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ABSTRACT: Anion interactions with cations/molecules are crucial across oxygen [l;rsF”él]— [0AGF ¥’ Donor number (DN

chemistry and biology: in battery electrolytes, synthesis, atmospheric processes, For v Erom XPS or DFT

and protein denaturation. Selecting the optimum anion represents an immense fiuorine (BFi]
challenge, as anion interactions are diverse and complex. Descriptors are needed sl

that quantitatively capture the ability of anions to interact with cations and nitrogen [SCN]

molecules. However, only a small number of experimental anion interaction e ¥’ 52 anions
descriptors exist, all with similar limitations. Here we show that core-level anion 2 4 0 1 %2 ¥ Interpretable
electron binding energies, Eg(core,anion), can be used to produce a new atomic- Weak Strong ¥ Probe-independent
level descriptor for each of the key donor elements for anion interactions (O, N, F, donor atom donor atom

Cl, Br, I, S), the element-specific donor number (DN, ypg). DN ypg descriptors are

intrinsic, capturing the anion interaction abilities independent of any probe, countercation, or solvent. DN xpg descriptors are also
interpretable, as Eg(core,anion) and therefore DN ypg are proportional to the electrostatic potential at the specific donor atom
nucleus. Experimental core-level X-ray photoelectron spectroscopy (XPS) is used to measure Eg(core,anion) and therefore DN _xps.
Furthermore, DNy, yps descriptors are produced easily and at low cost using lone-anion-SMD (solvation model density) calculations,
a significant advance on the current anion descriptors, greatly reducing and potentially removing the need for experimental anion
characterization. This work will greatly facilitate anion selection, especially for complex anions capable of forming interactions
through multiple different atoms. We envisage our calculation method enabling the production of a very large database of DNE ypg
for each key element, ideal for use as machine learning training data sets.

v Element-specific
[FSIF v 0,F,N,Cl,Br,1,S

1. INTRODUCTION monatomic to large polyatomic; from highly symmetric to
relatively asymmetric (examples in Figure 1). Anion inter-
action/binding modes to cations/molecules are complex. Most
anions have multiple potential donor atoms and so can bind

Interactions of anions with cations/molecules/solids play a key
role in a vast number of chemical, biological, and industrial

rocesses. For energy storage devices,"”” anion—metal cation
P . . 8y 8 ’ . mono-/bi-/tridentate, depending on the solution composition,
interactions in battery electrolytes can both ease metal cation

- o e 30—34
desolvation before deposition/intercalation‘}’_5 and facilitate eg, [PF] WIth Li" can b? mono-/bi-/ tr.ldentate. A

. . . 1,69 further complication can be anions that contain more than one
superior solid-electrolyte interphase (SEI) formation.

Furthermore, strong anion—solvent interactions in the battery type of donor at.om (Flgzlre 1 and Supp c?rtlng I.nformat%on
electrolyte can enhance solvent reductive stability, reducing Table 542); the primary (1°) donor atom will dommate_ anion
unwanted electrochemical decomposition.m_12 In the realm of 1nteract}ons (e'.g., O donor atoms f.or [((;F3SOOZ) :NJ7), but
chemical synthesis,">~2° the strength of anion—hydroxyl group strong 1n‘teract10Ans of secondary/tertiary (2°/3°) donor atoms
interactions is an important factor for deconstruction of are also 1nﬂuen.t1al, e'g'gsgédonor atoms of [(CF;S0,),N]" for
lignocellulosic biomass into biofuels.' Moreover, weakly LiF forrr}atmn in SEls. . L .
coordinating anions are important for both (stereoselective) ]'DESCIjlptOI'S that. q1.1ant1f)'r anion 1r'1teract'1ons.are nee?ded to
cationic catalysts”'® and stabilization of highly electrophilic/ rationalize and optimize anion selection. Historically, trlal-.and-
oxidizing cations.'¢ Lastly, in the electrochemical synthesis of error has been used to some extent to select good candidate
CO, for fuel production, anion—metal surface interactions »
significantly impact both kinetics and selectivity.'”*° For Received:  March 30, 2026 SJALS
biological processes,m’22 protein denaturation can be directed Revised:  June 30, 2026 ; :
by the strength of anion—protein interactions.”! Accepted: July 1, 2026
Selecting the optimum anion for an application represents Published: August 13, 2026
an immense challenge. The number of anions to choose from
is large and growing.zg’_29 Anion structures are diverse: from
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Figure 1. Selected anions with primary/secondary/tertiary (1°/2°/
3°) donor atoms labeled.

L 374l .
anions. More recently, data-driven methods have come to

the fore.*”**** Experimental anion descriptors based on the
spectroscopy of anion-probe interactions, summarized in Table
1,37%75% are now routinely used to aid anion selection,
especially in the ionic liquid > and battery communities.”* >’
Probes used are either a cation (Na*,** Li*,* dialkylimidazo-
lium cation,*™* Cu* complex*®) to produce donor number
(DN) descriptors or heterocyclic dye molecules to produce
hydrogen bond acceptor (f) descriptors.””~>’ The most
prominent of these anion descriptors were originally developed
as solvent descriptors in the 1970s (Kamlet—Taft S, and DN

from Na NMR, DNy, o), " % highlighting that new
interaction strength descriptors are rarely discovered. Fur-
thermore, the current experimental anion descriptors have
several critical limitations, as discussed in the next four
paragraphs.

Anion descriptors are needed that provide atomic-level
insights into interactions. For solvents, there has been a recent
realization that single-value interaction strength descriptors do
not provide atomic-level insight and are insufficient to capture
interaction complexity.”*~*® For example, calculated electro-
static potential (ESP) descriptors are a recent and growing area
in the battery community to identify which part of the solvent/
additive molecule has good electron donor ability,*>*
including the oxygen atom coordinated to Li*.® Given that
anion interactions are more complex than solvent interactions,
the single value to describe the whole anion provided by the
existing anion descriptors leaves significant room for improve-
ment.

There is strong uncertainty over the general applicability of
the current probe-dependent experimental anion descriptors.
The anion-substrate interaction relevant to an application will
often be very different to the anion-probe interaction captured
by the anion descriptor.”® Moreover, anion descriptors are
probe-dependent (Table 1); probe-cation/probe-solvent inter-
actions contribute (see Supporting Information section 1 for
more details).***°~>* Thus, the current anion descriptors are
not intrinsic measures of anion properties.37’43_53 Intrinsic
anion descriptors do not exist due to the limitations of the
current spectroscopic toolbox; NMR, IR and Raman spectros-
copies are all limited to certain elements/functional groups in
anions, and the 1° donor atom for anions varies greatly, e.g., O
in [(CE;80,),N]7, F in [PE]", N in [B(CN),], Cl in
[ZnCl,]*" (examples in Figure 1).

