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Abstract. In contrast to the extensive knowl-
edge of lithium cation affinities and basicities,
the thermochemistry of microsolvated lithium
cations is much less explored. Here, we deter-
mine the relative stabilities of Li(A,B)n

+ com-
plexes, n = 2 and 3, by monitoring their gas-
phase reactions with A and B substrate mole-
cules, A/B = Me2O, Et2O, tetrahydrofuran, and
MeCN, in a three-dimensional quadrupole-ion
trapmass spectrometer. Kinetic analysis of the

observed ligand displacement reactions affords equilibrium constants, which are then converted into Gibbs
reaction energies. In addition, we use high-level quantum chemical calculations to predict the structures and
sequential ligand dissociation energies of the homoleptic Li(A)n

+ complexes, n = 1–3. As expected, the ligands
dissociate more easily from complexes in higher coordination states. However, the very nature of the ligand also
matters. Ligands with different steric demands can, thus, invert their relative Li+ affinities depending on the
coordination state of the metal center. This finding shows that microsolvation of Li+ can result in specific effects,
which are not recognized if the analysis takes into account only simple lithium cation affinities and basicities.
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Introduction

The smallest alkali metal cation Li+ plays pivotally impor-
tant roles in organic and inorganic chemistry, biochemis-

try, and energy storage alike [1–3]. Despite the extreme diver-
sity of these roles, a common feature of lithium chemistry is
given by the strong tendency of Li+ to interact with Lewis
bases, thereby tuning their reactivity or stabilizing supramolec-
ular structures [4–7]. For any understanding of these interac-
tions, their strength must be known. For this reason, there is a
high interest in gas-phase lithium cation basicities (LCB), as
reflected in numerous experimental and theoretical studies
aiming at the determination of these values for a wide range

of compounds [8–16]. The LCB of a given molecule A and the
related lithium-ion affinity (LCA) [17] are defined as the stan-
dard Gibbs reaction energy and the standard reaction enthalpy,
respectively, of the dissociation of the complex Li(A)+, Eq. (1).

Li Að Þþ→ Liþ þ A; ΔGreact
� ¼ LCB Að Þ and ΔH react

� ¼ LCA Að Þ
ð1Þ

The deliberate limitation of this approach to mono-ligated
Li+ ions excludes any interference by counter-ion or solvation
effects and, thus, renders the systems under consideration
perfectly well defined. However, the coordinatively unsaturat-
ed character of mono-ligated Li+ ions also means that these are
rather artificial species, which are not encountered in typical
environments in the condensed phase. If the trends derived
from the analysis of LCBs and LCAs are to be used for the
interpretation of condensed phase systems, it is implied that the
added complexity, such as the binding of additional ligands,
does not qualitatively change the behavior of the lithium ions.
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At present, it is not possible to check this assumption
because, in marked contrast to the large number of
reported LCBs and LCAs, only very few thermochemical
data on lithium ions coordinated by more than a single
ligand are available. Notable exceptions are the sequen-
tial ligand dissociation energies of Li(H2O)n

+ and
Li(Me2O)n

+, n ≤ 4, determined by the Kebarle [18] and
Armentrout group [19], respectively. A comparison of
these values already points to interesting differences.
While LCA(Me2O) > LCA(H2O) holds for the mono-
ligated complexes, the order of the ligand dissociation
energies is reversed for the tetra-coordinated ones. This
comparison suggests that the coordination of additional
ligands can indeed result in qualitative changes of LCBs
and LCAs.

Here, we systematically examine the effect of
microsolvation on LCBs. To this end, we investigate
reversible exchange reactions of the bis-ligated complexes
Li(A)2

+, Li(A)(B)+, and Li(B)2
+ as well as of their tris-

ligated counterparts Li(A)3
+, Li(A)2(B)

+, Li(A)(B)2
+, and

Li(B)3
+, with the neutral substrates A, B = Me2O, Et2O,

tetrahydrofuran (THF), and MeCN added into the vacuum
system of a three-dimensional quadrupole ion trap. From
the time profiles of the signal intensities of the ions, we
can derive rate constants for the forward and backward
reactions, which afford equilibrium constants. These equi-
librium constants, in turn, can be easily converted into
ΔG° values corresponding to relative gas-phase basicities
of microsolvated Li+ ions (however, our experiments do
not permit the direct determination of absolute thermo-
chemical data). For comparison and for obtaining struc-
tural insights, we also perform quantum chemical calcu-
lations on the mono-, bis-, and tris-ligated homoleptic
complexes Li(A)+, Li(A)2

