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Abstract: The quantification of Lewis acidity is of fundamental and applied importance in chemistry. However, if neutral
and charged Lewis acids are compared, a coherent ranking has been elusive, and severe uncertainties were accepted.
With this study, we present a systematic computational analysis of Lewis base affinities of 784 mono-, di- and tricationic
Lewis acids and their comparison with 149 representative neutral Lewis acids. Evaluating vacuum fluoride ion affinities
(FIA) reveals a charge-caused clustering that prohibits any meaningful ranking. Instead, solvation-corrected FIAsolv is
identified as a metric that overcomes charge sensitivity in a balanced manner, allowing for a coherent evaluation of
Lewis acidity across varying charge states. Analyzing the impact of molecular volume on solvation-induced FIA damping
provides rationales for fundamental trends and guidelines for the choice or design of neutral and cationic Lewis acids in
the condensed phase. Exploring alternative scales, explicit counteranion effects, and selected experimental case studies
reaffirms the advantages of solvation-corrected FIAsolv as the most versatile and practical approach for the quantitative
ranking of general (thermodynamic) Lewis acidity.

Introduction

Lewis acids are ubiquitous reagents in chemistry, materials,
and life science.[1] Combining suitable acceptor atoms with
appropriate ligands enables the fine-tuning of Lewis acidity
to the “amount” for the desired mode of action or optimized
catalytic turnover. However, the quantification, the predic-
tion, and the explanation of this “amount” are still poorly
understood—despite the formulation of this model already
100 years ago.[2] Numerous parameters related to the rank-
ing of Lewis acids have been established, and a classification
of scaling approaches into three groups was outlined
recently by some of us.[3] In short, thermodynamic parame-
ters of Lewis pair formation (ΔH, ΔG) are termed general/
global Lewis acidity (gLA), Lewis acid binding-induced
effects at a Lewis basic probe as effective Lewis acidity
(eLA), and Lewis acid-inherent properties (e.g., LUMO
energy) as intrinsic Lewis acidity (iLA). Connections
between these perspectives were identified by a statistical

analysis of the Gutmann-Beckett method, which is the most
common eLA scale.[4] In the following work, we will narrow
ourselves on the evaluation of the influence of charge on
Lewis acidity by correlating large data sets.

The fluoride ion affinity (FIA) represents the most
widely used gLA scale and defines Lewis superacids (LSA)
as those exceeding the FIA of SbF5 in vacuo.[5] This metric
has two advantages resulting from the strong donor ability
and the small size of the fluoride ion (Figure 1a). The first
advantage emerges from the broadly covered energy range
of around 600 kJmol� 1 (Figure 1a, red box). This feature
attributes high “resolution” that allows the identification of
subtle differences and renders the method less sensible to
errors inherent to the computational process. The second
advantage is that fluoride ions bind exothermically to even
the weakest acceptors that would not form adducts with
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Figure 1. FIA scale properties. a) Strong donor that allows generally
favorable adduct formation and evaluation from weak to strong Lewis
acids with high resolution in enthalpy. b) Different scenarios for Lewis
acids with different molecular charges if reacted with an anionic Lewis
base.
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weaker Lewis bases (e.g., SiMe4 binds F� but not NH3,
Figure 1a). This property allows the inclusion of extensive
chemical space in the discussion of Lewis acidity and
warrants maximized generality in the derived statements.

Accordingly, if performed at a sufficient computational
level and anchored to a reference system by quasi-isodesmic
schemes, computed FIAs enable a robust and meaningful
ranking among known and hypothetical Lewis acidic
compounds.[6]

However, do these favorable features remain for Lewis
acids of different charge states? Numerous cationic Lewis
acids have been developed and applied in spectacular
transformations.[7] To permit a discussion of Lewis acids
regardless of their charge, including the stringent definition
of LSA (FIA>SbF5), it is necessary to rank cationic and
neutral acceptors on a unified metric. However, cationic
Lewis acids experience charge cancellation during adduct
formation with anionic reference Lewis bases, whereas for
neutral Lewis acids, the overall charge is conserved (Fig-
ure 1b).[8] The attractive Coulomb force between two
opposite point charges within 2.8 Å distance (cf. Na� Cl in its
solid-state structure) amounts to 496 kJmol� 1. Such massive
neutralization energy turns cations inherently more attrac-
tive toward anionic donors. Accordingly, cationic Lewis
acids do easily exceed the criterion of Lewis superacidity on
the conventional vacuum FIA scale. Although this classifica-
tion is a priori no violation of the original definition (FIA>

SbF5 in vacuum!) and reasonable in several cases, it
introduces an uncertainty that prohibits a coherent Lewis
acidity ranking.

The discrepancies between vacuum computations and
condensed phase reactivity originate from the systematically
affected stability of neutral vs. charged species in vacuum vs.
solution.[9] Anions (e.g., the fluoride ion or the F-adducts of
neutral Lewis acids) respond differently to solvation than
cations or neutral species (e.g., the states involved in the
FIA reaction of cationic Lewis acids).[10] Due to their weakly
bound valence electrons, the valence orbitals of anions are
more affected by solvation than those of neutral or cationic
compounds.[11] This difference leads to different outcomes
when reactions that involve a change in the charge sum
(neutralization) are compared in vacuum vs. environment-
corrected computations—even on a qualitative scale. It
should be noted that the environmental polarity has an
effect on the stability of Lewis pairs already on its own,[12]

overall complicating a comparison of neutral and charged
Lewis acids that would enable any rational selection of
suitable reagents or catalysts for synthetic applications.
Unfortunately, a collection of affinity values for cationic
Lewis acids that would allow a systematic evaluation of
charge effects, or an attempt to merge global Lewis acidity
scales across different charge states, has not been pursued.