Expensive anion synthesis combined with descriptor
measurement is currently essential to understand and predict
anion interaction strengths. The existing experimental anion
descriptors have not been calculated using high accuracy and
low-cost methods. One attempt for anion fyp concluded that
their method, calculation of the spectroscopic signature of
relatively large anion-probe structures, was not suitable for
routine screening.69 Furthermore, the accuracy of anion
descriptors from low-cost calculations, e.g, Fukui func-
tions,”’~"* is under question as they have not been validated
against experimental anion descriptors; gas-phase lone-anion
calculations generally do not capture liquid-phase anion
properties.”” Machine learning (ML) has been used to predict

Table 1. Strengths and Weaknesses of Experimental Anion Descriptors That Capture Intermolecular Anion—Cation/Anion—

Molecule Interaction Strengths

spectroscopic
descriptor ref method probe
Pxr 50, 51 UV—vis heterocyclic dye molecules
Pramr 52 F NMR fluorinated heterocyclic dye
molecules
Prir 53 UV-—vis heterocyclic dye molecules
DNy.amr 44 Na NMR Na*
DNpame 45 Li NMR Li*
DNpawve 46, 47 'H NMR [C,CiIm]*
DNpxps 48,49 XPS [C4CyIm]*
DNc,.uv 46 UV—vis cationic Cu complex
DNE xps here XPS no probe

35499

readily
atomic-level? probe-independent? calculated? interpretability

X X X Reasonable

X X X Reasonable

X X X Reasonable

X X X Challenging

X X X Very challenging
X X X Challenging

X X X Excellent

X X X Reasonable

\/ \/ \/ Excellent

https://doi.org/10.1021/jacs.6c06567
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Small Eg(core,anion) Small v, Large DNg.yps Strong donor atom
e.g. for [CH;CO,] mm) | eg.[CH,CO,] |mmp | e.g.for [CH,CO,) | mmp [ e.g.[CH,CO,] has strong
Eg(O,nion 1) = 535.23 eV has small Vg, DNo.xps = 2.64 eV O donor atoms
Large Eg(core,anion) Large V, Small DNg.yps Weak donor atom
e.g. for [(FSO,),N] ) | eg.[(FSO,),N] | mmp | e.g.for [(FSO,),N]" | mmp [ e.g. [(FSO,),N] has weak
Eg(O,nion 15) =537.87 eV has large V, DNg.xps = 0.00 eV O donor atoms

Figure 2. Relationship between XPS electron binding energies, Eg(core,anion), e.g., Eg(O,i0n 15), electrostatic potential at the nucleus (as defined
in ref 101), V,, e.g, Vo, element-specific donor number, DN _xps, .2, DN xps, and donor atom strength/ability.

interaction strength descriptors for solvents/molecules’*~"”

but not for anions to date.

For existing experimental anion descriptors, interpretability
remains an issue; correlations between common/easily under-
stood anion physicochemical properties and the experimental
anion descriptors are sorely lacking (Table 1). This is caused
by the same problems that limit calculations: lack of
understanding of both the specific anion-probe interactions
and the spectroscopies (especially NMR”*~*). Interpretable
experimental anion descriptors can provide a route to design
rules for anion selection.

Here we use the element specificity of core-level X-ray
photoelectron spectroscopy (XPS),*" along with easy and low-
cost DFT calculations, to obtain core-level anion electron
binding energies, Eg(core,anion), for key elements for anion
electron donation (O, N, F, Cl, Br, I, S). Both liquid-jet XPS
apparatus (for anions in molecular solvents) and liquid drop
apparatus (for anions in ionic liquids) are used to
experimentally measure Eg(core,anion). Lone-anion SMD
(solvation model density) calculations are used to calculate
Eg(corejanion). We then convert these Ej(core,anion) into
new element-specific donor number (DN yps) descriptors for
52 anions in total across the seven elements (Supporting
Information Table S2). For Eg(core,anion) in ionic liquids, we
use a combination of data measured here and literature
data;*®7>%27%5 the focus of literature studies involving
Ey(core,anion) has previously been anion speciation®*”> and
not anion descriptor generation. Here we provide the first XPS
measurements for the same anions in different molecular
solvents and make crucial comparisons to XPS for anions in
ionic liquids for the first time. There is little Ez(core,anion)
data for anions solvated in molecular solvents;”®"” the focus
has been on Ey(valenceanion) for anions in water.”® "%
Eg(core,anion) and therefore DN ypg have the potential to
capture anion interaction strength.'”’ The $2 anions
(Supporting Information Table S2) are chosen based on a
combination of relevance to specific applications (batteries,
synthesis and catalysis, atmospheric chemistry, gas capture, and
protein denaturation) and covering the range of possible donor
atom types. The solvents studied here cover an excellent range
of solvation environments; water is a good electron acceptor
solvent, whereas triethyl phosphate (TEP), propylene carbo-
nate (PC), and dialkylimidazolium (the countercation used

here for ionic liquids) are relatively poor electron accept-
102,103
rs.

2. RESULTS AND DISCUSSION

2.1. Element-Specific Anion Donor Number Values:
Atomic-Level Descriptors

We have measured XPS-derived element-specific donor
numbers, DNg yps, for the first time. DNy ypg provide

experimental atomic-level descriptors for primary/secondary/
tertiary (1°/2°/3°) donor atoms for anions. Small
Eg(corejanion) — small V, (V,, is the electrostatic potential
at the nucleus, where n is the nucleus of a specific atom) —
large DNgyps — strong donor atom (Figure 2, top). In
contrast, large Eg(core,anion) — large V, — small DN ypg —
weak donor atom (Figure 2, bottom).

As this publication represents the first time that XPS has
been used to obtain DN _xp, here we show exemplar O, 1s
XP spectra used to obtain DNg xpg for seven anions in ionic
liquids (Figure 3, Supporting Information Figure S56 for O,
1s XP spectra of all 1S anions studied here). In core-level XPS,
different covalent bonding environments can be distinguished
for the same element in a single anion given sufficiently
different Eg(core,anion); peak area ratios for the same element
match the stoichiometry of the anion, which allows the
contributions from anion structural moieties to be identified in
the experimental XP spectra. The two different O atom
bonding environments in [ROSO;]™ (R = H, CH;, CH, ), 1°
donor SO; and 2° donor RO (structure for R = CHj in Figure
1), are well-separated in Eg(O,p0, 1s) and in a 3:1 area ratio
(Figure 3 and Supporting Information Figure S56); Eg(O,pnion
1s) and therefore DN xps can be measured for both SO, and
RO. Different covalent bonding environments can be
distinguished for other anions: Opy and Ogpc in
[(CH;0),PO,]” (structure in Supporting Information Table
S2, XP spectrum in Supporting Information Figure SS6),
Niermina and Niridging in [N(CN),]~ (structure in Figure 1, XP
spectrum in Supporting Information Figure S57), Fpp and Fcp
in [(C,Fs);PF;]™ (structure in Supporting Information Table
S2, XP spectrum in Supporting Information Figure S58),
terminal and bridge halides in halozincates (example structure
in Figure 1, XP spectra in Supporting Information Figures S59
and S60). Furthermore, anions that are too challenging to
measure for other experimental descriptors (e.g,, I” or open-
shell metal complexes for  based on UV—vis spectroscopy)
can be measured using core-level XPS. Calculations can
facilitate identification of atoms of the same element with
different covalent bonding with similar donor strength in the
same anion, which is very challenging for experimental XPS,
e.g,, for oxygen in [B(C,0,),]” (structure in Figure 1), Ogq
and O¢g bonding environments can be readily distinguished in
the calculated O 1s XP spectrum (Figure 3, structure in Figure
1).