+, and Li(A)3
+, A = Me2O,

Et2O, THF, and MeCN. We have chosen this set of
ligands because Et2O, THF, and MeCN all are common
solvents used in lithium chemistry and, moreover, we
have previously observed complexes of the type Li(A)2

+

and Li(A)3
+, A = Et2O and THF, upon the analysis of

lithium-containing sample solutions by electrospray ioni-
zation (ESI) mass spectrometry [20, 21]. We also include
Me2O because in this way we are able to compare our
results with those of Armentrout and coworkers [19],
which can be used as an absolute anchor point for the
relative thermochemical values determined in the present
study. Our focus on the homoleptic complexes Li(A)n

+

significantly reduces the number of species to be consid-
ered within our quantum chemical investigations, and
thus, allows us to perform high-level quantum chemical
calculations at justifiable costs. Consequently, our theo-
retical predictions for the homoleptic complexes promise
not only valuable insights at a qualitative level, but also
to permit a meaningful quantitative comparison with the
experimental results. At the same time, the selected sys-
tems fully suffice for the examination of the effects of
bound solvent molecules on the LCBs.

Methods
ESI Mass Spectrometry and Gas-Phase Reactivity
Studies

For the preparation of microsolvated Li+ ions, solutions of
LiBPh4(MeOCH2CH2OMe)3 or LiCl (c = 0.1–1 mM) in Et2O,
THF, orMeCN (≥ 99.5%purity)were injected into the ESI source
of an HCT quadrupole-ion trap mass spectrometer (Bruker
Daltonik) at a typical flow rate of 8 μL min−1. The ESI source
was typically operated with an ESI voltage of − 3000 V and with
nitrogen as nebulizer gas (backing pressure of 0.4 bar) as well as
drying gas (3 Lmin−1, T= 333K). The gaseous ions then passed a
glass capillary, a skimmer, and two transfer octopoles; the poten-
tial differences of which were held low to avoid energetic colli-
sions with residual gas and maximize the signal intensities of
microsolvated ions [22, 23]. Subsequently, the ions entered the
instrument’s actual three-dimensional quadrupole ion trap, which
was operated at a trap drive of 40. The observed cations were
identified on the basis of theirm/z ratios, their isotope patterns, and
their fragmentation patterns. Ions of interest were mass selected
(isolation widths of 1.2–2 u) and subjected to reactions with
mixtures of neutral substrates diluted with helium gas (ptotal =
6 × 10−4 mbar) for variable times t (6–11 data points with dupli-
cate measurements in each case) before the recording of mass
spectra. In most cases, ligand displacement reactions occurred
already during the isolation procedure and, thus, compromised
the efficiency of the mass selection, which did not cause serious
problems, though. For each combination of two different sub-
strates A and B, two different mixtures and, thus, two different
ratios of partial pressures p(A) and p(B) were applied. In each
case, the reactivity of two different parent ions Li(A)2

+ and
Li(A)(B)+ was probed, which gave information on the relative
stabilities of both the bis- and tris-ligated complexes (see below).
Thereby, four independent data sets were obtained for each com-
bination of two different substrates A and B.

The device for preparing well-defined mixtures of neutral
substrates and helium has been described previously [24]. It
consists of a reservoir (total volume of 2.5 L), which can be
evacuated and into which volatile substrates can be added.
Me2O (Sigma Aldrich, 99.9%) was directly added as a gas
through an evacuated connection whereas Et2O, THF, andMeCN
(≥ 99.5%) were added as liquids and freed from traces of air by
freeze-pump-thaw cycles. After the addition of the substrates into
the reservoir, the latter was filled with helium up to a pressure of
6.00 bar. The thus prepared gas mixtures were then fed into the
quadrupole ion trap. From the known ratio of substrates in the
reservoir and their relative diffusion constants (inversely propor-
tional to the square roots of their molar masses) [25–27], the ratio
of their partial pressures in the ion trap can be easily calculated.
The known absolute total pressure in the ion trap (see above) then
permits the calculation of the partial pressures of the substrates as
psubstrate ≈ 5 × 10−8–5 × 10−5 mbar. In the case of Et2O, THF, and
MeCN, the use of microliter syringes allowed for the straightfor-
ward addition of well-defined quantities (1–20 μL, estimated
uncertainty due to parallactic deviations and evaporation losses:
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< 10%). In the case of Me2O, we relied on a Pirani gauge (PKR
251, Pfeiffer Vacuum) for measuring its pressure in the reservoir.
As we found out, this vacuum gauge displayed a strongly non-
linear response in the sampled pressure range. We calibrated the
gauge by monitoring the pressure resulting from the evaporation
of measured quantities of liquid Et2O. Given the close chemical
similarity between Me2O and Et2O, we assume that this calibra-
tion scheme is accurate within a factor of 2.

