at 24 eV > Eg > 0 eV (Fig. 4a), giving very
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Fig. 4 Valence RXPS at different absorption edges. Shaded regions are shown for esti-
mated spectator Auger (SA, in light blue) and participator Auger (PA, in red) transition
contributions; backgrounds have not been included, so the SA region in particular will give
an overestimate of the true SA area. (a) F 1s valence RXPS for 0.5 M [C4C1Im][TfO] in water
(hy = 690.6 eV) and 0.5 M [C4C4Im][BF4] in water (hy = 696.4 eV). (b) O 1s valence RXPS for
[Ps,6,6,14l[NOz] (hy = 531.9 eV), 1.3 M [C4C4Im][OACc] in water (hv = 532.7 eV), propylene
carbonate (PC, hv = 533.3 eV for C=0 absorption and hy = 536.2 eV for C-O absorption),
[N4,1,1,0l[HSO4] (hy = 536.8 V), [N,2,10l[TfO] (hy = 535.3 eV), ethanol (EtOH, (hy = 535.4
eV)) and water (hv = 535.0 eV). (c) N 1s valence RXPS for [Pg 6,614 [NO3] (hy = 405.2 eV),
[CgCy1IMI[C(CN)3] (hy =399.0 eV and hv = 400.0 eV), 0.5 M [C4C1Im]IN(CN),] in water (hy =
400.1eV), 0.5 M [C4C4ImI]ISCN] in water (hy = 399.8 eV), acetonitrile (MeCN, (hy = 400.1
eV)), 1.8 M imidazole in water (hv = 400.2 eV for C—N=C absorption and hv = 401.9 eV for
C—NH-C absorption), 0.5 M [C4C4Im]l in water (hv = 402.1eV) and 3.3 M [N4,1.10][HSO4] in
water (hv = 405.6 eV). (d) C 1s valence RXPS for 0.5 M K[SCN] in water (hv = 287.5 eV),
0.5 M [C4CiIm]l in water (hv = 287.0 eV), propylene carbonate (PC, hv = 290.5 eV),
[Ps,6,6,14][NO3] (hy = 287.6 eV) and [N4,1.1 0l [HSO4] (hv = 288.5 eV). (e) B 1s valence RXPS for
0.5 M [C4CqImI][BF,4] in water (hv = 201.4 eV). The valence NRXPS contributions were
subtracted using the procedure outlined in ref. 68. All valence XP spectra were charge
referenced using procedures outlined in Section 2.5. The upper Eg limit for the participator
Auger region was chosen based on a combination of the relative intensity compared with
other features from participator/spectator transitions and variation in peak Eg with respect

This journal is © The Royal Society of Chemistry 2022  Faraday Discuss., 2022, 236, 389-411 | 397


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1fd00117e

Open Access Article. Published on 16 February 2022. Downloaded on 8/2/2025 5:03:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

small PA : SA intensity ratios. For the anion [SCN] ", three cations and PC, the C 1s
RAES/RXPS spectra gave much larger PA : SA intensity ratios than observed for F
1s (Fig. 4d and a). The PA : SA intensity ratios for O 1s RAES/RXPS spectra (Fig. 4b)
and N 1s RAES/RXPS spectra (Fig. 4c) were, on average across all samples, between
the two extremes of F 1s RAES/RXPS and C 1s RAES/RXPS. The correlation
between the element electronegativity and PA : SA intensity ratio holds for B 1s
RAES/RXPS for the solids BN and B,0O3, where large PA : SA intensity ratios were
observed.**™** However, for B 1s RAES/RXPS for [BF,]” the PA : SA intensity ratio
was very small indeed (Fig. 4e). It is expected that [BF,]” is a special case, as the
difference in electronegativity is so large between B and F.** Boron had little
localised electron density/OVSs, leading to the observed weak PA signal; this
observation is backed up by the boron pDoS for [BF,|~ (Fig. 7e), demonstrating
that the bonding in the individual ion/molecule needs to be taken into account
when considering the PA:SA intensity ratio and electronegativity. For most
samples, the PA : SA intensity ratios follow the order from largest to smallest: B 1s
>C1s >N 1s> O 1s > F 1s. This trend matches the element electronegativity,* as
noted for four gas phase small organic molecules.>® Overall, electronegativity
gives a good guide to the PA : SA intensity ratio, at least for the period 2 elements
from B to F.