For four of the 52 anions studied here ([(CF;SO,),N]~
(also known as [NTf,]™ or [TESI]™), [(C,FSO,),N]~ (also
known as [NPf,]” or [BETI]"), [(FSO,),N]~ (also known as
[FSI]7), and [SCN]"), the identity of the primary donor atom
depends on the cation/molecule the anion is interacting with,
eg, O or N for [(CF;S0,),N]". We have identified the
primary donor atom for these four anions as the atom type that

https://doi.org/10.1021/jacs.6c06567
J. Am. Chem. Soc. 2026, 148, 35498—35514
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Figure 3. O 1s XP spectra (dots are XP spectra, colored traces are
fits) and values of Eg(O,yi0n 1s) and DNg xps (bottom and top axes,
respectively) of oxygen-containing anions in ionic liquid: [C4C,Im]-
[(FSO,),N]; [B(C,0,),]” (total and also calculated C=O and BO
contributions); [C4C,Im][(CF;S0,),N]; [C,CIm][CH;0S0;]
(total and also fitted CO and SO; components); [C4C,Im]-
[CF,CO,]; [C,C,Im][(CH;0),PO,] (total and also fitted CO and
PO, components); [C,C,Im][CH;CO,]. Traces are vertically offset
for clarity. Area normalization is to the number of atoms in each anion
and explained further in Supporting Information section 8.3. Charge
referencing is given in Supporting Information section 8.2. For
Eg(Oynion 1s) (and therefore DN _yps), the experimental uncertainty
is +£0.10 eV (Supporting Information section 14.2) and the calculated
uncertainty is +0.20 eV (Supporting Information section 14.4); these
uncertainty values are represented by the width of each block.

most commonly interacts with cations/molecules using a
combination of experiments'**~'°® and calculations:** O for
[(CF3SOZ)2N]_; [(Cstsoz)zN]_; and [(FSO,),N]7; N for
[SCN]".

DNg xps values for seven elements are each produced using
the same method (see Figure S9 and Figure S10 for two
flowcharts explaining the method in detail). Values of DNg ypg
for each element are obtained using a combination of
Eg(core,anion) (Supporting Information Figures S56—S62)
and the appropriate equation (Table 2, column 2); DN ypg
values are given in Table 3 to Table 6, Supporting Information
Tables S52—S54). The equations for DN yps (Table 2,
column 2) are produced using Eg(core,anion) for the weakest
1° donor atom for each element (anion identified in Table 2,
column 3, Eg(core,anion) value given in Table 2, column 4).
For example, [(FSO,),N]™ is the weakest 1° oxygen donor
atom presented here, giving the largest Eg(O,p0n 1s) for a 1°
oxygen donor atom, Eg(O,yon 18) = 537.87 eV. Therefore,
[(FSO,),N]" is set to DNg_xps = 0 eV to produce the equation
for oxygen in Table 2, row 2 (see top axis on Figure 3, dashed
vertical line represents DNp.xps = 0 €V and Figure 2), We
chose not to scale DN yps between 0 (weakest donor) and 1
(strongest donor), e.g, as is done for fgy, because ADN ypg
are directly related to AV, (see section 2.4).

The strongest donor atoms have the largest positive DN _ypg
value for that element (Figure 2, Tables 3—6, Supporting
Information Tables S52—S54). For example, the strongest
O nion donor atoms are in [(CH;0),P0,]” and [CH,CO,]",
with DN xps of 2.63 and 2.64 eV respectively (Figure 2,
Figure 3 top axis, Table 3 and Supporting Information Figure
$56). Given our choice here of setting DN yps = 0 eV for the
weakest 1° donor atom, negative values of DN xpg only occur
for 2°/3° donor atoms; the weakest donor atoms have the
largest negative DN xps value for that element. In the future,
negative values of DN yps are likely to be found for very
weakly interacting 1° donor atoms once more anions are
studied using this method. For example, DNy xps = —0.56 eV
is the smallest value for oxygen, for the BO oxygen 2° donor
atoms in [B(C,0,),]” (structure in Figure 1, DN xpg in Table
3, top axis on Figure 3 and Supporting Information Figure
S56).

We chose to use ionic liquids here as the principal solvent
environment for producing DN yps (rather than molecular
solvents, e.g., see section 2.2) for three major reasons. First,
Eg(Oypion 1) can be measured for all O-containing anions in
ionic liquids. For many molecular solvents (e.g., water, PC,
TEP), the O, 1s contribution obscures the O, 1s
contribution (e.g, O 1s graphs for 18 samples in Supporting
Information sections 11—13), meaning measurement of
Eg(Oanion 18) in most molecular solvents is very challenging
and potentially impossible, certainly at low anion concen-
tration. Second, the existing Eg(core,anion) literature data sets
for ionic liquids can be combined with new data measured
here;**”**~% jonic liquids can be readily studied using
standard XPS apparatus due to their very low vapor
pressures.'’’~'%” Third, the anion makes up half the solution
(or one-third for 2— anions), so solubility/contaminant issues
that occur for the current probe-dependent anion descriptors
(e.g., any colored contaminant for UV—vis spectroscopy) are
far less of a problem for DN xpg from ionic liquids.

2.2. Anion Element-Specific Donor Numbers: Intrinsic
Measures of Anion Donor Abilities

Intrinsic anion donor abilities are captured by Eg(core,anion)
and therefore DN xps, with excellent independence from the
solvation environment and spectroscopic contributions. Intra-
anion covalent bonding contributions dominate over non-

https://doi.org/10.1021/jacs.6c06567
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Table 2. Summary of Equations and Data for Element-Specific Donor Numbers from XPS, DN _xps

element equation for DN ypg anion with largest Eg(core,anion) for 1° donor atoms  largest Eg(core,anion) for 1° donor atoms/eV/
o) DN xps = 537.87 — Eg(O,ion 15) [(FSO,),N] 537.87
N DNy.xps = 404.60 — Eg(N,pion 15) [B(CN),]~ 404.60
F DNj yps = 691.59 — Eg(Fpion 15) [PE¢]™ 691.59
cl DNixps = 204.39 — Ey(Cloion 2p3/2) [GaCl,]™ 204.39
Br DNp,.xps = 7442 — Ep(Bryion 3ds2) [InBr,]~ 74.42
I DNjxps = 624.15 — Eg(Tynion 3ds/5) (L]~ 624.15
S DN xps = 167.93 — Eg(Suion 2P3/2) [Co(NCS),]* 167.93

Table 3. Experimental (Nonitalicized entries) And Calculated (Italicized Entries, Taken from Table S35) Ez(O,p0n 1s) and
Oxygen-Specific Donor Numbers (DNg_ypg) for Ionic Liquid Samples”

anion moiety 1°/2°/3°

[CH,CO,]" 0

[(CH;0),P0,]" Oro 1°
[CH,S0,]- 0 1
[CH,CH,S05]" 0 1°
[CE,CO,]" o 1°
[CsH,,0S0;]” Oso 1°
[CH,080,]" Oso 1°
[HOSO,]- Oso 1°
[CF,S0,] o 1°
[NO;]~ o] 1°
[(CF;80,),N]~ o 1°
[(C,FsS0,),N]” o 1°
[cio,J o) 1°
[B(C,04),]" Oco 1°
[(FSO,),N]~ o