In the present work, we follow our data-driven approach
to address shortcomings in the theory of Lewis acidity. The
FIA of 784 cationic literature-known or hypothetical Lewis
acids are calculated. The comparison with 149 representative
values of neutral Lewis acids scrutinizes the effect of
molecular charge, charge density, and the influence of
solvation correction, counter anions and alternative scales.

A statistical evaluation of all considered strategies allows a
conclusive statement on the most plausible treatise of charge
in Lewis acid ranking and gives a guideline for the future
development of this sparkling field.

Results and Discussion

Vacuum vs. Solvation Corrected Fluoride Ion Affinities

The structures of 754 monocationic, 27 dicationic, 3
tricationic, and 149 neutral Lewis acids were optimized at
PBEh-3c or carried over from previous work,[6] overall
covering 520 group 13, 214 group 14, 132 group 15, 61 group
16, 3 group 17 and 3 group 12 compounds including boron to
thallium, carbon to tin, phosphorus to bismuth, sulfur to
tellurium, iodine and zinc (Figure S3a). Main attention was
given to literature-known Lewis acids obtained from a
survey with considerable variability on ligands and molec-
ular volume, while also including hypothetical Lewis acids
constructed by systematic ligand variations. The Lewis acids
cover varying ligand denticity, with 556 monodentate
ligands, 236 bidentate ligands, 74 tridentate ligands and 22
tetradentate ligands. Five Lewis acids are atomic (B+, Al+,
Ga+, In+, Tl+), and 40 Lewis acids either as π-complexes or
higher denticity (Figure S2). The average bond length
deviation from optimized Lewis acids (Δravg=0.001 Å,
maximum Δr=0.06 Å) and fluoride adducts (Δravg_F=

0.002 Å, maximum Δr=0.11 Å) with and without the
Solvation Model based on Density (SMD)[13] revealed
negligible influence of solvation effects on the obtained
structures (RMSDavg=0.03 Å, RMSDavg_F=0.08 Å). Hence,
the optimized vacuum structures were used throughout
(Figure S1).

All final FIAs were calculated on RI-DSD-BLYP-
(D3BJ)/def2-QZVPP[14] density functional theory and anch-
ored quasi-isodesmically with the TMS system.[5d,6] The first
series of computations was performed without explicit
counter anions and solvation correction, yielding the bare
FIA in vacuum, in the following denoted as FIA (without
subscript). Subsequently, solvation correction was per-
formed with the Conductor-like Screening Model for
Realistic Solvents (COSMO-RS)[15] for CH2Cl2, cyclohexane,
toluene, acetonitrile, and water as the solvent, denoted as
FIAsolv (=FIACH2Cl2, FIAC6H12, FIAPh-Me, FIAMeCN and FIAH2O,
Table S1). COSMO-RS was chosen as it performs exception-
ally well for ions and neutrals, but also other solvation
methods (CPCM[16] and SMD) were screened and compared
(Table S3).[11] We are aware that the consideration of
explicit solvation effects would be mandatory for ultimate
accuracy, though such an approach is not practicable for the
number of compounds considered in this study.

Plotting FIA against FIAsolv for all Lewis acids yields an
insightful and elusive correlation (Figure 2). Upon solvation
correction, the FIAsolv values get drastically reduced. It
reveals a separation into clusters of neutral, mono-, di-, and
tricationic species, showcasing the systematic effect of the
Lewis acids’ charge state.
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The FIA values experience a discontinuous increase,
stepwise with increasing positive charge, while the FIAsolv

values span the affinity space without discontinuity.
The underlying increments can be attributed to charge

cancelation (cf. Figure 1b). From the perpendicular distance
of the lines from a linear fit for each charge state with the
slope as a global parameter, charge neutralization contribu-
tion to the FIA can be estimated as +191 kJmol� 1 for
monocationic (distance a in Figure 2) and +342 kJmol� 1 for
dicationic Lewis acids (distance b in Figure 2). Due to the
low number of tricationic species, no estimate was attempted
for this group. The average vacuum phase FIAavg (cross-
marks in Figure 2) for monocationic Lewis acids is
709(146) kJmol� 1, for dicationic 901(101) kJmol� 1, and
1115(70) kJmol� 1 for tricationic, while neutral compounds
exhibit a much lower average affinity (FIAavg=347-
(115) kJmol� 1, all values given in parentheses refer to
standard deviations).

The systematic offsets and the formation of distinct
clusters for neutral and charged Lewis acids render a unified
ranking with varying charge state by non-solvation-corrected
FIA meaningless. A hand-waving solution would be the
formulation of separate vacuum scales for each charge state.
These scales could stand independently and use cationic
reference Lewis acids as new thresholds for LSA. As an
example of monocations, the prominent FP(C6F5)3

+ (FIA=

767 kJmol� 1) could be used in a sense: “Monocationic
molecular Lewis acids that exceed the FIA of FP(C6F5)3

+ in
the gas phase are monocationic Lewis superacids”. However,
this ranking would prevent to merge the discussion of
different charge Lewis acids quantitatively. Furthermore, as
we will see in the next section, solvation and its dependence
on the molecular volume is neglected. It would promote a
perspective that deviates from the relevant behavior in the
condensed phase and thus from every real-life application.