When comparisons are made for different samples focusing on the same
element edge (i.e. carbon versus carbon, nitrogen versus nitrogen and oxygen
versus oxygen), the PA : SA intensity ratio was larger for samples with ©* valence
states than samples with o* valence states (Fig. 4b-d). However, the PA: SA
intensity ratio for [N, ; 1 0]" N 1s — o* RAES/RXPS (Fig. 4c) was significantly larger
than the PA : SA intensity ratio for PC(C=0) O 1s — 1* RAES/RXPS (Fig. 4b). This
finding demonstrates that the effect on the PA : SA intensity ratio of the bonding
type was not nearly so large as the effect of the electronegativity.

The overall RXPS enhancement is captured with the RXPS : NRXPS intensity
ratio for any Ep region (Fig. 5, 6b and ESI Table S47). For the data in Fig. 5 and 6b,
the NRXPS intensity can be determined from the off-resonant signal below the
absorption edge; the RXPS intensity can be determined from the on-resonant
signal. By far the largest RXPS : NRXPS intensity ratios were observed for N 1s
RXPS for MeCN (Fig. 5a and ESI Fig. S6t), e.g. for the HOVS of MeCN the
RXPS : NRXPS intensity ratio was ~100 (ESI Table S4f). Cyne 1s RXPS for
[C4C4Im]" (i.e. the three carbon atoms in the imidazolium ring) and N 1s RXPS for
[C(CN);]™ both gave RXPS : NRXPS intensity ratios of ~20 (Fig. 5a, b and ESI Table
S47). All other RXPS : NRXPS intensity ratios were below 10 (ESI Table S41). In
particular, the RXPS : NRXPS intensity ratios were in the range of 1 to 2 for
functional groups with little or no w* bonding and only o* bonding, e.g. O 1s
RXPS for water gave a RXPS : NRXPS intensity ratio of ~2 (Fig. 5c and ESI Table
S4t).

Overall, the RXPS : NRXPS intensity ratios did not match to the PA:SA
intensity ratios. For example, for MeCN N 1s RXPS the RXPS : NRXPS intensity
ratio was the largest value by far, but for MeCN N 1s RXPS the PA : SA intensity

to hv. The upper Eg limit for the spectator Auger region was chosen based on the Auger dip
(where measured, otherwise the upper limit of the measurement); the lower Eg limit for
the spectator Auger region was the same as the upper limit for the participator Auger
region.
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Fig.5 Partial electron yield NEXAFS spectra. (a) N 1s edge for acetonitrile (MeCN, 12.6 eV >
Eg>11.2eV)and 0.5 M [C4C4IM][SCN] in water (9.4 eV > Eg>7.4 V). (b) C 1s edge for0.5M
[C4Cqlm]l in water (10.0 eV > Eg > 9.2 eV). (c) O 1s edge for propylene carbonate (PC,
114 eV > Eg > 10.0 eV) and water (12.4 eV > Eg > 10.8 eV).

ratio was less than a number of other samples, e.g. [SCN]~ C 1s RXPS. Therefore, it
appears that the RXPS : NRXPS intensity ratio was determined by a combination
of the NEXAFS absorption cross-section and the competition between PA and SA
transitions. However, it is difficult to draw wide-ranging conclusions given the
dataset of RXPS : NRXPS intensity ratios available; especially problematic is the
sparse data focused on functional groups with only 6* bonding (and only those at
the F 1s or O 1s edges, where the PA : SA intensity ratios are very small).