Data Analysis

For a given experiment at a reaction time t, the Compass
DataAnalysis software (Bruker Daltonik) was used to average
all recorded scans (so-called weighted average) and to extract
the signal intensities of all Li(A,B)2

+ and Li(A,B)3
+ ions. The

relatively narrow isolation widths helped to avoid peak over-
laps even with imperfect mass resolution and peak shapes. The
normalized signal intensities measured at different reaction
times t then served as input for kinetic modeling with the
Gepasi software package (for the considered kinetic models,
see below) [28–30]. Given the large excess of the neutral
substrates relative to the ionic complexes, the kinetic modeling
affords pseudo-first-order rate constants, from which bimolec-
ular rate constants can be calculated if the partial pressures of
the neutral substrates in the ion trap are taken into account. For
the present purpose, we were not interested in the absolute
bimolecular rate constants themselves, but only in the ratio
of the bimolecular rate constants of the forward and back-
ward ligand displacement reaction connecting two com-
plexes, which corresponds to their equilibrium constant K
(Scheme 1). Indeed, we could derive robust ratios of rate
constants of forward and backward reactions, whereas in
most cases, the formidable complexity of the examined
systems prevented the determination of consistent and
meaningful individual rate constants from the fitting. Hence,
in the following, we will refrain from a detailed discussion of
rate constants.

The equilibrium constants K can be easily converted into
Gibbs reaction energies ΔG° values and, thus, into relative gas-
phase basicities of microsolvated Li+ cations according to
Eq. (2), with R being the gas constant and T the temperature.
The latter (both for the ions and the neutral substrate) has been
determined as 300 ± 10 K for three-dimensional quadrupole
ion traps [25, 26]. These findings show that the ions in these
instruments undergo efficient thermalization. According to the
Langevin model [31], the probed ions can be estimated to
undergo approx. 80 collisions with He atoms within 10 ms
under the given experimental conditions, which confirms the
notion that the ions are effectively thermalized before the start

of the kinetic experiments.

−RT lnK ¼ ΔG° ð2Þ

For each system, we averaged the ln K values of the four
independent data sets [32]. We estimate the uncertainty of the
resulting Gibbs reaction energies ΔG° by adding the standard
deviation of the lnK values (statistical component) to the errors
introduced by the uncertainties of the substrate ratios and the
temperature in the ion trap (systematic component).

Quantum Chemical Calculations

All quantum chemical calculations were performed with the
software package ORCA 4.0 [33–35] using the VeryTightSCF
option. The structures of the homoleptic lithium complexes
Li(A)n

+ complexes (A = Me2O, Et2O, THF, MeCN; n = 1–3)
and the corresponding ligand molecules were obtained by
geometry optimizations with the PBE0 hybrid functional [36]
in combination with Grimme’s D3 dispersion correction with
Becke-Johnson (BJ) damping [37, 38] (Tight geometry optimi-
zation convergence criteria and large DFT integration grids
corresponding toGRID7were used).Within these calculations,
def2-TZVP basis sets [39] were employed for all elements
following the general recommendation of Grimme et al. [40].
The point group for each geometry was assigned with the help
of ORCA’s symmetry detection feature. Except for
Li(MeCN)3

+, PBE0-D3BJ/def2-TZVP analytical harmonic vi-
brational frequency calculations for all optimized structures
yielded only positive frequencies and consequently, confirmed
them as energy minima. In the case of Li(MeCN)3

+, three very
small imaginary frequencies (< 10i cm−1) were obtained, which
correspond to the internal rotations of the three methyl groups.
As these imaginary frequencies occur independently of the
orientation of the methyl groups, they can be regarded as
numerical artifacts originating from the very flat potential of
the methyl torsion.