For these reasons, separate charge-selected scales cannot be
recommended and other solutions are needed.

Interestingly, the average solvation-corrected FIAsolv_avg

compared for the different charge states are relatively
constant at 174(99) kJmol� 1 for neutral, 212(117) kJmol� 1

for monocationic, 171(70) kJmol� 1 for dicationic and 156-
(49) kJmol� 1 for tricationic Lewis acids (crossmarks in
Figure 2). Similar results were obtained with other solvation
correction methods, such as CPCM and SMD ((r(COSMO-
RS; CPCM)=0.993, r(COSMO-RS; SMD)=0.985, r(CPCM;
SMD)=0.992), see section S3 in the ESI, Figure S6) and
other solvents (see Figure S4, Table S2). These findings
allow deriving two pivotal conclusions:
1) FIAsolv can be considered charge insensitive across

varying molecular charges and solvents. Thus, we
propose FIAsolv as a more general feature for Lewis
acidity than FIA, as will be further validated and stressed
below.

2) The specific choice of the solvation-correction model is
of minor importance in the present context. The aspect is
valuable for the applied computational chemist.

Solvation Effects and Molecular Volume

A closer consideration of solvation effects shall be discussed
based on the FIA-damping parameter defined as D=FIA–
FIAsolv. The calculated average Davg is significantly larger for
cationic compounds (+1: 497(44) kJmol� 1, +2: 731-
(63) kJmol� 1, +3: 959(23) kJmol� 1) than for neutral Lewis
acids (173(43) kJmol� 1). What is the origin of these
qualitative differences? The parameter D is composed of
three contributions 1–3 (Figure 3a):
1) The solvation enthalpy of the fluoride ion in dichloro-

methane, ΔHsolv,F
� = � 340 kJmol� 1. It is the largest of all

contributions to D, generally stabilizes the educts, and
disfavors F-adduct formation in solution (Figure 3a,
green frame). The stabilization of the fluoride ion gets
larger in water (ΔHH2O,F

� = � 822 kJmol� 1) but reduced
for less polar cyclohexane (ΔHC6H12,F

� = � 277 kJmol� 1),
toluene (Δ HC6H12,F

� = � 304 kJmol� 1), or acetonitrile
(ΔHMeCN,F

� = � 333 kJmol� 1). However, as it is a constant
independent of the Lewis acid and their charge, it is not
responsible for the clustering described above.

2) The solvation enthalpy of the free Lewis acids, ΔHsolv,LA
(+).

Charged compounds generally experience a more neg-
ative solvation enthalpy than neutral species. This trend
is confirmed by the mean solvation enthalpies of
monocationic Lewis acids (ΔHsolv,LA

+
_avg= � 228-

(23) kJmol� 1) compared to the neutral F-adducts
(ΔHsolv,LA-F_avg= � 70(31) kJmol� 1). Hence, in the case of
cationic Lewis acids, D is dominated by the solvation
energy of the free Lewis acid (Figure 3a, red frame).

3) The solvation enthalpy of the fluoride adducts,
ΔHsolv,LA-F

(� ). In the case of neutral Lewis acids, the
fluoride adducts are anionic and dominate D (Figure 3a,
blue frame). This assumption aligns with the on average
larger ΔHsolv of the anionic F-adduct products
(ΔHsolv,LA-F

�
_avg= � 209(35) kJmol� 1) vs. the neutral Lewis

Figure 2. FIAsolv vs. FIA for neutral, mono-, di- and tricationic Lewis
acids with molecular charge as label and the result of a global linear fit
(cFIA

chrg

solv ¼ m � FIAchrg þ y
chrg

0 ) with m=0.773 and
y0

0
¼ � 94; yþ1

0
¼ � 336; yþ2

0
¼ � 526; yþ3

0
¼ � 706 kJmol� 1, respec-

tively (black dotted lines). The offset of clusters is analyzed by the

perpendicular distance of fitted lines (red distances, d ¼
y

chrg

0
� y

chrg0

0j jffiffiffiffiffiffiffiffi
m2þ1
p );

FIAavg are highlighted with cross-marks.
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acid (ΔHsolv,LA_avg= � 42(20) kJmol� 1). Identical trends
occur in cyclohexane, toluene, acetonitrile, and water
(section S5, Figure S8 in the ESI).

According to Born’s equation of solvation, it can be
assumed that the Coulombic part of D depends on the
charge density of the involved species, which is a function of
the molecular charge and the molecular volume of the free
Lewis acid.[17] A larger molecular volume would correspond
to less exothermic solvation. Indeed, plotting D against the
molecular van-der-Waals volume Vvdw revealed trends,
which differed depending on the Lewis acid charge (Fig-
ure 3b, Vvdw obtained from the MoloVol program
package[18]).[19]

For neutral Lewis acids, an increasing Vvdw leads to an
increase in D (Figure 3, violet curve). As explained above,
for neutral Lewis acids, D is dominated by the anionic F-
adducts. A larger Vvdw leads to decreasing charge density of
the anionic F-adducts, decreasing product stabilization, and
thus increasing D (Figure 3a). This knowledge is essential
for designing neutral Lewis acids—the smaller, the more
beneficial for anionic base binding (see Figure 3c for an
example of a representative damping of a “small” and a
“large” Lewis acid).