3.2 Demonstrating the one-electron picture holds for valence RXPS

3.2.1 Valence NRXPS versus valence RXPS: Eg comparisons. Comparing
valence NRXPS and N 1s RXPS for [SCN] ", there were subtle differences in Eg for
the main features (Fig. 6a and c). The peak maxima for the features at Eg ~ 7.5 eV
and Eg ~ 13 eV were shifted by Eg ~ +0.2 eV for N 1s RXPS compared to NRXPS;
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Fig. 6 Comparing the valence RXPS and valence NRXPS for the anion N 1s — m*
absorption for [C4C;Im][SCNI: (a) N 1s valence RXPS heat map for [C4C4Im][SCNJ; (b) partial
electron yield N 1s NEXAFS spectra for two regions (Eg ~ 7.5 eV and Eg ~ 11.0 eV). (c) N 1s
valence RXPS for [C4C;Im][SCN] (hy = 399.5 eV), compared to the valence NRXPS for
[C4C1IMI[SCN] (hy = 1486.6 eV). The [C4C4Im]* contribution to the valence NRXPS was
negligible at hy = 1486.6 eV.5%%° (d) B 1s valence RXPS (hy = 201.4 eV) and F 1s valence
RXPS (hy = 696.4 eV) for 0.5 M [C4C4Im][BF4] in water, compared to the valence NRXPS for
[C4CyImI[BF4] (hy = 1486.6 eV). (e) Co 2p=, valence RXPS for [CgCqIm]>[CoCly] (hv = 774.9
eV), compared to the valence NRXPS for [CgCylm],[CoCly] (hy = 773.0 eV, intensity
multiplied by 4). The valence NRXPS contributions to valence RXPS were subtracted using
the procedure outlined in ref. 68. All electron spectra were charge referenced using
procedures outlined in Section 2.5.

however, the peak maxima for the features at Eg ~ 11 eV matched well for RXPS
and NRXPS (Fig. 6¢). Small E deviations between NRXPS and C 1s RXPS of about
0.1 eV to 0.2 eV have previously been observed for thin films of pure organic
model molecules;** the explanation was occupation of vibrational sub-levels in
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the final state of C 1s RXPS.*® We presume these vibrations gave similar Ey shifts
for dilute solutes in solution.

For [C(CN);] ™, two distinct N 1s(C=N) — =* absorptions were observed at
hv = 399.0 eV and & = 400.0 eV, both of which originate from the same core state,
as the three nitrogen atoms in [C(CN);]™ are equivalent (see ref. 86 for more
details). The two N 1s RXPS traces for [C(CN);]” were very similar (Fig. 4c);
furthermore, the SA features were broadly similar in terms of feature shape
(Fig. 4c). Unsurprisingly, the OVSs that contributed to the two N 1s RXPS traces
were essentially the same. For the two N 1s RXPS contributions at different /v for
[C(CN)3], the feature at lowest Eg from the HOVS was different by Eg ~ 0.15 eV,
most likely due to subtle differences in final state vibrational contributions for the
two PA transitions. Furthermore, for [C(CN);]” mismatches were observed
between the NRXPS and N 1s RXPS features for the HOVS; Eg ~ 0.2 eV for v =
399.0 eV and Ep ~ 0.35 eV for hv = 400.0 eV (ESI Fig. S8et). Again, these differ-
ences must be due to final state vibrational contributions in the PA transitions not
present in the valence NRXPS.

For 0.5 M [C,C;Im][BF,] in water, signals from valence NRXPS for the solute
were dwarfed by signal from the solvent (ESI Fig. S11t). Therefore, comparisons
are made between the valence NRXPS for neat IL [C,C;Im][BF,], which were
dominated by anion contributions (in this case, F 2p contributions) due to pho-
toionisation cross-section effects.®>*” These comparisons show a very good visual
match at 18 eV > Ep > 11 eV between the valence NRXPS for neat IL [C,C;Im][BF,]
and both B 1s RXPS and F 1s RXPS for [BF,]™ (Fig. 6d).

For the IL [CgCsIm],[CoCl,], valence NRXPS and Co 2p;, RXPS showed
significant differences in both Ey for the main features and the spectral shapes
(Fig. 6e). However, there were far more features observed in Co 2p;/, RXPS than in
valence NRXPS, particularly at 18 eV > Ez > 12 eV. The kinetic energy Ex was
~764 €V for the Co L;M,sL, s Auger transition from NRXPS,*” which gives an
apparent Eg ~ 11 eV at hv = 775 €V, meaning that features due to SA transitions
would be expected in the same Eg region that the resonant features were detected
for [CoCl4]>~. However, all of the resonant features remained at approximately
constant Egz when Av was increased, strongly suggesting that PA transitions
dominated over SA transitions. It is possible that for the RXPS features at 12 eV >
Eg > 6 €V the one-electron picture held, but determining that is beyond the scope
of this article. However, for the features at 18 eV > Eg > 12 eV the one-electron
picture certainly did not hold.