[(CH;0),P0,]" Ooc

[CsH,,080;]" Ooc 2°
[HOSO,]- Oon 2°
[CH,080,]" Ooc 2°
[B(C,0,).] Ogo

Strongest 1°

Weakest 1°
Strongest 2°

Weakest 2°

Eg(Ounion 15)/eV DNo.xps/eV
5§35.23 + 0.10 2.64 + 0.10
535.25 + 0.10 2.62 + 0.10
536.05 + 0.10 1.82 + 0.10
536.06 + 0.20 1.81 + 0.20
536.10 + 0.10 1.77 + 0.10
536.28 + 0.10 1.59 + 0.10
536.33 + 0.10 1.54 + 0.10
536.48 + 0.10 1.39 + 0.10
536.74 + 0.10 1.13 £ 0.10
536.95 + 0.10 092 + 0.10
537.56 + 0.10 031 £+ 0.10
537.56 + 0.10 0.31 £+ 0.10
537.57 + 0.20 0.30 = 0.20
537.58 + 0.20 0.29 + 0.20
537.87 + 0.10 0.00 + 0.10
537.47 + 0.10 0.40 + 0.10
§37.71 + 0.10 0.16 + 0.10
537.88 + 0.10 —0.01 + 0.10
537.88 + 0.10 —0.01 + 0.10
538.43 + 0.20 —0.56 £ 0.20

“Experimental uncertainties are +0.10 eV (Supporting Information section 14.2), and calculated uncertainties are +0.20 eV (Supporting

Information section 14.4).

Table 4. Experimental (Nonitalicized Entries) And Calculated (Italicized Entries, Taken from Table $36) Eg(N,,;0, 1s) and
Nitrogen-Specific Donor Numbers (DNy.xps) for Ionic Liquid Samples”
anion moiety 1°/2°/3° E5(N,pion 1s)/eV DNy_xps/eV

[(CH),N,CH]~ N Strongest 1° 402.49 + 0.20 211 + 0.20
[C4H,N,CH]~ N 1° 402.64 = 0.20 1.96 % 0.20
[SCN]~ N 1° 402.66 £ 0.10 1.94 + 0.10
[N(CN),]~ Nyt 1° 40321 + 0.10 1.39 + 0.10
[C(CN),]~ N 1° 403.69 + 0.10 091 + 0.10
[CF;(C;N,)(CN),]~ Ny 1° 404.18 + 0.20 042 + 0.20
[CF5(CsN,)(CN), ]~ New 1° 404.24 £ 0.20 0.36 + 0.20
[B(CN),]™ N Weakest 1° 404.60 + 0.10 0.00 + 0.10
[(CE;S0,),N]~ N Strongest 2° 404.32 + 0.10 028 + 0.10
[(C,F80,),N]~ N 2° 40432 + 0.10 028 + 0.10
[N(CN),]~ Nisidge 2° 404.50 % 0.10 0.10 % 0.10
[(FSO,),N] N Weakest 2° 404.64 + 0.10 —0.04 + 0.10

“Experimental uncertainties are +0.10 eV (Supporting Information section 14.2), and calculated uncertainties are +0.20 eV (Supporting

Information section 14.4).

covalent solvation effects (anion-molecule or anion-counter-
cation) and different anion solvation at the liquid—gas surface
(see Supporting Information section 32). The intrinsic nature
of DN xps is reinforced by the calculation results presented in
section 2.3. In the field of Lewis acids and Lewis bases, it has
been assumed that intrinsic Lewis acidity or intrinsic Lewis
basicity can only be captured using calculations;' """ we show

that intrinsic anion donor ability (very closely related to
intrinsic anion Lewis basicity) can be measured using
experiments.

There are excellent visual matches of both the
Eg(core,anion) order and AEg(coreanion) for anions in
water, ionic liquid, PC and TEP (Figure 4 for F,, ls and
Figure S for N, 15). For example, the E5(N,,on 1s) order in

anion anion

https://doi.org/10.1021/jacs.6c06567
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Table 5. Experimental (Nonitalicized Entries) and Calculated (Italicized Entries, Taken from Table S$37) Eg(F,,;on 1) and

Fluorine-Specific Donor Numbers (DNg.yps) for Ionic Liquid Samples®

anion moiety 1°/2°/3° Eg(Fypion 15)/eV DNp_xps/eV

[BE,]™ F Strongest 1° 690.76 + 0.10 0.83 + 0.10
[SbE,] F 1° 691.05 + 0.15 0.54 + 0.15
[(C,F,)sPF,]- For 1° 691.58 + 0.10 0.01 + 0.10
[PF,]~ F Weakest 1° 691.59 + 0.10 0.00 + 0.10
[(FSO,),N]~ F Strongest 2°/3° 692.66 + 0.10 —1.07 + 0.10
[CF,CO,]" F 20 693.03 =+ 0.10 —144 + 0.10
[CF4(C5N,)(CN),]” F 2°/3° 693.14 + 0.20 —1.55 £ 020
[CF,80]" F 2° 693.23 % 0.10 —1.64 + 0.10
[(C,F,)sPF,] Fer 2° 693.23 + 0.10 —1.64 £ 0.10
[(CF;80,),N]~ F 2°/3° 693.77 + 0.10 —2.18 + 0.10
[(C,F{80,),N] F Weakest 2°/3° 693.86 + 0.10 227 +0.10

“Experimental uncertainties are +0.10 eV (apart from the [SbF¢]~ anion with +0.15 eV, Supporting Information section 14.2), and calculated

uncertainties are +0.20 eV (Supporting Information section 14.4).

Table 6. Experimental (Nonitalicized Entries) And Calculated (Italicized Entries, Taken from Table $38) Eg(Cl,y;on 2P3/2) and
Chlorine-Specific Donor Numbers (DN, xps) for Ionic Liquid Samples”

anion moiety 1°/2°/3°
ClI™ Cl Strongest 1°
[LiCL,]*~ cl 1°
[ZnCl,]* Cl 1°
[NiCl,]*" cl 1°
[CoCL]* a 1°
[FeCL)* cl 1°
[Bi,Clg]*~ cl 1°
[SnCl;]~ Cl 1°
[Zn,Cl] . Clierminat 1°
[Zn,Clg*” Clierminal 1°
[Zn,Cly] - Clierminal 1°
[InCL,]~ Cl 1°
[FeCL,] cl 1°
[AlCL,]~ Cl 1°
[GaCl,]~ Cl Weakest 1°
[Zn,Cls]*" Clyigge Strongest 2°
[Zn;ClL]*~ Clirigge 2°
[Zn,Cl,o]*" Clirigge Weakest 2°

Eg(Clanion 2P3/2)/€V DNcy.xps/eV
201.84 + 0.10 2.55 £ 0.10
202.42 + 0.20 1.97 + 0.20
203.01 £+ 0.10 1.38 + 0.10
203.01 + 0.10 1.38 + 0.10
203.03 + 0.10 1.36 + 0.10
203.05 + 0.10 1.34 + 0.10
203.32 + 0.10 1.07 £+ 0.10
203.43 + 0.10 0.96 + 0.10
203.50 + 0.15 0.89 + 0.15
203.65 + 0.15 0.74 £ 0.15
203.72 + 0.15 0.67 + 0.15
204.23 + 0.10 0.16 + 0.10
204.25 + 0.15 0.14 + 0.15
204.27 £ 0.20 0.12 = 0.20
204.39 £ 0.20 0.00 + 0.20
204.20 + 0.15 0.19 + 0.15
204.51 + 0.15 —0.12 + 0.15
204.66 + 0.15 —-0.27 + 0.15

“Experimental uncertainties are +0.10 eV (apart from the oligomeric chlorozincate and [FeCl,]™ anions with +0.15 eV, [LiCl;]~ anion with +0.20
eV, Supporting Information section 14.2), and calculated uncertainties are +0.20 eV (Supporting Information section 14.4).

all four solvents is [(FSO,),N]~ > [(CF;S0O,),N]~ > [SCN]~
(Figure S); Eg(Nypion 1s) for both types of donor nitrogen
atom in [N(CN),]™ also appear in the same order for water
and ionic liquid (Figure S). Furthermore, there are excellent
linear correlations (R* very near 1 and gradients close to 1) for
Eg(Fynion 1s) in different solvents, e.g., ionic liquid versus water
(Figure 6a), and also Eg(N,,on 1s) in different solvents, e.g.,
ionic liquid versus water (Figure 6c).