An inverse trend is identified for cationic Lewis acids
(Figure 3a, blue and orange curve). D decreases with
increasing Vvdw. This behavior can be explained by the
dominating influence of ΔHsolv for the cationic Lewis acids,
which decreases with increasing Vvdw (Figure 3b). In other
words, the free Lewis acids become less stabilized with
increasing size, and cationic Lewis acids tend to gain FIAsolv

with Vvdw. This aspect is vital for the design of cationic Lewis
acids and complementary to the neutral case—the larger, the
more beneficial for anionic base binding (see Figure 3c for
an example of a representative damping of a “small” and a
“large” Lewis acid).

The volume-dependent FIA damping can be predicted
by curve fitting of exponential functions (lines in Figure 3b):

FIA � FIAsolv ¼ D ¼ Dlarge � Dlarge � Dsmall

� �
� e� k�Vvdw (1)

with Dlarge, Dsmall and k solvent- and charge-dependent
constants (Dlarge=D at a large molecular volume of the
Lewis acids where damping is negligibly altered, Dsmall=D

for smallest Lewis acids, k=charge dependent factor for
inherent decay of the influence of charge density, all
parameters given in the ESI, Table S6). All these correla-
tions also hold for different solvents, but with varying
magnitudes (see dotted lines in Figure 3b as example for
CH3CN and cyclohexane and section S5 in the ESI).

Equation 1 enables the calculation of approximate sol-
vation-corrected FIAsolv_aprox that do not require solvation
correction, but only Vvdw as an input (FIAsolv vs. FIAsolv_aprox

r=0.993, MAE=12 kJmol� 1). Similar results can be
achieved even with only the number of atoms for the Lewis
acid as an approximation of molecular volume (see section
S5). A corresponding Excel sheet is provided as Supporting
Information, or the software package to obtain Vvdw can be
obtained free of charge [https://molovol.com/]. Finally, it
was attempted if FIA damping correlates with the percent
buried volume around the fluoride accepting atom, which
was recently applied in the context of Lewis acidity (%Vbur,
see section S5, Figure S14).[20] Larger Lewis acids tend to
create a larger %Vbur. However, with a certain molecular
volume, the steric contribution from the local environment
is constant and hence becomes an independent feature to
FIA damping.

This first section offers a rationale for solvation effects in
FIA and back-of-the-envelope design strategies. In the
following, we probe if alternative scales based on other
Lewis bases could be more suitable.

Alternative Affinity Scales

As an alternative to the perspectives spanned in the
previous section, rankings based on other affinity scales
were considered. It was perceived that, in contrast to the
fluoride anion, a neutral reference Lewis base would not
alter the overall charge state before and after adduct
formation and, thus, would not experience charge cancella-
tion effects.

Figure 3. a) Representation of different contributions and their size dependence on D for neutral and cationic Lewis acids. b) Evolvement of
D=FIA–FIAsolv with the increase of the van der Waals volume (Vvdw) with exponential curve fitting for dichloromethane (solid line), acetonitrile
(dashed line), and cyclohexane (dotted line, scatter plot not shown for clarity, see Figure S8). c) Examples showcasing the effect of molecular
volume for neutral and cationic Lewis acids.
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Ammonia (NH3) is an obvious choice for a neutral
reference Lewis base (section S3 in the ESI).[21] Indeed, no
clustering was observed upon plotting the ammonia affinity
(AA) vs. AAsolv (Figure 4a), indicating a general advantage
of a non-charge-sensitive neutral Lewis base. However, the
AA scale suffers from other problems that emerge from the
weaker Lewis basicity of ammonia compared to the fluoride
ion (cf. the introduction and Figure 1a). The generally lower
binding affinity (AAavg=117(74) kJmol� 1 in the chosen
dataset) prohibits the classification of many weak Lewis
acids since the corresponding adducts are unstable and
dissociate. Indeed, only 30% of the neutral Lewis acids did
form stable ammonia adducts, leading to a severe restriction
of the chemical space under consideration.[22] Moreover, the
lower range spanned by the affinity values (cf.
~1200 kJmol� 1 for FIA vs. ~300 kJmol� 1 for AA) leads to a
diminished “resolution” of the information by a factor of
four. It makes the scale more sensible to inherent errors
from the computational method and less sensitive to detect
subtle changes. Overall, this combination of drawbacks
would limit the amount of debatable Lewis acids, lower the
accuracy, and stray from the generally favorable FIA-based
perspective on Lewis acidity. It should be noted that the AA
and the FIAsolv are sufficiently linearly correlated (r=0.922)
(Figure 4b), indicating that FIAsolv combines the charge
independence of neutral Lewis base scales with the
beneficial FIA properties described in the introduction.

Next, another affinity scale that would maintain the large
mean-affinities (high binding tendency) and energy range

(high resolution) advantages of the FIA, while not requiring
solvation correction, was conceived. We first investigated
the affinity of Lewis acids toward molecular lithium fluoride
(LiFA). The corresponding adduct structure optimizations
were initialized with LiF coordinating linearly to the Lewis
acid central atom. Indeed, plotting of LiFA vs. LiFAsolv did
not show the systematic clustering of differently charged
Lewis acids (Figure 4c), while exhibiting a sufficiently large
mean-affinity LiFAavg=200(83) kJmol� 1, and a reasonably
large energy range (~600 kJmol� 1). To check how much of
the “original” FIA information, that only encodes the LA� F
interaction, remains expressed in the LiFA values, FIA and
FIAsolv were correlated with LiFA. A poor correlation (r=

0.671) is found between LiFA and vacuum FIA (Fig-
ure S5a). This discrepancy is expected and arises from the
charge sensitivity, like for the FIA-FIAsolv comparison
discussed above. The charge sensitivity gets resolved in the
comparison of LiFA with FIAsolv (Figure 4d, r=0.872).
However, another discrepancy arises from Li+ binding to
potential donor sites in the Lewis acids, as exemplified in
Figure 4g for [SbF6]

� that leads to an additional energy
release. This extra interaction distorts the pristine LA-
(central atom)-F interaction of interest, adds “noise” to the
“Lewis acidity”, and disqualifies the LiFA scale as a suitable
option.