Zero-point vibrational energies were determined on the
basis of the PBE0-D3BJ/def2-TZVP harmonic vibrational fre-
quencies. Moreover, these frequencies together with the corre-
sponding geometries were used to calculate thermal corrections
and entropic contributions according to the ideal gas approxi-
mation in combination with Grimme’s quasi-RRHO approach
[41]. For the calculation of the rotational entropies, the sym-
metry numbers associated with the assigned point groups of the
molecules were applied. The thermochemical corrections were
computed at 1.01325 bar and 298.15 K and, in addition,
determined at 300 K for Li+, Li(A)+, Li(Me2O)n

+ (n = 2, 3),
and A and at 373 K for Li+, Li(A)+, and A (A = Me2O, Et2O,
THF, MeCN). In the case of Li(MeCN)n

+ complexes (n = 2, 3),
the vibrational modes corresponding to a virtually unhindered
methyl torsion (one for n = 2 and three for n = 3) were treated as
free internal rotations within the determination of the thermal
corrections and entropic contributions. For this purpose, the
program MESMER 4.0 was used [42].

Scheme 1. Forward and backward ligand displacement
reactions
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For the optimized structures, single point energies (SPEs)
were determined by DLPNO-CCSD(T) calculations [43–45]
with the TightPNO option. Within these calculations, the fro-
zen core approximation was only used for the elements C and
O, because the treatment of core correlation for Li is important
for obtaining reliable bond dissociation energies for lithium
complexes as highlighted by Rodgers and Armentrout [17]. In
line with this procedure, cc-pVQZ basis sets were used for H,
C, and O [46] and the core-valence basis set cc-pwCVQZ for Li
[47]. For the resolution-of-identity approximation in the
DLPNO-CCSD(T) calculations, the auxiliary basis sets cc-
pVQZ for H, C, and O [48] and cc-pwCV5Z for Li [49] were
employed. For each species, H° and G° values for a certain
temperature were obtained by adding the corresponding ther-
mochemical correction from the PBE0-D3BJ/def2-TZVP cal-
culations to the respective DLPNO-CCSD(T) SPE.

In addition, the PBE0-D3BJ geometries of Li(Et2O)n
+ (n =

2, 3) and Et2O were re-optimized with the MP2 method [50,
51] with cc-pVTZ basis sets for H, C, and O [46]; the cc-
pwCVTZ basis set for Li [47]; and the same frozen core
settings as used for the coupled cluster calculations. For the
resulting structures, DLPNO-CCSD(T) SPEs were determined
as described above.

The XYZ coordinates (in Å) of the optimized structures can
be found in the li_complexes_QCC_data.tar file of the
Supporting Information.

Results and Discussion
Gas-Phase Reactivity Studies

Exposure of mass-selected Li(A,B)2
+ ions to mixtures of A and

B in the gas phase led to the formation of the full series of bis-
ligated lithium complexes Li(A)2

+, Li(A)(B)+, and Li(B)2
+ as

the result of ligand displacement reactions (Figure 1 for the
case of Li(MeCN)(Me2O)

+ subjected to reactions with MeCN

and Me2O). In addition, the tris-ligated complexes Li(A,B)3
+

also appeared and pointed to the occurrence of ligand addition
reactions. The absence of any tetra-ligated ions indicates that
their stability was too low to permit their formation under the
present conditions. It is well-known that the sequential binding
energies of alkali metal cations in general and lithium cations in
particular decrease as a function of their coordination number
[18, 19]. The higher tendency of coordinatively unsaturated Li+

ions to add ligands was also evident from control experiments
on mono-ligated Li(A)+ cations (formed upon collision-
induced dissociation of bis-ligated precursor ions), for which
addition reactions completely prevailed over ligand displace-
ment reactions. Thus, the present approach could not be used to
determine the relative stabilities of mono-ligated Li(A)+

complexes.
Obviously, the observed ligand displacement reactions of

the Li(A,B)2
+ ions did not proceed via a dissociative, but via an

associative mechanism, which involved short-lived, energized
Li(A,B)3

+ intermediates. These intermediates afforded the
products of the ligand displacement reactions by the loss of
one ligand. Alternatively, collisions with helium could stabilize
the tris-ligated Li(A,B)3

+ complexes, thus explaining the oc-
currence of ligand addition reactions.

The consideration of all possible ligand displacement and
addition reactions as well as ligand dissociation processes
interrelating the observed bis- and tris-ligated Li+ ions results
in a complex kinetic scheme (Scheme 2). Note that this scheme
does not contain all occurring microscopic elementary steps,
such as the collisional stabilization of energized Li(A,B)3

+

intermediates, but only describes the macroscopically observ-
able processes by effective rate constants, which are sufficient
for the determination of equilibrium constants.