These comparisons for closed shell ions all demonstrate that the one-electron
picture broadly held for valence RXPS. The lack of matching in terms of Ey for the
NRXPS and RXPS features, strongly indicates that the one-electron picture failed
for open shell complexes such as [CoCl,]*".

3.2.2 Valence RXPS traces versus pDoS calculations. For almost all samples
studied here, and all samples that contained 7 bonding, comparisons of RXPS
traces and pDoS from calculations showed excellent matches (Fig. 7 and ESI
Section 9t1), e.g. for seven different inorganic anions that contain m-bonding, five
different organic solutes that contain 7-bonding, and two inorganic anions that
contain no w-bonding and only o-bonding in the relevant functional groups,
[BF,]” (Fig. 7e) and [TfO]™ (ESI Fig. S24bf).

The most impressive matches of RXPS traces and pDoS was for samples for
which more than one RXPS trace was recorded, i.e. PC, [C,C;Im]", imidazole,
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Fig. 7 Valence RXPS at different absorption edges compared to molecule/lone ion SMD
pDoS calculations. (a) O 1s valence RXPS traces for propylene carbonate (PC) at both the
C=0 and C-O-C absorption edges (hy = 533.3 eV and hv = 536.2 eV respectively), and C
1s valence RXPS trace for propylene carbonate (PC) at the C=0O absorption edge (hv =
290.5 eV), compared to C=0 O pDoS, C-O-C O pDoS and C=0O C pDoS calculated for
PCinan SMD. (b) N 1s valence RXPS (hy = 402.1 eV) and C 1s valence RXPS (hy = 287.0 eV)
traces for 0.5 M [C4C4Imll in water, compared to C,ing 2p (i.e. the three carbon atoms in the
imidazolium ring) and N 2p pDoS calculated for lone [CgC,Im]* in an SMD. (c) N 1s valence
RXPS traces for 1.8 M imidazole in water at both the C—N=C and C-NH-C absorption
edges (hv = 400.2 eV and hy = 401.9 eV respectively), compared to C—N=C and C-NH-
C N pDosS calculated for imidazole in an SMD. (d) N 1s valence RXPS trace for 0.5 M
[C4C4IMI][SCN] in water (hv = 399.8 eV) and C 1s valence RXPS trace for 0.5 M K[SCN] in
water (hv = 287.5 eV), compared to C 2p, N 2p and S 3p pDoS calculated for lone [SCN] ™ in
an SMD. (e) B 1s valence RXPS (hv = 201.4 eV) and F 1s valence RXPS (hv = 696.4 eV) traces
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[SCN] ™, [BF,4] and [NO;]™ (Fig. 7 and ESI Section 97). The visual match for PC was
remarkable, as a comparison we showed that the pDoS matched the very small
(but reliable, given they are measured in the same O 1s experiment with no
charging effects observed) shift in Eg for the lowest Eg features for C=0 and C-O-
C (Fig. 7a). Furthermore, the match of the Ep peak separation for the features at
lowest Ej for carbon and nitrogen for [C,C;Im]" was also very noteworthy; from
both experimental RXPS and pDoS the Eg peak separation was ~1.0 eV (Fig. 7b),
further emphasising the excellent match of the cheap, simple calculations and
experimental RXPS. Lastly, for [BF,]” F 1s RXPS and F 2p pDoS gave excellent
visual matches for the two main features at Ez ~ 17 eV and Ep ~ 13 eV (Fig. 7e) and
[BF,]” B 1s RXPS and B 2p pDoS gave an excellent visual match at Eg ~ 17 eV
(Fig. 7e).