Thus, a scale with the fluoride salt of more innocent
NMe4

+ was probed (NMe4FA). Another motivation for this
scale was the commercial availability and good solubility of
NMe4F, which would allow comparing and benchmarking of
the computational affinity with experimental data by calori-
metric studies. Equilibrium structures were found with
CREST[23] sampling before DFT optimization, and the
NMe4FA was obtained for all Lewis acids. As for the LiFA
scale, prevention of the Lewis acid charge clustering was
achieved (Figure 4e). More importantly, the correlation with
the original FIAsolv increased substantially (r=0.926
(FIAsolv), Figure 4f), given the weaker interaction of the less
coordinating cation NMe4

+ with the fluoride adducts. This is
exemplified for NMe4

+ with [SbF6]
� , exhibiting weak hydro-

gen-bond type interaction and Coulomb interaction that is
less strong than the interaction with Li+ (Figure 4h).
Further, NMe4FA spans a sufficiently large range
(~900 kJmol� 1) and strongly binds to the weaker Lewis
acids. Hence, one might think having found a good
compromise between the advantages and information con-
tent of the FIA while creating charge independence, that
would allow the discussion of general Lewis acidity
irrespective of the molecular charge state and without
requiring solvation correction. However, we consider this
option tedious and error-prone (slow convergence due to
flat potential energy surface), disqualifying NMe4FA as a
suitable alternative. Interestingly, FIAsolv and NMe4FAsolv

correlate almost ideally (r=0.979, Figure S5d), indicating
that solvation correction of a counter anion-free scale
successfully captures the presence of a counterion—a point
that will be considered more in detail in the next section.

Figure 4. Correlation plot of: a) ammonia affinity AA and AAsolv. b) AA
and FIAsolv. c) LiFA and LiFAsolv. d) LiFA and FIAsolv. e) NMe4FA and
NMe4FAsolv f) NMe4FA and FIAsolv. All correlations are performed for a
representative set of neutral, mono-, di- and tricationic Lewis acids.
SbF5 as marker compound for Lewis superacidity is highlighted with an
encircled dot. g) Calculated adduct of SbF5 with LiF with considerable
secondary interaction with the lithium cation. h) Calculated adduct of
SbF5 with NMe4F with the shortest found cation-anion distance.
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Effect of Counter Anions

Of course, every cationic Lewis acid brings an anion. The
critical effect of anions has been emphasized by the work on
weakly coordinating anions (WCA), allowing for the stabili-
zation of unique cationic species and as game changers to
increase the activity of cationic catalysts.[7d,24] Up to this
point of the study, and in essentially every other research
concerned with the computational evaluation of the Lewis
acidity of cationic species, a harsh approximation has been
taken: the omission of the counter anion of the Lewis acid.
Remarkably, the validity of this approximation has never
been scrutinized. To address the explicit influence of the
anion, a selected set of monocationic Lewis acids was
investigated in the presence of [Al(OC(CF3)3)4]

� , [BArF24]
� ,

[BArF20]
� , [SbF6]

� , [NTf2]
� , OTf� , and [ClO4]

� (Table 1). We
will base the following discussion on damping the FIA
values through the presence of a respective anion (anion
damping), averaged over the 8 cationic Lewis acids in this
test set (first of the bottom lines of Table 1). The notable
average anion damping of 202 kJmol� 1 even for [Al(OC-
(CF3)3)4]

� reflects the proximity (Figure 5a for an example
structure), but which undoubtedly represents a maximum, as
this salt would form solvent-separated ion pairs in
solution.[25]

With increasing coordination ability of the counter
anion, e.g., with [SbF6]

� , the anion FIA damping reaches
311 kJmol� 1 on average. The substantial interaction turns
respective salts into quasi-neutral Lewis acids (Figure 5b for
example), even more pronounced for OTf� (372 kJmol� 1).
What happens upon solvation correction concerning the
simulation of the counter anion effects?

While the coordination of the counteranion drastically
affects the vacuum FIA, the FIAsolv data set is only modestly
altered (bottom line of table 1), with almost no effect for the
least coordinating WCA (� 4 kJmol� 1) to a maximum
averaged anion damping in solution of only 73 kJmol� 1 for
triflates in CH2Cl2. This trend persists for solvation-
corrected values from other solvents, reaching a maximum
damping of 101 kJmol� 1 for OTf� in cyclohexane (Table S7).
Accordingly, the FIAsolv values for the salt pairs with WCAs
are only moderately influenced compared to the FIAsolv

values for the free cations. This latter finding reveals that
the computation of FIAsolv under the approximation of the
omitted counter anion is legitimate since the anion damping
gets effectively absorbed upon solvation correction. Hence,
further reliability is attributed to FIAsolv as a consistent
metric for evaluating differently charged Lewis acids, even
under the omission of counter anions.