We have high confidence that any solvent, beyond those
studied here, will not have a strong effect on AEg(core,anion)
and therefore ADNg yps. The four different solvents studied
here give an excellent range of solvent acceptor numbers, i.e.,
the abilities of the solvents studied here to interact with the
anion are not the same. Water is a strong electron acceptor;
PC, TEP and most ionic liquids are midrange to weak electron
acceptors.102

Countercation effects on Eg(corejanion) and therefore
DNE xps in molecular solvents, ie, changing the cation and
keeping the anion [A]~ the same, are within the experimental
uncertainty at relatively low salt concentration (<1 M). We

35503

have substantial data for same anion-different countercations
samples for all three molecular solvents studied here
(Supporting Information Figures S63—S67). The counter-
cations studied have very different interaction properties/
strengths: large, organic [C,C,Im]" versus small inorganic M*
(Li*, Na*, K*) versus small inorganic M** (Mg**, Ca®*, Zn®).
For example, [cation][CF;SO;] in water was studied with six
different countercations (Na*, K', Mg**, Ca®**, Zn*',
[C,C\Im]*, Supporting Information Figure S64); [cation]-
[SCN] in PC with two different countercations (K,
[C,C\Im]*, Supporting Information Figure S65); [cation]-
[(CF;S0,),N] in TEP with two different countercations (Li,
Na*, Supporting Information Figure S67). At higher salt
concentrations, e.g., 8 M, countercation effects are likely to
become important.

For ionic liquids, the effect of the organic dialkylimidazolium
countercation, [C,C,Im]*, with different n values (i.e.,
different alkyl chain substituent lengths) on Eg(core,anion)
and therefore DNg yps is within the experimental uncer-
tainty.””** In contrast, the alkyl chain substituent length n had

https://doi.org/10.1021/jacs.6c06567
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Figure 4. Comparison of fluorine-containing anions in different
solvation environments. (a) F 1s XPS of fluorine-containing anions in
water: 0.50 M Li[(CE;S0,),N], 0.40 M Na[CFE,SO;], 0.40 M
Na[(FSO,),N], 0.50 M Li[PF], 0.50 M [C,C,Im][BE,]. (b) F 1s
XPS of fluorine-containing anions in ionic liquid: [C4C,Im]-
[(CF380,),N], [C4CiIm][CF;S0;], [CsCiIm][(ESO,),N],
[CsC,Im][PF¢], [C4C,Im][BF,]. (c) F 1s XPS of fluorine-containing
anions in propylene carbonate: 0.14 M Li[(CF;SO,),N], 0.15 M
Na[CF;S0;], 0.30 M Na[(FSO,),N], 0.50 M Li[PF]. (d) F 1s XPS
of fluorine-containing anions in triethyl phosphate: 0.48 M
Li[(CF,;S0,),N], 0.50 M Na[(FSO,),N], 0.50 M Li[PF,]. Traces
are vertically offset for clarity. Area normalization is to the number of
atoms in each anion and explained further in Supporting Information
section 8.3. Charge referencing: water EB(Oliquid 1s) = 538.13 eV;
ionic liquid EB(Calkyl 1s) = 289.85 eV; propylene carbonate

Figure 4. continued

Ep(Ceabonyt 18) = 295.80 eV; triethyl phosphate Ey(Cyyy 1s) = 290.32
eV (see Supporting Information section 8.1 for more details).

an impact on anion DNy, yr measured using Na NMR
spectroscopy in different [C,C,Im][A] ionic liquids. This
literature finding is perhaps surprising given that the
[C,C,Im]* cations are not directly solvating the Na* cation,
i.e., Na* will have anions in the first solvation shell and
[C,C,Im]" cations in the second solvation shell. The differing
countercation dependencies for DN ypg versus DNy, jyr may
be due to the spectroscopic time scales of core-level XPS and
NMR spectroscopy; nuclear motion could be important for
NMR spectroscopy, whereas photoemission in XPS is
sufficiently fast (~107" s) that nuclear motion during the
spectroscopic event will be negligible.

Our intrinsic DN xps for 1° oxygen atoms show excellent
matches to (single-value) literature anion-level descriptors,
demonstrating that, despite being measured using probes, the
anion-level descriptors do a good job of capturing intrinsic
anion donor ability. DNg.xps give excellent/good linear
correlations with eight different anion-level DN/f descriptors
(range of R* 0.97 to 0.70, Figure 6e and Figure 6f for two
comparisons, Supporting Information Figure S71 for all eight
comparisons).* #7333 Eor example, excellent linear
correlations are found between DNg.yps and both anion
DN (e.g, DNy, avw, ~ Figure 6e) and anion f (e.g, fxr,
Figure 6f). These eight anion-level descriptors include a range
of probes (metal cations, organic cations and molecules),
giving high confidence that our 1° DNg.xps and anion-level
descriptors both capture donor ability. There is clearly some
influence of the countercation on probe-dependent, anion-level
DNs and f3 (see section 2.2), but when the same cation is used
anion-level probe-dependent descriptors are primarily driven
by intrinsic anion donor properties. For both Eg(N,,;, 1s) and
Eg(Fanion 1s), there is insufficient data for meaningful linear
correlations to be obtained (see Supporting Information
section 33 for more comment on this area).

By comparing probe-independent DN xpg against probe-
dependent descriptors, there is an opportunity to learn more
about probe-specific interactions. Differences in experimental
DNg xps are driven by anion electronic properties, with
minimal contributions from specific anion-probe binding or
steric hindrance. In contrast, for the eight different anion-level
DN/f descriptors specific anion-probe binding interactions
provide an unknown contribution that is potentially probe-
dependent and therefore anion-dependent. For a linear
correlation between our DN _ypg and an anion-level descriptor,
any anion data point outside the experimental uncertainty
could indicate a different anion-probe binding mechanism for
that anion compared to the other anions studied (e.g., nitrogen
dominated binding for [(CF;SO,),N]™) or highlight the
importance of steric hindrance. However, the lack of
experimental uncertainty provision for most existing anion
descriptors makes this approach challenging, and we will not
pursue any such analysis here.