For three different organic cations ([Ng11,0]"y [N221,0]" and [Pege14]’) and
both water and ethanol, which all contain only o-bonding, there were reasonable
matches of valence RXPS and pDosS calculations (see ESI Section 97), but far less
satisfactory than the other systems explained previously here. For all five of these
ions/molecules, the RXPS traces showed a broad feature with no clear peaks,
unlike all of the ion/molecules with 7 bonding (and [BF,]™ and [TfO]” too) which
showed clear, readily identifiable peaks due to PA transitions. Furthermore, for all
five of these ions/molecules the relevant pDoS showed clear, readily identifiable
peaks; hence, the matches were reasonable but clearly poorer than other systems
studied here. For example, N 1s RXPS for [N4,171,0]+ gave a broader feature than
the N 2p pDoS (Fig. 7f), agreeing with observations for a perovskite with an
organic, protic ammonium cation.®® The small RXPS : NRXPS intensity ratios are
probably not the explanation, otherwise all ions/molecules that contain only o-
bonding would show the same reasonable matches. All five of the ions/molecules
that gave reasonable matches all had hydrogen atoms covalently bonded to the
atoms studied using RXPS, e.g. one N-H bond for [N, ; ; o]'. Therefore, final state
vibrational contributions were likely a significant contribution to the broad
experimental RXPS traces. Furthermore, it is possible that a range of ground state
liquid phase environments not captured by the single calculated conformer (i.e.
conformational flexibility and/or hydrogen bonding) also contributed for some
ions/molecules. To untangle this problem further, RXPS calculations including
a core-hole may be required, which are very challenging for condensed systems,
particularly for solutes; these types of calculations have only been achieved for
a small number of systems, with a focus on gas phase molecules with few atoms
(e.g. formic acid,** HNCO,* CH,,* and pyrimidine®).

[SCN]™ N 1s RXPS and N 2p pDoS gave excellent visual matches for the three
main features at lowest Ep (Fig. 7d). Furthermore, [SCN]™ C 1s RXPS and C 2p
pDosS also gave excellent visual matches for the three main features at lowest Eg
(Fig. 7d). One small difference is the feature at Ex ~ 8 eV, which has an experi-
mental C 1s RXPS contribution but not matching C 2p pDoS contribution, also
found by other calculations.®®®* This mismatch was most likely due to subtle

for 0.5 M [C4C4Im][BF,4] in water, compared to B 2p and F 2p pDoS calculated for lone
[BF4]™ inan SMD. (f) N 1s valence RXPS trace for 3.3 M [N4 11 0l[HSO4,] in water (hv = 405.6
eV), compared to N 2p pDoS calculated for lone [N4110]* in an SMD. The valence NRXPS
contributions were subtracted using the procedure outlined in ref. 68. All electron spectra
were charge referenced using procedures outlined in Section 2.5.
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differences of experiments and calculations, i.e. the HOMO and HOMO—1 for
[SCN]™ have no C 2p contribution but significant N 2p and S 3p contributions, and
it is these N 2p and S 3p contributions that most likely gave rise to the feature in
the experimental C 1s RXPS data for [SCN] . Essentially, how the density is
assigned in pDoS calculations and the selection rules for RXPS do not quite
match, which is not a surprising observation; furthermore, given the lack of
success establishing selection rules for valence RXPS*»*>% and the difficulty
performing RXPS calculations®*® solving this mismatch will not be
straightforward.

Overall, these excellent matches of experimental valence RXPS and pDoS
demonstrate that the one-electron picture of valence RXPS holds for these closed
shell molecules/ions. Moreover, these excellent matches support the use of RXPS
to identify atomic contributions to OVSs.

3.3 Insights into bonding

3.3.1 Element-, orbital- and site-specific comparisons of valence RXPS:
insights into bonding. For four of the ions/molecules studied here ([BF,] ,
[SCN]™, [NOs]™, PC), RXPS traces recorded for more than one element gave
excellent Eg matches of features/peaks (Fig. 7 and ESI Fig. S24d+t). For [BF,]™ B 1s
RXPS and F 1s RXPS both gave a feature at Eg ~ 17 eV (Fig. 7e), an excellent visual
match; these features must have originated from the same OVSs (or degenerate
states). The N 1s and C 1s RXPS traces for [SCN] ™ matched very well in terms of the
Ey of the three main features (Fig. 7d). The N 1s and O 1s RXPS traces for [NO;]~
matched very well in terms of the Eg of the three main features (ESI Fig. S24d¥).
The PC C 1s RXPS trace at the C 1s — 7* absorption at Ay = 290.5 eV (most likely
due to C=0) matched well in terms of Eg to the O 1s NRXPS traces for C=0 and
C-0-C; all three RXPS traces gave features at Eg ~ 11 eV and 15 eV (Fig. 7a). All
these excellent matches strongly demonstrate that the one-electron picture held
for these systems.