Due to the significant complexity of the complete network
of reactions, we did not attempt to use it as the kinetic model for
the fitting but sought to simplify it. We started with a kinetic
model including all ligand displacement reactions (described
by the rate constants k+i, k−i with i = 1, 2, 9–11) as well as the
ligand addition reactions (defined by the rate constants k+i with
i = 3–8). The neglect of the ligand dissociation reactions (de-
scribed by k−i with i = 3–8) seemed valid because the signal
intensity of the tris-ligated complexes exhibited a gradual in-
crease and reached high levels only at late reaction times

Figure 1. Mass spectrum of mass-selected Li(A)(B)+ and its
products formed upon its reaction with a mixture of MeCN (A)
and Me2O (B) for a reaction time of 100 ms

Scheme 2. Complete network of ligand displacement, addi-
tion, and dissociation reactions
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(Figures 2 and S1, S4, S7, S10, and S13). Indeed, the experi-
mental time profiles could be satisfactorily simulated on the
basis of this kinetic model.

However, in several cases, the model turned out to be too
flexible with the fitting resulting in multiple solutions, between
which could not be easily discriminated and which therefore
did not seem suitable for the derivation of reliable equilibrium
constants. Therefore, we considered a further simplification of
the kinetic model used for the fitting procedure. A characteris-
tic feature of the probed Li(A,B)2

+ and Li(A,B)3
+ systems was

the shorter time scale of the ligand displacement than that of the
ligand addition reactions. This difference became particularly
evident by contrasting it by the behavior of the mono-ligated

Li(A)+ ions, which added a further substrate molecule so fast
that practically no ligand displacement reactions could be
observed (see above). The relative slowness of the ligand
addition to the Li(A,B)2

+ ions implies that the equilibration at
the level of the bis- and tris-ligated complexes can be treated
separately. Accordingly, we divided the complete reaction
network into subsets defined by the rate constants k+i, k−i with
i = 1, 2 for the ligand displacement reactions of Li(A,B)2

+ and
i = 9–11 for those of Li(A,B)3

+. Plotting of the normalized
signal intensities for the bis- and tris-ligated complexes, respec-
tively, showed that in most cases, the equilibration was far
advanced or nearly complete within the sampled reaction time
(Figures 3 and 4 as well as S2, S3, S5, S6, S8, S9, S11, S12,
S14, and S15). This finding implies that the ligand displace-
ment reactions proceeded relatively fast (with rates apparently
approaching the order of the collision rate for the exoergic
ligand displacement reactions of the bis-ligated complexes)
[52, 53]. Fitting of the experimental data to these separate
kinetic models furnished reliable and consistent solutions
(Tables S1–S6).

From the thus derived rate constants, we calculated equilib-
rium constants and, ultimately, relative Gibbs reaction energies
(Table 1) [54]. In most cases, the obtained values were associ-
ated with relatively small uncertainties.

Quantum Chemical Calculations

The calculated structures of the homoleptic Li(A)n
+ com-

plexes [55], n = 1–3, clearly show that all ligands probed
adopt similar coordination modes, but that they differ in
their steric requirements (Figure 5). In particular, Li(Et2O)3

+

appears to experience steric congestion. We also predicted
the sequential ligand dissociation energies of the Li(A)3

+

complexes (Table 2) [56, 57]. Several studies have shown

Figure 2. Normalized signal intensities of bis- and tris-ligated
lithium ions (diamonds) resulting from the reaction of Li(A)(B)+

with a mixture of A (THF) and B (Et2O) at different reaction times
t together with a fit (lines) based on a kinetic model including all
ligand displacement and all ligand addition reactions (see text
for details)

Figure 3. Normalized signal intensities of bis-ligated lithium
ions (diamonds) resulting from the reaction of Li(A)(B)+ with a
mixture of A (THF) and B (Et2O) at different reaction times t
together with a fit (lines) based on a kinetic model considering
only ligand displacement reactions of bis-ligated complexes
(see text for details)

Figure 4. Normalized signal intensities of tris-ligated lithium
ions (diamonds) resulting from the reaction of Li(A)(B)+ with a
mixture of A (THF) and B (Et2O) at different reaction times t
together with a fit (lines) based on a kinetic model considering
only ligand displacement reactions of tris-ligated complexes
(see text for details)
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Table 1. Gibbs Reaction Energies ΔG° of Ligand Displacements Reactions at T = 300 K Derived from the Results of Kinetic Modeling

ΔG°(300 K) (kJ mol−1)