2.3. Lone-lon-SMD Calculations Can Accurately and
Efficiently Predict Anion Element-Specific Donor Numbers
The goal of Eg(core,anion) and therefore DNg xpg prediction

with high accuracy and low computational cost is achieved.
Calculated DN xps can be used with high confidence in
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Figure S. Comparison of nitrogen-containing anions in different
solvation environments. (a) N 1s XPS of nitrogen-containing anions
in water: 0.40 M Na[(ESO,),N], 0.50 M Li[(CF;SO,),N], 0.50 M
[C,C,Im][N(CN),], 0.50 M [C,C,Im][SCN] (for the last two
samples, only the anion fitted components are included; the cation
fitted components are not included for clarity). (b) N 1s XPS of
nitrogen-containing anions in ionic liquid: [C4C,Im][(FSO,),N],
[CsCIm][(CF;S0,),N], [C4C,Im][N(CN),], [CsCiIm][SCN] (for
all four samples, only the anion fitted components are included; the
cation fitted components are not included for clarity). (c) N 1s XPS
of nitrogen-containing anions in propylene carbonate: 0.30 M
Na[(FSO,),NJ, 0.14 M Li[(CF,S0,),N], 0.50 M K[SCN]. (d) N
1s XPS of nitrogen-containing anions in triethyl phosphate: 0.50 M
Na[(FSO,),N], 0.48 M Li[(CF;S0,),N], 0.18 M [C,C,Im][SCN]
(for the last sample, only the anion fitted component is included; the
cation fitted component is not included for clarity). Traces are
vertically offset for clarity. Area normalization is to the number of
atoms in each anion and explained further in Supporting Information
section 8.3. Charge referencing: water Ep(Ojqq 1s) = 538.13 eV;
ionic liquid Ey(Cyyy 1s) = 289.85 eV (and E(N 00 18) = 406.85 eV
for [C4C,Im][N(CN),]); propylene carbonate Ep(C ypony 18) =

Figure 5. continued

295.80 eV; triethyl phosphate EB(CaIkYI Is) = 290.32 eV (see
Supporting Information section 8.1 and section 8.2 for more details).

different solvent environments (ionic liquids, water, PC, and
TEP), e.g, DNg.xps calculated in an ionic liquid SMD for
[B(C,0,),]” can be directly compared to DN xpg measured
using ionic liquid experimental XPS (Figure 3 and Table 3).
This greatly reduces the need to produce DNgyps from
expensive synthesis followed by challenging liquid-phase XPS
experiments; the high-vacuum environment required for XPS
of ionic liquids and the instability of certain anions under X-ray
irradiation, and particularly the need for very challenging and
rare synchrotron-based liquid-jet XPS apparatus to study
anions in molecular solutions.

For ionic liquids, a high-accuracy and low-cost computa-
tional method to predict Ey(core,anion) is already available:
lone-anion calculations with a solvation model based on
density (SMD), called lone-anion-SMD.*7#7>!0L113:114 The
core-levels included were O 1s, N 1s, F 1s, Cl 2p, and S 2p
(and also C 1s and P 2p). To predict Ey(core,anion) and
DNg _xps in ionic liquids that are comparable to experimental
DN xps, 2 single Eg(correction) is required for the core-level
of interest, as long as the same basis set, functional, and SMD
parameters are used. The Ey correction for each core-level for
ionic liquids is given in Supporting Information Table S11, e.g.,
+20.69 eV for calculations of Ex(F,,,, 1s); furthermore, eqs
S2—SS can be used to convert uncorrected calculated
Eg(core,anion) into DN xps.

Eg(core,anion) and therefore DN yps can be predicted with
high accuracy and low computational cost in molecular
solvents for different anions. There are excellent visual matches
of experiments and lone-anion-SMD calculations for common
anions in water, PC and TEP; both the Ej(core,anion) order
and AEg(core,anion) (Figure 7 for water, Supporting
Information Figure S68 for PC and TEP). Furthermore,
there are excellent linear correlations for calculated
Eg(core,anion) against experimental Eg(core,anion); Figure
6b for Eg(F,pon 1s) and Figure 6d for Ez(N, o, 1s) for water,
Supporting Information Figure S69b,d for PC, Supporting
Information Figure S70b,d for TEP. These linear correlations
give R* near 1 and gradients close to 1. As for calculations of
anions in ionic liquid SMD, calculations of anions in water
SMD, PC SMD or TEP SMD can accurately and efficiently
predict Eg(core,anion) and therefore DN ypg using a single
Ex(correction) for each core-level; the Ey corrections for water
are given in Supporting Information Table S51, e.g., +20.53 eV
for calculations of E(F, ., 1s).

There is great potential for DNgyps as reliable anion
descriptors for data-driven discovery, with major advantages
over current anion descriptors. First, our DNg.xps can be
calculated for far more anions than the current experimentally
measured (and not cheaply calculated) anion descriptors.
Second, calculated DNg xpg can be used for fine-tuning anion
donor properties (e.g., controlling anion local donor ability by
varying R groups on anion families such as [(RSO,),N]~,'"
oxyborate,”” dicyanoimidazolide''®). Third, our DN yps
descriptors have the chance to capture the complexity of
interactions for anions in the liquid-phase, especially when
solvation will be strongly directional/inhomogeneous, e.g,
large and complex anions solvating metal cations; our DN ypg
descriptors have the potential to give insight into different
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Figure 6. Linear correlations. (a) Experimental Ey(F,;,, 1s) for ionic liquid versus experimental Eg(F,;., 1s) for water. (b) Calculated Eg(F i, 1s)
(using lone-anion-SMD for water) versus experimental Eg(F, o, 1s) in water. (c) Experimental Eg(N, ., 1s) for ionic liquid versus experimental
Eg(N,pion 18) for water. (d) Calculated Eg(N, 0, 1) (using lone-anion-SMD for water) versus experimental Eg(N, ., 1s) in water. Values used for
the linear correlations are given in Table 4, Table S, Supporting Information Table S39, and Supporting Information Table S40; linear fitting data
are given in Supporting Information Table S62. Measures of anion donor ability plotted against DN xps of [C,C,Im][A] neat ionic liquids: (e)
anion donor numbers measured from the chemical shift 5(Na*) by »*Na NMR spectroscopy of Na[ClO,] dissolved in [C,C,Im][A] neat ionic
liquids, DNy, v+ (f) Kamlet—Taft hydrogen-bond acceptor numbers using UV—vis spectroscopy comparisons of two different neutral dye
molecules in [C,C,Im][A] neat ionic liquids, Sr.”" Six other linear correlations between anion donor ability plotted and DN _ypg of [C,C;Im][A]
neat ionic liquids are given in Supporting Information Figure S71. Values used for the linear correlations are given in Supporting Information Table
S63; linear fitting data are given in Supporting Information Table S64. The experimental uncertainty in DN yps is #0.10 eV (unless stated
otherwise in Supporting Information section 14.2) and calculated uncertainty in DNg_xpg is +0.20 eV (Supporting Information section 14.4).
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Figure 7. Experimental and calculated XPS spectra for anions. F 1s XP spectra for five different anions: (a) experimental in water (same samples as
in Figure 4a,b calculated using lone-anion-SMD for water). N 1s XP spectra for four different anions: (c) experimental in water (same samples as in
Figure Sa,d calculated using lone-anion-SMD for water). Traces are vertically offset for clarity. Experimental XPS area normalization is to the
number of atoms in each anion and explained further in Supporting Information section 8.1. Calculated XP spectra are produced as explained in
Supporting Information section 6. Charge referencing for experimental XP spectra in water EB(thuid 1s) = 538.13 eV.
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anion denticities, unlike current anion-level DN// descriptors.
Fourth, our DNg xps descriptors have great potential as ML
training data sets, given that DNg yps can be calculated with
high accuracy and low computational cost. Electronic
descriptors for molecular solvents have been used as training
data for ML," so there is potential for anion descriptors in
ML.

The ability of calculated DNg xpg to capture the relative
donor strength of atoms with different covalent bonding in the
same anion is further validated by comparison to interactions
in crystal structures. For [CF;(C;N,)(CN),]” (also known as
[TDI]7, structure in Figure 1) Ncy and Ny, have the same
DNy xps within calculated uncertainty (Table 4, Supporting
Information Figure S57) — we have labeled both Ny and Niing
as 1° in Figure 1 and Table 4. This finding matches to crystal
structures of [CF;(C;N,)(CN),]~ with Li*, where the shortest
Li'=N¢y and Li*—N,, distances are all within 0.1 A" For
oxygen in [B(C,0,),]” (structure in Figure 1), Opo and O¢q
bonding environments can be readily distinguished in the
calculated O 1s XP spectrum (Figure 3, Table 3, structure in
Figure 1), with DN _xpg larger for O¢q than Ogp. This finding
matches to crystal structures of [B(C,0,),]” with Li*, where
the shortest Li*-Ocg distances are ~1.1 A shorter than the
shortest Li*-Op, distances.''®

The intrinsic nature of DNy _yps demonstrated in section 2.2
is reinforced by the calculation results presented here in
section 2.3. There are no explicit countercations or solvent
molecules in lone-anion-SMD calculations, demonstrating that
our Ey(core,anion) captures intrinsic differences in anion
properties.

2.4. Anion Element-Specific Donor Numbers: Excellent
Interpretability

Ground state bonding effects (called initial-state effects in the
XPS community) dominate AEg(core,anion), and therefore
DNg xps, measured in the same solvent, as conclusively
demonstrated by the linear correlations between experimental
and calculated Eg(core,anion) for all solvents studied here (see
section 2.3 and references*”’>?>'?V1 131 *) The influence of
the core-hole created during photoemission (final-state effects)
on AEg(core,anion) is minimal.

Eg(core,anion), and therefore DNj yps, is a measure of
donor ability, based on a number of excellent correlations
presented here between: (i) experimental Ej(core,anion) for
ionic liquids and experimental Eg(core,anion) for molecular
solvents (section 2.2); (ii) experimental Ep(core,anion) and
calculated Eg(core,anion) for ionic liquids (section 2.3 and
references’>'%");  (iii) experimental Eg(core,anion) and
calculated Ej(core,anion) for water, PC and TEP (section
2.3); (iv) experimental and calculated Eg(core,anion) and
calculated V, for ionic liquids;49’101’113 (v) V, and donor
ability.""*~"*' We can also conclude with high confidence that
ADNp_yps will capture AV, (anion) and therefore anion donor
ability for anions solvated by other solvents used for battery
electrolytes (e.g., carbonate mixtures, acetonitrile), as the
solvents we have studied cover an excellent range of solvent
properties.

Our results are excellent experimental evidence that the
calculated ESP, closely related to V,,, can be used to judge the
local donor ability. We are unaware of any study using
calculated ESP to help select anions for batteries. However,
calculated ESP descriptors are a recent and growing area in the
battery community, to identify which part of the molecule has

good electron donor ability,”>**

donor strength.®

We make a recommendation here with regard to placing the
location of the negative charge on a chemical structure of an
anion. Many researchers may have given this point little
thought. However, such placement can be misleading, e.g.,
placing the negative charge near the central Ncyc in
[N(CN),]~, near Niing in [CF;(C;3N,)(CN),]~ (structure in
Figure 1). Hence, in this article, all negative charge symbols are
represented over the whole anion in each case (e.g., Figure 1),
and we recommend this as a general approach for all anion
chemical structures to avoid misinterpretation.

There is a trade-off when using DNg yps compared to
existing experimental (single value and probe-dependent)
anion descriptors; significant atomic-level insight is gained,
but overall comparability across all anions is decreased.
DNg xps provide more than one descriptor for many anions
and can be applied to all anions; one just needs two (or more)
anions containing a particular element to construct a DNg xps
descriptor. However, a single DN yxps descriptor is not
presented here that covers all anions; not all anions contain,
for example, oxygen. In the future, we will attempt to produce
a single descriptor that brings together DNg yps for the
different elements. We know that AE;(O,., 15) = 1 eV and
AEg(Fpion 1s) = 1 €V correspond to AV ~ 1 eVand AV~ 1
eV respectively. The question then arises: Does AV, = 1 eV
represent the same change in donor ability as AV = 1 eV?
From our literature searches it appears that V, values are only
ever compared for the same element,''*™"*' so this question
has not yet been rigorously answered, suggesting that obtaining
a single anion descriptor from Eg(core,anion) is still some way

off.

2.5. Fine-Tuning DN¢_yps for [(RSO,),N]™: Implications for
Battery Electrolyte Selection

The effect on [(RSO,),N]” donor ability of decreased
fluorination from R = CF; to R = F is relatively large; this
can potentially impact battery electrolyte performance, e.g., in
lithium-ion batteries. First, changing from R = CF; to R = F
can potentially improve battery stability due to increased
chances of LiF formation at the SEL**° caused by (a) much
larger DNg.xps (Figure 8a) and therefore stronger 3° Li*—F
interactions; (b) smaller DNy.xps (Figure 8b) and therefore
weaker 2° Li*-N interactions. Second, changing from R = CF,
to R = F likely reduces the Li"-anion desolvation energy at the
SEI through an improvement in this potentially rate-
determining step in battery charging, caused by smaller
DNo.xps (Figure 8c) and therefore weaker 1° Li*—O
interactions. Lastly, changing from R = CF; to R = F will
lead to weaker transition metal-N interactions from smaller
DNy.xps (Figure 8b) when metal dissolution from the cathode
occurs,>> as N can become the 1° donor atom for
[(RSO,),N]~"

The effect on the [(RSO,),N]~ donor ability of increased
fluorination from R = CF; to R = C,Fj is minimal. Altering R =
CF; to R = C,F; leads to no change within experimental
uncertainty of DNy _xps (Figure 8b) or DNg xpg (Figure 8c).
Therefore, changing from R = CF; to C,F; will provide little
difference in Li*—O or Li*—N interaction strengths. There is a
suggestion from DNg ypg that increasing fluorination leads to
slightly smaller DN yps and therefore slightly weaker Li*-F
interactions (experimental data in Figure 8a and calculated
Ex(F Is) in ref”); of course, increasing fluorination may

and capturing oxygen atom

anion
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Figure 8. Values of Eg(core,anion) and DN yps (bottom and top
axes, respectively) for the three ionic liquids [C4C,Im][(FSO,),N],
[C,CiIm][(C,FsSO,),N], and [C4CiIm][(CF,S0,),N]: (a) O Is,
(b) N 1s, (c) F 1s. Values are vertically offset for clarity. Charge
referencing is given in Supporting Information section 8.2. For
Eg(core,anion) (and therefore DN ypg), the experimental uncertainty
is +0.10 eV (Supporting Information section 14.2); these uncertainty
values are represented by the width of each block.

also lead to an increase in the number of Li*—F interactions
given the greater number of F atoms in the anion, so overall
any effect is likely to be minimal.

3. CONCLUSIONS AND FUTURE WORK

Robust and interpretable new element-specific donor number
descriptors, DN xps, are defined and measured using a
combination of experimental XPS and low-cost, simple
calculations. New methods for producing DNs are rarely
discovered; DN yps greatly expands and enhances the small
toolbox of existing DN descriptors.

DNy _xps descriptors capture local (i.e., atomic level) atom
donor abilities. We provide separate anion DNg ypg for seven
different elements (O, N, F, CI, Br, I, S); each anion 1°, 2°, and
3° donor atom has its own DNy _xpg value. DN xpg can be used
to evaluate anion-substrate interactions by 2° and 3° anion
donor atoms, unlike anion-level descriptors, providing insight
into rare reactivity events. For example, for battery electrolyte
selection DNg.xps, DNy.xps and DNpyps can be used to
predict that [(FSO,),N]~ will provide superior electrolyte
performance over [(CF;S0,),N]™ and [(C,FSO,),N]~ with
regard to both anion—metal cation desolvation and LiF
formation at the SEL

DNg xps can be applied with confidence to a wide range of
anion—substrate interactions, as DN xps captures intrinsic
anion donor ability, independent of specific probe cation/
molecule interactions. Furthermore, there is the potential to
gain molecular-level insight into anion interactions by
comparing DN xps against other descriptors; however, more
experimental data are required for existing anion descriptors to
make the most of this opportunity.

DNg xps can be used for data-driven discovery. The cheap
and low-cost calculation method for DN xpg presented here,
in conjunction with our substantial existing DN ypg database
for anions, opens up the possibility of using DN xps for both
fine-tuning anion donor properties (e.g., controlling anion local
donor ability b?r varying R groups on anion families such as
[(RSO,),N]7,'"® oxyborate, / dicyanoimidazolidellé) and as
anion descriptors for machine learning (ML) training data sets.

The development of a full picture of liquid-phase donor
ability for both anions and molecules, which would fast-
forward data-driven discovery, is a long-term goal. DNg xpg
scales including both anions and molecules (i.e., solvents/
additives) for each element are needed, extending beyond the
DNp xps scales for anions published here.

4. METHODS

4.1. Samples Studied and Preparation

44 anions are studied (44 [C,C,Im][anion] ionic liquids in total)
using a combination of literature and new data (Supporting
Information Table SS); seven ionic liquids were measured on
multiple apparatuses to demonstrate the small experimental
uncertainty (Supporting Information section 14.2). All XPS data for
anions in molecular solvents are new here: seven anions in water (15
samples, Supporting Information Table S6); five anions in PC (nine
samples, Supporting Information Table S7); and four anions in TEP
(five samples, Supporting Information Table S8).

Lone-anion SMD (ionic liquid) calculations were carried out for
four new anions; results from these calculations are used in
conjunction with previously published calculations for three anions
from ref 123 (Table S9). Lone-anion SMD (water) calculations were
carried out for nine new anions (Table S9).

4.2. Experimental Apparatus
4.2.1. lonic Liquid Drop XPS Apparatus. Laboratory-based

XPS measurements for two ionic liquid samples were performed at
the University of Reading on a Thermo Scientific ESCALAB 250
monochromated Al Ka source (hv = 1486.6 €V) spectrometer and for
one jonic liquid sample was performed at University College London
on a Thermo Scientific Theta Probe monochromated Al Ka source
(hv = 1486.6 eV) spectrometer. A drop of ionic liquid was placed
directly onto a stainless steel sample plate. XPS apparatus used for
literature Eg(core,anion) has already been described else-
where 48:49.73,86,91-95,124,125

Synchrotron-based XPS measurements for nine ionic liquid
samples were performed at beamline BO7-B XPS.''*'*® A drop of
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ionic liquid was placed directly onto a custom-made tantalum sample
plate. Rastering of the sample was performed to minimize sample
charging/damage.

4.2.2. Liquid-Jet XPS Apparatus. Solutes were weighed and
mixed with a corresponding mass of the solvent to achieve the desired
concentration. A liquid-jet apparatus was used. The measurement for
eight solutions was performed on the U49/2-PGM 1 beamline with
SOLPES end-station'”” at the BESSY II electron storage ring
(Germany). XP spectra were acquired using a Scienta Omicron
R4000 HIPP-2 hemispherical electron analyzer. The measurement for
16 solutions was performed on the HIPPIE beamline'** at the MAX
IV II electron storage ring (Sweden). XP spectra were acquired using
the Solid—Liquid Endstation with a SPECS Phoibos 150 hemi-
spherical electron analyzer. The measurement for five solutions was
performed on the GALAXIES beamline'* at the Soleil electron
storage ring (France). XP spectra were acquired by using an EW4000
hemispherical electron analyzer.

4.3. Calculations

All DFT calculations were carried out using Gaussian 16 (version
C.01)."*° Each of the anions was optimized under no symmetry
constraints and confirmed as a minimum using vibrational analysis.
DFT calculations were carried out at the B3LYP-D3(BJ)/6-311+G-
(dp) level. The SMD (solvation model based on density) was
employed to account for solvation effects. Specifically, the [C,C,Im]-
[PF4] parameters (Supporting Information Table S10) were selected
to be consistent with previous ionic liquid work.”> The SMD solvent
continua for water, PC and TEP (Supporting Information Table $10)
were also employed. Optimization convergence criteria were set to
107" on the density matrix and 10™° on the energy matrix. Moreover,
the numerical grid was improved from the default using the
“int=ultrafine” keyword. Vibrational frequencies and zero-point
vibrational energy corrections (ZPE) were attained using the
harmonic approximation.

4.4, Data Analysis

4.4.1. Component Fitting for Core-Level XPS. All exper-
imental XP spectra were fitted using CASAXPS software."*" Fitting
was carried out using a Shirley/linear background and GL30 line
shapes (70% Gaussian, 30% Lorentzian). Peak constraints used are
outlined in Supporting Information Tables S13—S16. Relative
sensitivity factors (RSFs) from ref 132 were used for XPS recorded
at hv = 1486.6 eV to ensure the experimental stoichiometries matched
the nominal stoichiometries (Supporting Information Table S21,
Supporting Information section 10).

4.4.2. Charge Referencing. Each sample was internally charge
referenced, effectively to the vacuum level. Each of the three
molecular solvent systems studied here (water, PC, TEP) were
charge referenced to a single solvent-specific core-level (Supporting
Information section 8.1): water EB(OHquid 1s) = 538.13 €V; propylene
carbonate EB(Ccarbonyl 1s) = 295.80 eV; triethyl phosphate EB(Calkyl
1s) = 290.32 eV (Supporting Information Tables S17 to S19). For
ionic liquids, we used an adaptation of the very well-established
method for charge referencing ionic liquid XPS (Supporting
Information Table $20).*7*%* It is common practice for ionic liquid
XPS to charge reference Eg(core) effectively to the Fermi level using
either Eg( Caiigt 1s) = 285.00 eV for ionic liquids with long alkyl chains
or an anion-specific Eg(Non 18) value for ionic liquids with shorter
alkyl chains.'*® Here we charge reference ionic liquid XPS to the
vacuum level to match the charge referencing level used for anions in
molecular solvents by adding 4.85 eV to Eg(core) values charge-
referenced to the Fermi level (the 4.85 eV value can be thought of as a
work function value). Eg(core) values used for charge referencing
ionic liquid XPS are given in Supporting Information section 8.2, e.g,,
Ey(Cyuin 1s) = 289.85 eV for [CyC,Im][anion] ionic liquids
(Supporting Information Table $20).
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