For both [C,C;Im]" and imidazole (which both have rings in their structure),
the same element gave two core state — w* NEXAFS absorptions, C 1s for
[C4C1Im]" and N 1s for imidazole (ESI Fig. S14b and S8b). For both [C,C,Im]" and
imidazole, the two absorptions were caused by two different core states,*®* and
involved absorption to the same 7* previously unoccupied valence state (see ESI
Section 8t for more details). For both [C,C,Im]" and imidazole, the RXPS traces
recorded for the two core state — 7* NEXAFS absorptions gave excellent matches
of features/peaks and were essentially identical (ESI Fig. S14dt and 7c respec-
tively), demonstrating that the same OVSs contributed to both RXPS traces. It can
be concluded that the same OVSs had similarly good overlap with different core-
holes in the ring structures, pointing towards delocalisation of the valence states
over the ring structures.

3.3.2 RXPS spectra as fingerprints: effect of the surroundings. A visual
comparison of the peak Eg separation and relative peak intensity for ions in
different solvation environments shows a good match for all six different ions
(Fig. 8). For example, [OAc]™ in water and [OAc]” in MeCN shows the same
complex shape (Fig. 8c). Moreover, for [C,C,;Im][A] where the anion [A]” was
varied the N 1s RXPS gave almost identical peak Eg separation and relative peak
intensity, e.g. for [C,C,Im]" the Ej separation between the two main features was
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Fig. 8 Valence RXPS at different absorption edges. (a) N 1s valence RXPS traces for solid
Na[NOs] (hv = 405.0 eV, data from ref. 41) and [Pg ¢,6,14/[NO3] (hy = 405.0 eV). (b) O 1s
valence RXPS traces for solid Na[NOgs] (hv = 532.0 eV, data from ref. 41) and [Pg 6 6.14] [INO3]
(hy = 405.2 eV). (c) O 1s valence RXPS traces for 1.3 M [C4C4Im][OACc] in water (hy = 532.7
eV) and 0.5 M [C4C4Im][OAc] in MeCN (hy = 532.7 eV). (d) N 1s valence RXPS traces for
0.5 M [C4CyIm]l in water (hy = 402.1 eV) and [CgC4Im][SnCls] (hy = 401.8 eV, data taken
from ref. 69). (e) C 1s valence RXPS traces for 0.5 M [C4C,Im]l in water (hvy = 287.0 eV) and
[CeC1IM]L[Co(NTfL)4] (hy = 285.5 eV, data taken from ref. 69). (f) N 1s valence RXPS traces
for 0.5 M [C4C4Im][SCN] in water (hy = 399.8 eV) and [C4C4Im][SCN] (hy = 399.5 eV). The
valence NRXPS contributions were subtracted using the procedure outlined in ref. 68. All
electron spectra were charge referenced using procedures outlined in Section 2.5.

~6 eV for both [C,C;Im]" in water and [C¢C,Im][SnCl;] (Fig. 8d).***° Furthermore,
the match for [C,C,Im]" for Cring 1s RXPS (i.e. the three carbon atoms in the
imidazolium ring) in two different solvation environments was also good (Fig. 8e).
Therefore, the solvation environment of these ions in solution (and in certain
solids, e.g. Na[NOj;] in ref. 41) did not strongly affect the Eg separation of the OVSs,
i.e. either the covalent bonding of the ions in question was not strongly affected by
the solvation environment, or the covalent bonding of the ions was all equally
affected. Furthermore, these observations demonstrate that ions will give
fingerprint RXPS spectra, independent of the solvation environment.

While varying solvation environments appear to have little effect on RXPS,
small changes in the local covalent environment have been found to lead to
significant differences in RXPS for a small number of organic molecules in the gas
phase.*" The four ions/molecules studied here that contain at least one cyano
functional group ([SCN]~, [N(CN),] ", [C(CN);]” and MeCN), the N 1s RXPS spectra
were very different (Fig. 4c), matching the literature findings. Other examples
where the same/similar functional group in two different samples gave very