A = Me2O/
B = Et2O

A = Me2O/
B = THF

A = Me2O/
B = MeCN

A = Et2O/
B = THF

A = Et2O/
B = MeCN

A = THF/
B = MeCN

Li(A)2
+ + B → Li(A)(B)+ + A − 15.3 ± 1.9 − 16.0 ± 2.5 − 20.2 ± 2.1 − 2.4 ± 0.5 − 6.1 ± 0.2 − 4.8 ± 1.4

Li(A)(B)+ + B → Li(B)2
+ + A − 11.7 ± 1.6 − 12.9 ± 2.7 − 15.8 ± 1.3 2.2 ± 0.3 − 3.7 ± 0.4 − 2.7 ± 1.5

Li(A)3
+ + B → Li(A)2(B)

+ + A − 9.7 ± 2.2 − 14.3 ± 4.0 − 18.1 ± 1.5 − 10.5 ± 0.7 − 11.8 ± 0.4 − 5.1 ± 1.4
Li(A)2(B)

+ + B → Li(A)(B)2
+ + A − 4.6 ± 1.9 − 16.7 ± 4.3 − 14.6 ± 1.2 − 8.0 ± 1.7 − 7.4 ± 0.7 − 2.6 ± 1.6

Li(A)(B)2
+ + B → Li(B)3

+ + A − 3.5 ± 5.1 − 9.9 ± 3.2 − 10.3 ± 1.3 − 3.6 ± 0.4 − 5.3 ± 0.7 − 1.1 ± 1.6

Figure 5. Molecular structures of Li(A)n
+ complexes (A =Me2O, Et2O, THF, MeCN; n = 1–3) obtained from PBE0-D3BJ geometry

optimizations. The point groups of the geometries are given next to the complexes
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that the applied TightPNO DLPNO-CCSD(T) method can
nearly reproduce canonical CCSD(T) [58–60]. The latter,
commonly referred to as the gold standard of electronic
structure theory, allows one to compute relative electronic
energies with chemical accuracy when systems are consid-
ered that, such as those of the present study, do not require
multi-configurational approaches [61]. Given the use of
large basis sets and the treatment of core correlation for Li
in the present coupled cluster calculations, we estimate the
errors of the obtained ΔH° values to be < 10 kJ mol−1. In line
with this estimation, Minenkov et al. reported the dissocia-
tion enthalpies of 72 cationic coinage metal complexes
calculated by the NormalPNO DLPNO-CCSD(T)/cc-pVQZ
method to exhibit a mean absolute deviation (MAD) of
9 kJ mol−1 from the corresponding experimental results
[62]. The additional approximations necessary for the cal-
culation of the ΔG° values may possibly increase the error of
the latter.

The deviation between the computed reaction enthalpy
ΔH°(0 K) for the dissociation of Li(Me2O)

+ and the corre-
sponding value from guided ion beam measurements [19]
amounts to 4.4 kJ mol−1 and lies within the experimental
uncertainty (Table S7). A similarly good agreement is ob-
tained between the calculated Gibbs reaction energies
ΔG°(373 K) for the dissociation of Li(A)+, A = Me2O,
Et2O, THF, and MeCN and the corresponding experimental
values [10] (Table S7). This finding lends further support to
the ability of the applied computational models to predict
accurate LCAs and LCBs for the considered substrates.
However, significantly larger discrepancies of 11.8 and
15.5 kJ mol−1 occur between the computed and the experi-
mentally determined ΔH°(0 K) values for the dissociation of
Li(Me2O)2

+ and Li(Me2O)3
+, respectively [19] (Table S7).

This discrepancy does not necessarily reflect shortcomings
in the theoretical methods used in the present study, but
could possibly also result from an overestimation of the
kinetic shifts operative in the guided ion beam experiments.

Comparison Between Present Experimental
and Theoretical Results

We also aimed at a direct comparison between the present
experimental and theoretical thermochemical data of
homoleptic lithium complexes. As exemplary calculations
show, the slight difference in temperature (300 ± 10 K for the
experiments and 298 K for the quantum chemical calculations)
is insignificant (Table 2).

The Gibbs reaction energies derived from the measurements
represent an overdetermined system of linear equations, from
which the relative stabilities of the Li(A)2

+ and Li(A)3
+ com-

plexes can be determined (Schemes 3 and S1). The given
uncertainties result from the requirement of their overlap with
the error bars of the individual Gibbs reaction energies. As
references, we choose Li(Me2O)2

+ and Li(Me2O)3
+, respec-

tively, because their absolute ligand dissociation enthalpies
have been measured and can serve as anchor points for tying
up the relative stabilities of the Li(A)n

+ complexes to an

Table 2. Electronic Reaction Energies ΔEel, Reaction Enthalpies ΔH° (for T = 0 and 298 K), and Gibbs Reaction Energies ΔG° (for T = 298, 300, and 373 K) for the
Ligand Dissociation of Li(A)n

+ Complexes (A = Me2O, Et2O, THF, MeCN; n = 1–3) Obtained from DLPNO-CCSD(T)//PBE0-D3BJ Calculations in kJ mol−1

ΔEel ΔH° ΔH° ΔG° ΔG° ΔG°
0 K 298 K 298 K 300 K 373 K

Li(Me2O)
+ → Li+ + Me2O 167.3 160.6 162.7 133.8 133.6 126.4

Li(Me2O)2
+ → Li(Me2O)

+ + Me2O 138.1 132.4 130.3 91.0 90.7 –
Li(Me2O)3

+ → Li(Me2O)2
+ + Me2O 110.4 104.3 103.0 55.5 55.1 –

Li(Et2O)
+ → Li+ + Et2O 186.1 180.5 182.2 152.8 152.6 145.0

Li(Et2O)2
+ → Li(Et2O)

+ + Et2O 148.5 143.0 140.9 94.8 – –
Li(Et2O)3

+ → Li(Et2O)2
+ + Et2O 102.0 94.2 93.8 37.8 – –

Li(THF)+ → Li+ + THF 186.8 179.9 182.3 151.1 150.9 143.2
Li(THF)2

+ → Li(THF)+ + THF 150.2 144.8 142.7 99.8 – –
Li(THF)3

+ → Li(THF)2
+ + THF 113.7 108.8 106.9 60.3 – –

Li(MeCN)+ → Li+ + MeCN 185.7 180.6 183.0 153.1 152.9 145.4
Li(MeCN)2

+ → Li(MeCN)+ + MeCN 150.0 145.8 145.1 106.1 – –
Li(MeCN)3

+ → Li(MeCN)2
+ + MeCN 106.3 102.2 102.7 66.4 – –

Scheme 3. Relative stabilities of the homoleptic Li(A)2
+ com-

plexes (black) as derived from the measured individual Gibbs
reaction energies (blue) at 300 ± 10 K
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absolute scale (Table S8). However, as discussed above, the
relatively poor agreement between the measured ligand disso-
ciation enthalpies of the Li(Me2O)2

+ and Li(Me2O)3
+ ions and

the predictions of the present work might be considered a
possible caveat against the use of the former as reliable refer-
ences. Alternatively, the computed ligand dissociation Gibbs
energies from the present work could also be used as anchor
points.

The combination of the calculated ligand dissociation Gibbs
energies ΔG°(298 K) in a simple thermochemical cycle also
affords the relative stabilities of the bis- and tris-ligated lithium
complexes (Scheme 4). A comparison of the experimental and
theoretical values shows an excellent qualitative as well as a
good quantitative agreement (MAD= 5.0 kJ mol−1) and, thus,
provides additional support for the accuracy of the present
results (Table 3). Only for the relative stabilities of Li(THF)3

+,
Li(Et2O)2

+, and Li(Et2O)3
+, the obtained deviations are larger

than the experimental uncertainty. However, even these devi-
ations are still within the estimated accuracy of our computa-
tional approach (see above) if the experimental error is taken
into account. In all three cases, the calculations underestimate
the stability of the complexes. As we have carefully explored
the conformational space of the considered species in our
computational investigations, we are confident that the under-
estimation of the stabilities of Li(THF)3

+, Li(Et2O)2
+, and

Li(Et2O)3
+ is not caused by having missed the global energy

minima with respect to G°(298 K) [55, 56]. For Li(Et2O)3
+,

which shows the largest discrepancy, we furthermore re-
optimized the D3-symmetric minimum energy structure with
the MP2 method, which did not result in a significant geometry
change. Likewise, the electronic reaction energy ΔEel for the
ligand dissociation of Li(Et2O)3

+ from DLPNO-CCSD(T)//

MP2 calculations (101.9 kJ mol−1) is practically identical to
the DLPNO-CCSD(T)//PBE0-D3BJ result. Consequently,
there is no indication that the larger discrepancies between
the measured and predicted stabilities result from erroneously
calculated structures. Alternative possible reasons for the devi-
ations between the experimental and theoretical results are
shortcomings in the calculated electronic energies and/or the
thermochemical corrections of Li(THF)3

+, Li(Et2O)2
+, and

Li(Et2O)3
+. As these complexes correspond to the largest spe-

cies considered in this work, it seems quite plausible that their
theoretical description is associated with the largest errors. For
the case of Li(Et2O)3

+ with its rather congested structure, the
interplay of steric repulsions and attractive dispersion interac-
tions presumably renders the accurate determination of its
electronic energy particularly challenging and, thus, introduces
an additional difficulty, with which even the DLPNO-
CCSD(T) approach cannot fully cope.