Finally, a set of isolated cationic Lewis acids was
investigated to showcase FIAsolv as a descriptor that
correctly recovers experimental results (Figure 6).[26]

Standard vacuum calculation without explicit counter anion
indicated substantial FIA values (red numbers) surpassing
the threshold for Lewis superacidity (FIA >500 kJmol� 1).
However, all these compounds were isolated as [PF6]

� or
[BF4]

� salts (FIA(BF3)=346 kJmol� 1, FIA(PF5)=

384 kJmol� 1). Comparing the FIAsolv values instead (green
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numbers) with FIAsolv(BF3)=258 kJmol� 1, FIAsolv(PF5)=

276 kJmol� 1, the experimental results are well reflected.

Conclusion

The present study comprises the largest hitherto reported
collection of Lewis base affinities for cationic compounds
(784 Lewis acids; for a complete list, see ESI). A systematic
charge-clustering of vacuum FIA values originating from
charge cancellation in vacuum computations is showcased.
This offset prohibits the meaningful comparison of FIA for
Lewis acids with varying charges and represents a significant
shortcoming of the original FIA scaling method. Three
possibilities were assessed as solutions for the “charge”
problem:
1) A separate scale and a marker Lewis acid for Lewis

superacidity could be defined for each charge state
(neutral, monocationic, dicationic.). However, as this
approach does not allow interscale comparisons and
neglects critical solvation effects. It is not recom-
mended.

2) Rankings with neutral reference Lewis bases, e.g.,
ammonia affinity, might be preferable, as they are
charge-insensitive. However, simultaneously, the FIA
scale‘s main advantages—including weaker Lewis acids
and high resolution—are lost. Attempts by “neutral”
FIA complements, such as the lithium fluoride affinity
or the NMe4FA, point in the right direction but are

dismissed due to secondary interactions and practic-
ability reasons.

3) Solvation-corrected FIAsolv data displays the energetic
space of general Lewis acidity in its most coherent
form. The “charge” issue is leveled and critical effects
of molecular volume are disclosed. Notably, the
specific choice of the solvation correction (COSMO-
RS, CPCM, SMD) is found of minor importance. A
closer analysis of the solvation-corrected data allows
some further statements:

3.1) The molecular volume of the Lewis acid is a critical
parameter that influences the amount of solvation-
induced FIA damping. The effects are inverse for
neutral or cationic Lewis acids. The FIAsolv of neutral
Lewis acids gets lower with increasing molecular
volume, whereas the FIAsolv of cationic Lewis acids
grows with increasing molecular volume.

3.2) The solvation-induced FIA damping can be approxi-
mated with the molecular volume or the atom number
as the only input. A corresponding Excel sheet is
provided in the ESI.

3.3) The explicit computation of the counter anion of a
cationic Lewis acid is not required for a first approx-
imation, as most of the effects from the counter anion
are absorbed by solvation correction anyway.

The assessment of the considered approaches reveals that
the treatise of general/global Lewis acidity should be based
on the solvation-corrected FIAsolv. By doing so, we set the
ground for the discussion of Lewis acid strength irrespective
of the Lewis acid‘s charge, and we confirm that the omission
of the counteranion is legitimate. Although we have to
accept potential shortcomings inherent to implicit solvation
models, it represents the state-of-the-art for providing a
coherent Lewis acidity metric with the maximum possible
relevance to “condensed phase” reality, offering a valuable
parameter that may confront applications of Lewis acids in
synthesis, catalysis, and materials science.
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Figure 5. a) Exemplary equilibrium structures found after CREST con-
former analysis with subsequent structure optimization on the PBEh-3c
level of theory for a) [Sn(iPr)3][Al(OC(CF3)3)4] and b) [GeEt3][SbF6].

Figure 6. FIA and FIAsolv [kJmol� 1] for cationic Lewis acids reported as
isolated [PF6]

� or [BF4]
� salts, and the corresponding FIA and FIAsolv for

BF3 and PF5.
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Keywords: computational Lewis acidity · fluoride ion affinity ·
cationic Lewis acids · Lewis acidity scale · p-block elements

[1] a) A. Corma, H. García, Chem. Rev. 2003, 103, 4307–4366;
b) H. Yamamoto, Lewis acids in organic synthesis, Wiley-VCH,
Weinheim, 2002; c) J. Eames, M. Watkinson, in Metalloen-
zymes and electrophilic catalysis, Vol. 1, John Wiley & Sons
Ltd., 2007, pp. 508–519; d) T. Heckel, R. Wilhelm, in
Comprehensive Enantioselective Organocatalysis, 2013, pp.
431–462.

[2] a) J. I. Seeman, D. J. Tantillo, Chem. Sci. 2022, 13, 11461–
11486; b) D. J. Tantillo, J. I. Seeman, Found. Chem. 2023, 25,
299–320.

[3] a) T. Thorwart, L. Greb, in Encyclopedia of Inorganic and
Bioinorganic Chemistry, pp. 1–26; b) L. Greb, Chem. Eur. J.
2018, 24, 17881–17896.

[4] P. Erdmann, L. Greb, Angew. Chem. Int. Ed. 2022, 61,
e202114550.

[5] a) M. O’Keeffe, J. Am. Chem. Soc. 1986, 108, 4341–4343;
b) C. G. Krespan, D. A. Dixon, J. Fluorine Chem. 1996, 77,
117–126; c) K. O. Christe, D. A. Dixon, D. McLemore, W. W.
Wilson, J. A. Sheehy, J. A. Boatz, J. Fluorine Chem. 2000, 101,
151–153; d) H. Böhrer, N. Trapp, D. Himmel, M. Schleep, I.
Krossing, Dalton Trans. 2015, 44, 7489–7499.