This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 236, 389-411 | 405


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1fd00117e

Open Access Article. Published on 16 February 2022. Downloaded on 8/2/2025 5:03:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

different RXPS spectra include: N 1s RXPS for [C,C,Im]" versus imidazole (Fig. 4c),
O 1s RXPS for ethanol versus water (Fig. 4b), O 1s RXPS for PC(C=0) versus [OAc]~
(Fig. 4b) and O 1s RXPS for [HSO,]™ versus [TfO]™ (Fig. 4b). These findings match
literature examples of small gas phase organic molecules.*

Broadly, it has been shown that changing the covalent, intermolecular
bonding of an ion/molecule had a significant impact on the RXPS, but changing
the intramolecular solvation environment had far less of an impact on the RXPS.
In ref. 31, the extreme sensitivity of RXPS to changes in intermolecular covalent
bonding was seen as a downside, as the technique could not be used for structural
analysis of functional groups. However, the RXPS spectra published here are the
beginnings of a dataset of fingerprint RXPS spectra of commonly studied ions and
molecules.

4. Conclusions and future work

RXPS can be used to identify atomic contributions to OVSs. This approach is
particularly valuable for complicated systems, e.g. solutes at low concentration.
Closed shell ions/molecules with 7 bonding are particularly suited to RXPS
studies, both in terms of giving high intensity RXPS features, but also giving well-
defined RXPS features too.

Very importantly, all evidence shows that the one-electron picture holds for
valence RXPS for closed-shell ions/molecules. Valence RXPS data matches well in
terms of Ep to valence NRXPS, with the small differences that sometimes appear
due to final state vibrational contributions. This finding demonstrates that the
one-electron picture of RXPS holds for closed shell ions/molecules. However, for
[CoCl,]* the valence RXPS and valence NRXPS were very different, demonstrating
that the one-electron picture of RXPS does not hold for open shell ions/molecules
for all PA transitions, although the one-electron picture may hold for certain PA
transitions. RXPS matched very well with pDoS for a wide range of samples and
element edges. Therefore, RXPS data provides an excellent benchmark for vali-
dation of ground state calculations of OVSs. This finding reinforces that the one-
electron picture of RXPS holds for closed shell ions/molecules. Furthermore,
insight can be gained into bonding by comparisons of RXPS and pDoS.

Our experimental set-ups are well-suited to measuring small signals, e.g. PA
transitions for fluorine, due to the constantly refreshed sample environment, by
liquid jet or rastering respectively. Significantly, a measurable PA signal was
observed for every molecule/ion studied here. For example, for F-containing
anions, a F 1s PA signal was observed, whereas no F 1s PA signal was observed
for solid CaF,.***® As far as we are aware, this represents the first measurement of
an F 1s PA transition. Furthermore, the F 1s PA signal for both [BF,]” and [TfO]~
matched very well to calculated pDoS data.

Two guidelines for ions/molecules to give large RXPS signal are: (i) the element
studied having low electronegativity, (ii) = bonding involving the element studied.
For example, F 1s valence RXPS for [TfO]™ gave a small RXPS signal, even though
the SO; functional group contains 7 bonding, because the CF; functional group
contains only ¢ bonding. Therefore, O 1s valence RXPS of water as a solute will be
challenging given the small and broad RXPS signal; conversely, water is a good
solvent for studying O 1s valence RXPS of solutes dissolved in water. Overall, to
obtain high quality data for RXPS for solutes with the same element as the
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solvent, the ideal is solutes that give large RXPS signal and solvents that give small
RXPS.

An area of RXPS studies that has potential is studying functional groups of
ions/molecules that contain only ¢ bonding. RXPS measurements of e.g. alkyl-
amines and alkanes to determine their PA:SA intensity ratios would be
instructive, to determine the relative importance of low electronegativity elements
versus the bonding type. Furthermore RXPS for functional groups which only have
o bonding, e.g. tetraalkylammonium, alkanes, ethers, to determine the relative
importance of covalent bonds to hydrogen for RXPS.

RXPS traces were used to demonstrate the strong impact of covalent bonding
on RXPS, but the weak impact of non-covalent intermolecular interactions on
RXPS. The dataset of fingerprint RXPS spectra of commonly studied ions and
molecules presented here will prove very useful for understanding interactions of
these ions and molecules with surfaces. Many simple molecules have been
studied as adsorbates on surfaces for many years,*® along with larger adsorbates,*>
but most of the complex ions presented here in particular are yet to be studied as
adsorbates using RXPS.
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