Trends in the Lewis Acidities of Microsolvated Li+

Ions

Both the present experiments and quantum chemical calcula-
tions show that the coordination of ligands to Li+ ions strongly
reduces their Lewis acidity toward further substrate molecules.
This finding is in accordance with previous results [18, 19] and
mirrors the decrease in positive charge density upon the coor-
dination of Lewis basic ligands. More importantly, the coordi-
nation changes not only the absolute binding energies of the
ligands but also affects their relative affinities to the lithium
center. This effect is most evident in the case of Et2O. The
binding of a single Et2O molecule to Li+ is energetically
comparable to that of a single THF molecule, but significantly
more favorable than that of a single Me2O molecule (Table 2).
The situation changes completely for the tris-ligated com-
plexes. Here, Li(Et2O)3

+ is destabilized to such an extent that
it loses one ligand even more easily than its Li(Me2O)3

+

counterpart. Most likely, this peculiar behavior results from
the higher steric demands of the Et2O ligand.While being of no
consequence for complexes in low coordination states, they
cause substantial steric congestion in the tris-ligated system
(Figure 5). An analysis of the ligand displacement reactions
also shows that the coordination of a given ligand to the lithium
center modulates the affinity of the latter to another one (Ta-
ble 1). If Li(A)2

+ undergoes reactions with a substrate B that is
more Lewis basic than A, the first ligand displacement in
almost all cases has a stronger effect than the second one. An

Scheme 4. Thermochemical cycle illustrating the calculation
of relative stabilities ΔG°(A/B)n from sequential ligand dissocia-
tion Gibbs energies ΔGdiss°

Table 3. Comparison of the Measured and Theoretically Predicted Stabilities of Bis- and Tris-Ligated Lithium Complexes Li(A)2
+ and Li(A)3

+ Relative to
Li(Me2O)2

+ and Li(Me2O)3
+, respectively

A ΔG°(Li(A)2
+) (kJ mol−1) Δ ΔG°(Li(A)3

+) (kJ mol−1) Δ

Experiment Theory Experiment Theory

Me2O 0 0 0 0 0 0
Et2O − 27 ± 3 − 22.9 4.1 − 18 ± 4 − 5.2 12.8
THF − 28 ± 3 − 26.2 1.8 − 39 ± 4 − 31.0 8.0
MeCN − 36 ± 3 − 34.4 1.6 − 44 ± 4 − 45.3 − 1.3
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analogous trend can be discerned for the tris-ligated complexes.
Presumably, this behavior reflects changes in the charge den-
sities of the lithium center in the different complexes. With an
increasing number of more Lewis basic ligands bound to the
metal, its positive charge density is diminished, which in turn
renders the effect of further ligand displacement reactions less
conspicuous.

Conclusion
As the present study has shown, the coordination of ligands to Li+

exerts significant effects on the affinity of the latter toward further
Lewis basic substrates. The most obvious trend is the decrease of
ligand binding energies as a function of the coordination number.
This behavior can be simply rationalized by the gradual saturation
of the positive charge density at the Li+ center with an increasing
number of ligands. At the same time, more subtle and less
foreseeable effects can occur as demonstrated by the case of
Li(Et2O)n

+. While mono-ligated Li(Et2O)
+ behaves in a normal

way and exhibits a stronger ligand binding than Li(Me2O)
+, the

higher steric demands of Et2O lead to a destabilization of the tris-
ligated Li(Et2O)3

+ complex, which, thus, undergoes ligand disso-
ciation more easily than its Li(Me2O)3

+ analog. This example
clearly shows that microsolvation can significantly change gas-
phase lithium cation basicities.

Furthermore, the present study provides a set of experimen-
tal thermochemical data, which can serve as a benchmark for
assessing the reliability of quantum chemical calculations on
(micro)solvated lithium ions. The good agreement achieved
between the measured and computed quantities points to the
suitability of the computational methods applied in this work.
Nevertheless, the examples of Li(THF)3

+, Li(Et2O)2
+, and

Li(Et2O)3
+ highlight remaining difficulties associated with the

accurate calculation of ligand dissociation Gibbs energies by
state-of-the-art approaches.
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