[6] P. Erdmann, J. Leitner, J. Schwarz, L. Greb, ChemPhysChem
2020, 21, 987–994.

[7] a) B. Pan, F. P. Gabbaï, J. Am. Chem. Soc. 2014, 136, 9564–
9567; b) A. P. M. Robertson, S. S. Chitnis, H. A. Jenkins, R.
McDonald, M. J. Ferguson, N. Burford, Chem. Eur. J. 2015, 21,
7902–7913; c) J. M. Bayne, D. W. Stephan, Chem. Soc. Rev.
2016, 45, 765–774; d) T. A. Engesser, M. R. Lichtenthaler, M.
Schleep, I. Krossing, Chem. Soc. Rev. 2016, 45, 789–899;
e) J. C. L. Walker, H. F. T. Klare, M. Oestreich, Nat. Chem.
Rev. 2019, 4, 54–62; f) J. Zhou, L. L. Liu, L. L. Cao, D. W.
Stephan, Angew. Chem. Int. Ed. 2019, 58, 5407–5412; g) H.
Albright, A. J. Davis, J. L. Gomez-Lopez, H. L. Vonesh, P. K.
Quach, T. H. Lambert, C. S. Schindler, Chem. Rev. 2021, 121,
9359–9406; h) J. Heine, B. Peerless, S. Dehnen, C. Lichtenberg,
Angew. Chem. Int. Ed. 2023, 135, e202218771; i) H. F. T. Klare,
L. Albers, L. Süsse, S. Keess, T. Müller, M. Oestreich, Chem.
Rev. 2021, 121, 5889–5985.

[8] J. M. Slattery, S. Hussein, Dalton Trans. 2012, 41, 1808–1815.
[9] a) A. V. Marenich, R. M. Olson, C. P. Kelly, C. J. Cramer,

D. G. Truhlar, J. Chem. Theory Comput. 2007, 3, 2011–2033;
b) S. Lee, K.-H. Cho, C. J. Lee, G. E. Kim, C. H. Na, Y. In,
K. T. No, J. Chem. Inf. Model. 2011, 51, 105–114.

[10] a) J. Simons, J. Phys. Chem. A 2008, 112, 6401–6511; b) J.
Simons, J. Phys. Chem. A 2023, 127, 3940–3957.

[11] a) L. C. Kröger, S. Müller, I. Smirnova, K. Leonhard, J. Phys.
Chem. A 2020, 124, 4171–4181; b) T. Nevolianis, M. Baumann,
N. Viswanathan, W. A. Kopp, K. Leonhard, Fluid Phase
Equilib. 2023, 571, 113801.

[12] a) A. V. Pomogaeva, A. Y. Timoshkin, J. Comput. Chem. 2021,
42, 1792–1802; b) D. Manna, R. Lo, D. Nachtigallova, Z.
Travnicek, P. Hobza, Chemistry 2023, 29, e202300635.

[13] A. V. Marenich, C. J. Cramer, D. G. Truhlar, J. Phys. Chem. B
2009, 113, 6378–6396.

[14] a) S. Kozuch, D. Gruzman, J. M. Martin, J. Phys. Chem. C
2010, 114, 20801–20808; b) K. Eichkorn, O. Treutler, H. Öhm,
M. Häser, R. Ahlrichs, Chem. Phys. Lett. 1995, 240, 283–290;
c) J. Zheng, X. Xu, D. G. Truhlar, Theor. Chem. Acc. 2011,
128, 295–305.

[15] a) F. Eckert, A. Klamt, AIChE J. 2002, 48, 369–385; b) A.
Klamt, J. Phys. Chem. 1995, 99, 2224–2235; c) A. Klamt, B.
Mennucci, J. Tomasi, V. Barone, C. Curutchet, M. Orozco,
F. J. Luque, Acc. Chem. Res. 2009, 42, 489–492; d) C. C. Pye, T.
Ziegler, Theor. Chem. Acc. 1999, 101, 396–408; e) G. te Velde,
F. M. Bickelhaupt, E. J. Baerends, C. Fonseca Guerra, S. J. A.
van Gisbergen, J. G. Snijders, T. Ziegler, J. Comput. Chem.
2001, 22, 931–967.

[16] V. Barone, M. Cossi, J. Phys. Chem. A 1998, 102, 1995–2001.
[17] M. Born, Z. Phys. A 1920, 1, 45–48.
[18] J. L. Maglic, R. Lavendomme, J. Appl. Crystallogr. 2022, 1033–

1044.
[19] Similar size-related metrics show identical trends but only the

molecular van der Waals volume is depicted here (see
Supporting Information, section S5)].

[20] L. Zapf, M. Riethmann, S. A. Föhrenbacher, M. Finze, U.
Radius, Chem. Sci. 2023, 14, 2275–2288.

[21] A. Y. Timoshkin, Chem. Eur. J. 2024, 30, e202302457.
[22] P. Erdmann, L. Greb, ChemPhysChem 2021, 22, 935–943.
[23] a) S. Grimme, J. Chem. Theory Comput. 2019, 15, 2847–2862;

b) P. Pracht, F. Bohle, S. Grimme, Phys. Chem. Chem. Phys.
2020, 22, 7169–7192.

[24] a) I. Krossing, I. Raabe, Angew. Chem. Int. Ed. 2004, 43, 2066–
2090; b) I. M. Riddlestone, A. Kraft, J. Schaefer, I. Krossing,
Angew. Chem. Int. Ed. 2018, 57, 13982–14024.

[25] A. Macchioni, Chem. Rev. 2005, 105, 2039–2074.
[26] a) A. B. Bergholdt, K. Kobayashi, E. Horn, O. Takahashi, S.

Sato, N. Furukawa, M. Yokoyama, K. Yamaguchi, J. Am.
Chem. Soc. 1998, 120, 1230–1236; b) X. He, X. Wang, Y.-L.
Tse, Z. Ke, Y.-Y. Yeung, Angew. Chem. Int. Ed. 2018, 57,
12869–12873; c) M. Hirai, J. Cho, F. P. Gabbaï, Chem. Eur. J.
2016, 22, 6537–6541; d) M. Yang, M. Hirai, F. P. Gabbaï,
Dalton Trans. 2019, 48, 6685–6689; e) H.-J. Jung, I. Yu, K.
Nyamayaro, P. Mehrkhodavandi, ACS Catal. 2020, 10, 6488–
6496; f) Y. Matano, Chem. Commun. 2000, 2233–2234.

Manuscript received: February 17, 2024
Accepted manuscript online: March 13, 2024
Version of record online: April 8, 2024

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2024, 63, e202403356 (8 of 8) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2024, 22, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202403356 by K

arlsruher Institut F., W
iley O

nline L
ibrary on [29/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1021/cr030680z
https://doi.org/10.1039/D2SC02535C
https://doi.org/10.1039/D2SC02535C
https://doi.org/10.1007/s10698-022-09456-5
https://doi.org/10.1007/s10698-022-09456-5
https://doi.org/10.1002/chem.201802698
https://doi.org/10.1002/chem.201802698
https://doi.org/10.1016/0022-1139(96)03388-X
https://doi.org/10.1016/0022-1139(96)03388-X
https://doi.org/10.1016/S0022-1139(99)00151-7
https://doi.org/10.1016/S0022-1139(99)00151-7
https://doi.org/10.1039/C4DT02822H
https://doi.org/10.1002/cphc.202000244
https://doi.org/10.1002/cphc.202000244
https://doi.org/10.1021/ja505214m
https://doi.org/10.1021/ja505214m
https://doi.org/10.1002/chem.201406469
https://doi.org/10.1002/chem.201406469
https://doi.org/10.1039/C5CS00516G
https://doi.org/10.1039/C5CS00516G
https://doi.org/10.1039/C5CS00672D
https://doi.org/10.1038/s41570-019-0146-7
https://doi.org/10.1038/s41570-019-0146-7
https://doi.org/10.1002/anie.201902039
https://doi.org/10.1021/acs.chemrev.0c01096
https://doi.org/10.1021/acs.chemrev.0c01096
https://doi.org/10.1021/acs.chemrev.0c00855
https://doi.org/10.1021/acs.chemrev.0c00855
https://doi.org/10.1039/C1DT11636C
https://doi.org/10.1021/ct7001418
https://doi.org/10.1021/ci100299m
https://doi.org/10.1021/jp711490b
https://doi.org/10.1021/acs.jpca.3c01564
https://doi.org/10.1021/acs.jpca.0c01606
https://doi.org/10.1021/acs.jpca.0c01606
https://doi.org/10.1016/j.fluid.2023.113801
https://doi.org/10.1016/j.fluid.2023.113801
https://doi.org/10.1002/jcc.26713
https://doi.org/10.1002/jcc.26713
https://doi.org/10.1021/jp810292n
https://doi.org/10.1021/jp810292n
https://doi.org/10.1021/jp1070852
https://doi.org/10.1021/jp1070852
https://doi.org/10.1016/0009-2614(95)00621-A
https://doi.org/10.1007/s00214-010-0846-z
https://doi.org/10.1007/s00214-010-0846-z
https://doi.org/10.1002/aic.690480220
https://doi.org/10.1021/j100007a062
https://doi.org/10.1021/ar800187p
https://doi.org/10.1007/s002140050457
https://doi.org/10.1002/jcc.1056
https://doi.org/10.1002/jcc.1056
https://doi.org/10.1021/jp9716997
https://doi.org/10.1007/BF01881023
https://doi.org/10.1039/D3SC00037K
https://doi.org/10.1002/cphc.202100150
https://doi.org/10.1021/acs.jctc.9b00143
https://doi.org/10.1039/C9CP06869D
https://doi.org/10.1039/C9CP06869D
https://doi.org/10.1002/anie.200300620
https://doi.org/10.1002/anie.200300620
https://doi.org/10.1002/anie.201710782
https://doi.org/10.1021/cr0300439
https://doi.org/10.1021/ja972930x
https://doi.org/10.1021/ja972930x
https://doi.org/10.1002/anie.201806965
https://doi.org/10.1002/anie.201806965
https://doi.org/10.1002/chem.201600971
https://doi.org/10.1002/chem.201600971
https://doi.org/10.1039/C9DT01357A
https://doi.org/10.1021/acscatal.0c01365
https://doi.org/10.1021/acscatal.0c01365
https://doi.org/10.1039/b006881k
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fanie.202403356&mode=

	How to Deal with Charge in the Ranking of Lewis Acidity꞉ Critical Evaluation of an Extensive Set of Cationic Lewis Acids
	Introduction
	Results and Discussion
	Vacuum vs. Solvation Corrected Fluoride Ion Affinities
	Solvation Effects and Molecular Volume
	Alternative Affinity Scales
	Effect of Counter Anions

	Conclusion
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement


