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Abstract

Kinetic studies on Li" exchange between the cryptands C222 and C221, and y-butyrolactone as solvent were
performed as a function of ligand-to-metal ratio, temperature and pressure using 'Li NMR. The thermal rate and
activation parameters are: C222: kaos = (3.3 + 0.8)x10* M~ 's™!, AH” = 35+ 1 kImol™' and AS* =
—41 £3J K ' mol™'; C221: kpog = 105 £32 M s™, AH* = 48 £ 1 kJ mol ' and AS* = —45+£2 J K" mol™".
Temperature and pressure dependence measurements were performed in the presence of an excess of Li". The
influence of pressure on the exchange rate is insignificant for both ligands, such that the value of activation volume
is around zero within the experimental error limits. The activation parameters obtained in this study indicate that

the exchange of Li™ between solvated and chelated Li™ ions follows an associative interchange mechanism.

Introduction

Following the work of Pedersen on two-dimensional
crowns, Lehn and coworkers developed in 1969 a range
of three-dimensional, polycyclic ligand systems, which
they named cryptands (Greek: cryptos = cave) [1, 2].
Until today this class of compounds has been intensively
explored and extended in different directions [3, 4] in
terms of cavity size [5, 6], donor atoms [7], and metalla-
topomers [8—11]. Since cryptands readily form com-
plexes with a wide range of metal ions and NH, " [12],
provided the ion involved is not too large to be con-
tained in the macrocyclic cavity [13], they find their
application in various areas like catalysis, medicine,
biomimetic research [14-21], and as receptors [22] and
electrides [23]. Studies on the complexes (cryptates)
formed between alkali metal ions and cryptands, have
revealed a substantial understanding of the effects of
metal ion size and cryptand cavity size on the structure,
stability and lability of cryptates, and the mechanism of
the cryptate complex-formation processes [24-28]. Such
selective complexation has led to many biological and
chemical studies.

Kinetic studies on macrocyclic complex-formation
reactions with alkali cations not only result in important
information on the rates and mechanisms of complex-
formation reactions, but also lead to a better under-
standing of the high selectivity of these ligands toward
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different cations. The broad impact of such studies
spans from the theory of complexation to cation trans-
port through membranes, and makes the ability to
control cation selectivity via tactical structural changes
in the complexing agent of prime importance [18].
Polyoxo macrobicyclic diamines, represented by the
structure in Figure 1, are able to form metal ion com-
plexes in which the metal ion is located in the cavity of
the macromolecule and two nitrogen atoms along with
the oxygen atoms participate in binding the metal cat-
ion. All complexes have 1:1 stoichiometry with the metal
ion positioned in the center of the ligand cavity [24].

In case of crown ethers and cryptands in non-
aqueous solutions, the rates of complex-formation (k)
for the interaction with alkali-metal cations are
generally diffusion-controlled and, consequently, the
complexation selectivities are governed by the decom-
plexation rates kg [29]. These reactions have received
significant attention, initially from Lehn and co-workers
and more recently from Popov and co-authors [30-32]
and Lincoln and co-authors [33-40]. These and other
groups performed a series of detailed kinetic studies and
found that two mechanisms need to be considered for
the decomplexation process of cryptand-alkali metal
cation complexes, viz., bimolecular associative (I) and
unimolecular dissociative (back reaction in II) cation
exchange processes, where S presents solvent and L the
employed chelate [41, 42].

k
LiS)" + Li(L)" s

k—1

Li(S)" +Li(L)" ()
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Figure 1. Chelate structures. C211: m = 0, n = 1. C221: m = 1,
n=00C622m=1,n=1.

k
LiS)" +L s

Li(L)" +S (10

The solvent plays a major role in the unimolecular
mechanism II [43, 44], which is therefore favored in
strong donor solvents. Many examples have been in-
cluded in a series of review articles [41, 45-47]. It has
been reported that ligand structure and solvent proper-
ties have considerable effects on the reaction rates,
activation parameters, and exchange mechanism of
cations between the solvated and complexed sites.
We have now extended the study of Li" exchange to
y-butyrolactone (see Figure 2) as solvent.

y-Butyrolactone was chosen as solvent due to its
relevance in lithium batteries and capacitors [48, 49].
It is a model cyclic ester used as a major chemical
compound with extensive application in pharmaceuti-
cals, pesticides and petrochemicals. The butyrolactone
ring is an integral building block of many natural
products of biological activity [50, 51], like the ses-
quiterpene lactones, flavor components, alkaloids, an-
tileukemics, and pheromones. y-Butyrolactone is one
of the important intermediates in fine chemical
industrial practices, for example in the synthesis of
pyrrolidine, herbicides and rubber additives [52]. It is
also used as a solvent for surface treatment of textiles
and metal coated plastics, as a paint remover, in
photochemical etching, in vitamin and pharmaceutical
preparations.

Recently, computational studies on y-butyrolactone
and Li™ /y-butyrolactone have been performed by Rey
and co-author [53]. It was found that the Li* cation
coordinates to the carbonyl oxygen with an almost co-
linear configuration relative to the carbon-oxygen
bond but with a slight tilting toward the lactone
oxygen. This configuration holds for clusters of up to
four molecules and also in the liquid phase, where a
tetrahedral first solvation (coordination) sphere was
found.

In this contribution, we report kinetic parameters for
the exchange of Li" in y-butyrolactone under ambient
and elevated pressure conditions, and discuss their
mechanistic implications.

O

Figure 2. Structure of y-butyrolactone.

Experimental section
General procedures

The preparation of test solutions was carried out under
an Ar or N, atmosphere using standard Schlenk tech-
niques, under an Ar atmosphere in a glove box, or under
vacuum. Lithium perchlorate (Aldrich, battery grade)
was vacuum-dried at 120 °C for 48 h and then stored
under dry nitrogen. The cryptands C222 (purchased
from Fluka), C221 and C211 (purchased from Aldrich)
were dried under vacuum for 48 h and stored under dry
nitrogen. p-Butyrolactone (Aldrich) was dried over
anhydrous CaSOQy, then fractionally destilled under
vacuum and stored under nitrogen over Linde 3 A
molecular sieves. Solutions of LiClO,4, C222, C221 and
C211 in y-butyrolactone were prepared under dry
nitrogen. For the "Li NMR measurements the solutions
were sealed in 5 mm NMR tubes under an Ar atmo-
sphere. In order to study the kinetics of the exchange of
Li" between C222 and C221 and y-butyrolactone as
solvent, four solutions of different concentration ratio
were prepared for each system. The concentration of
lithium perchlorate in each solution was kept constant
at 0.05 M, whereas the concentration of ligand was
varied between 0.0175 M and 0.04 M. In this way the
measurements were always performed in the presence of
an excess of Li™".

"Li NMR spectroscopy

Variable-temperature and variable-pressure Fourier
transform 'Li NMR spectra were recorded at a fre-
quency of 155 MHz on a Bruker Avance DRX 400 WB
spectrometer equipped with a superconducting BC-94/
89 magnet system. Spinning tubes (5 mm) were used
with a 1 mm o.d. melting point capillary inserted
coaxially in the spinning tube and filled with an external
reference solution (usually 1 M LiClO4 in DMF). The
temperature dependence measurements were performed
over a wide as possible temperature range for each
system. A homemade high-pressure probe described in
the literature [54] was used for the variable-pressure
experiments, which were conducted at a selected tem-
perature and at ambient, 30, 60, 90, 120 and 150 MPa
pressure. A standard 5 mm NMR tube cut to a length
of 45 mm was used for the sample solution. The



high-pressure NMR tube was sealed with a MACOR
plug and an O-ring made of VITON. The plug and O-
ring were shown to be stable in the employed solvent.
The pressure was transmitted by the movable MACOR
piston to the sample, and the temperature was con-
trolled as described elsewhere [54]. For a typical kinetic
run, 0.8 ml of solution was transferred under an Ar
atmosphere to a Wilmad screw-cap NMR tube equipped
with a poly(tetrafluoroethylene) septum. All test samples
were prepared in the same way.

Programs

The line widths of the NMR signals were obtained by
fitting Lorentzian functions to the experimental spectra
using the NMRICMA 2.7 program [55] for Matlab [56].
The adjustable parameters were the resonance fre-
quency, intensity, line width and baseline. Complete
line-shape analysis based on the Kubo-Sack formalism
using modified Bloch equations [57] was also performed
with NMRICMA 2.7 to extract rate constants from
experimental spectra. The temperature and pressure
dependent "Li line widths and chemical shifts employed
in the line shape analysis were extrapolated from low
temperatures where no exchange-induced modification
occurred.

Quantum chemical calculations

All structures were optimized at the B3LYP/D95Vp
hybrid DFT level [58—62] with no constrains other than
symmetry and confirmed to be minima by computation
of vibrational frequencies. Relative energies were cor-
rected for zero point vibrational energy differences. The
D95V basis set, augmented with polarisation functions
(D95Vp), was used [63]. The Gaussian suite of programs
was used throughout [64].

Results and discussion
Spectroscopic observation

In preliminary experiments, a series of 'Li NMR mea-
surements for the Li "-cryptand system in y-butyrolac-
tone as solvent were performed. For each of the
cryptands C222, C221 and C211, mole ratio dependent
measurements were performed by variation of both the
cryptand:Li™ and Li ™ :cryptand molar ratios. The re-
sults enabled us to observe the distribution of particular
species on increasing the amount of chelate or lithium
salt. Basically, two signals of varying intensity were
observed in the "Li NMR spectra that refer to solvated
Li" and Li" bound inside the cryptand cavity. In case
of the smallest chelate C211, however, an additional
signal appeared which can be ascribed to Li* bound
outside the cryptand and being partially solvated. The
distribution plot for the various species in a solution of
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C211 and LiClO4 in p-butyrolactone is presented in
Figure 3. The concentration of LiClO4 was kept con-
stant at 0.01 M and the concentration of C211 was
varied in the range 0-0.04 M. Initially only the signal of
free (solvated) Li " is observed, and then with increasing
amount of C211, the signals referring to the complexed
Li" appear. Contrary to the larger cryptands, there are
two signals that refer to bound Li"; one for Li* inside
the cavity and another of low intensity (max. 15%) for
Li" presumably bound outside the cryptand and being
partially solvated. The latter signal, however, disappears
once the C211/LiClO4 molar ratio gets to 1, and then all
the Li" is bound as internal complex. Due to the facts
that the exchange process among the three species can-
not be clearly defined, Li(C211)" is very stable and
there is almost no exchange taking place, a detailed
study of the observed rate constant, ks, for the ex-
change of Li " as a function of temperature and pressure
was undertaken only for C221 and C222. The lithium
exchange reaction between cryptand and y-butyrolac-
tone was studied for four solutions with different ligand-
to-metal ratios in the presence of an excess of Li™" .
Three signals can be observed in Figure S1 (Sup-
porting Information); one comes from the reference
(6.6 ppm) and the other two from the exchanging sites
(6.0 ppm solvated Li" and 4.8 ppm complexed Li").
At low temperature the signals are narrow and com-
pletely separated due to very slow or no exchange.
Since the formation constant for Li(C221)" is very
high [24], the concentration of bound lithium is equal
to the amount of cryptand added. At ca. 358 K the
signals start to coalescence and at 388 K only one
broad signal (at 5.3 ppm) can be observed due to fast
exchange. In the case of C222 (Figure S2, Supporting
Information), the exchange process is faster due to the
larger cavity of the cryptand. The signals that refer to
solvated and complexed Li cation (8.3 ppm and
6.8 ppm, respectively at 218 K) coalescence at a lower
temperature (ca. 268 K), and at high temperature

(368 K) only one sharp signal at 7.7 ppm was
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Figure 3. Distribution plot for various species in a solution of C211
and LiClOy in y-butyrolactone.
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observed as a consequence of a very fast exchange
process.

The rate of the exchange reaction increased not only
with increasing cavity size of the cryptand but also with
increasing concentration of the chelate, as can be rec-
ognized from the shape of the signals at 338 K in Fig-
ure 4 and from the values of k., in Table 1.

Suggested exchange mechanism

As mentioned above, there are two possible mechanisms
for the exchange of the lithium ion between the solvated
and the complexed sites, namely bimolecular associative
(I) and unimolecular dissociative (II) mechanisms.

At equilibrium:

ky["Li(S)][Li(L)] = ki ['Li(L)][Li(S)]
ka[Li(S)][L] = k- [Li(L)][S]

Therefore
— L 1Li(S)) = ko Li(S)] = k1 [Li(S)][Li(L)]
+ka[Li(L)]S] (1)
and
(L] s L]
kavs = e [Li(L)] + e 2)

An alternative form of Equation (2) is Equation (3),
which was used to fit the data in Figures 5 and 7.
kobs

THID) I

1
o) G)

Plots of kops/[Li(L)] vs. 1/[Li(S)] were found to be
linear with negligible slopes (k’_» = k_,[S]) (especially
at low temperature) and significant intercepts (k;) (see
Figures 5 and 7). This indicates that the exchange
mechanism has a more associative character for both

C221 and C222. This led us to take only the values of k;
into consideration, from which it follows that the ex-
change process is much faster for C222 than for C221.
The corresponding Eyring plots for k; are shown in
Figures 6 and 8, respectively, and the thermal activation
parameters are summarized in Table 2.

Based on the significantly negative activation en-
tropy, the activation parameters support an associative
interchange type of exchange process. Furthermore, the
reported activation parameters are within the range
of those reported by Popov and co-authors for closely
related systems [31], viz. kaog = 680 &= 42 M~' 57!,
AH? = 28 £ 1 kI mol™" and AS* = -101 £ 2J K™
mol™' for Li"/C221 in acetonitrile, and kagg =
892 + 50 M~ s7', AH* = 26 + 1 kJ mol™" and AS" =
—109 + 2 J K ' mol™" for Li"/C221 in propylene
carbonate, for which the authors also postulated an
associative character for the Li" exchange process. In
the case of Li" exchange between C222 and solvents
such as acetonitrile, propylene carbonate and acetone,
these authors found the mechanism to have more of a
dissociative character. However, it should be pointed
out that they used a different rate law than the one
proposed by Shchori et al. [65] and that used in the
present study, which complicates a direct comparison of
the reported activation parameters with ours. It is rea-
sonable to expect that solvents such as propylene car-
bonate, ecthylene carbonate and y-butyrolactone,
together considered as a class of solvents that play an
important role in polymer-gel lithium-ion baterries
[66-70], due to their similar structure and properties as
expected from their rather similar Gutmann donor
numbers (DN = 15.1, 16.4 and 18.0, respectively [71]),
should coordinate to Li" in a similar way and should
have a similar influence on the exchange mechanism.
This observation corresponds to that reported by
Shamsipur et al. [72] for the exchange of Li* between
C221 and acetonitrile-nitromethane mixtures. In all
solvent mixtures used, Li* exchange was found to occur
via an associative mechanism, as expected for weak
donor solvents (DN = 14.1 and 2.7 for acetonitrile and
nitromethane, respectively). The same group reported
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Figure 4. "Li NMR spectra of C222 and LiClO, in GBL. Temperature dependence for the sample ratios C222:LiCIO,4 = 0.35,0.45,0.55 and 0.65.



Table 1. Values of the observed rate constants (k) calculated from
the line shape analysis for the exchange of Li™ between solvated and
chelated sites at 25 °C

Mole ratio Kopss S~ Mole ratio Kobs, S
C221:Li™ C222:Li ™"
0.4 2.68 + 0.05 0.35 654 + 13
0.5 4.3 +0.1 0.45 851 £ 25
0.65 6.9 +£0.3 0.55 1282 + 51
0.8 9.6 £0.5 0.65 1352 + 68
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Figure 5. Plots of kg,e/[Li(L)] vs. 1/[Li(S)] for C222 as a function of
temperature.
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another case, where Li" exchange occurred between
C221 and mixtures of nitromethane (low donor ability)
and dimethylformamide (high DN = 26.6), where it
was found that the associative mechanism predominates
in nitromethane, whereas a dissociative pathway pre-
vails in dimethylformamide solution.

High pressure "Li NM R measurements

Additional mechanistic information on the intimate
nature of the exchange mechanism can in principle be
obtained from the effect of pressure on the Li " exchange
process [73-76]. A systematic pressure dependence study
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Figure 7. Plots of kops/[Li(L)] vs. 1/[Li(S)] for C221 as a function of
temperature.
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was performed to determine the volume of activation for
the Li™ exchange process for both cryptates. Pressure
dependent NMR spectra were recorded for each sample
over the pressure range of 0.2-150 MPa at 316.5 K. The
effect of pressure was found to be not very significant for
these systems. There was a very small difference in the
shape of the NMR spectra recorded at various pressures
as can be seen in Figure S3 (Supporting Information).
The rate constants calculated for each pressure were
very similar within the experimental error limits and
resulted in a practically zero value for AV, which
points to a concerted interchange type of exchange
mechanism [77]. In terms of an interchange mechanism,
bond formation and bond cleavage occur in a concerted
fashion without the formation of a distinct intermediate
of higher or lower coordination number.

Influence of water

The rate of the exchange process was also investigated in
a mixture of y-butyrolactone and water in order to
probe the impact of the solvent polarity and donor
ability on the rate of the exchange reaction. The
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Table 2. Thermal activation parameters obtained from the values of k;
as a function of temperature

Chelate & >%, M7 57! AH* kJ mol™ AS*, T K" mol™
221 105 + 32 48 + 1 —45+2
C222 (3.3 +£0.8)x10*  35+1 —41 +3

exchange measurements were repeated for one of the
samples (C222:LiClO4 = 0.35) with 1 ul H,O added to
the 0.8 ml of y-butyrolactone solution. It was observed
that the exchange rate increased significantly as com-
pared to the value obtained for the sample in the ab-
sence of water. The values of k., increase from 27 to
7557 at 248 K, from 654 to 1282 s™' at 298 K, and
from 5945 to 12895 s~! at 358 K, on addition of water.
This can be accounted for by the higher donor strength
of water compared to y-butyrolactone. It follows that
the presence of water plays an important role in the
exchange rate of Li" between cryptand and solvent.

Theoretical calculations

Experimentally a decrease in the cavity size hampers the
exchange of Li" between the cryptand and the solvent.
The improved binding of Li* in a smaller cavity should
become visible from the structure and the following
model reaction that describes the energy required for the
dechelation process (Table 3).

[Li C Cryptand]” 4 4 y— Butyrolactone
— [Li(y—Butyrolactone),]" + Cryptand

It is noteworthy that in agreement with previous
studies by Wipff and Wurtz [5], we also found only a
limited flexibility for the investigated cryptands in our
DFT calculations, justifying that all cryptands were
calculated within the highest possible symmetry. In
earlier work we demonstrated that Equation (4) is a

In agreement with the experimental kinetic data, the
smaller cryptand binds Li" better and slows down its
exchange rate (Table 2). On comparing the calculated
Li—O and Li—N bond lengths of the three structures with
the bond distance in [Li(OH,),] " and [Li(NHs)4] ", the
trend can easily be understood (see Table 4 and Fig-
ure 9). In C222, Li" is four times weakly coordinated in
a trigonal pyramidal shape by one Li-N and three Li-O
interactions all clearly elongated (0.2 and 0.1 A,
respectively). The Li " cation in C221 is coordinated five
times (distorted trigonal bipyramidal structure) by one
nitrogen and four oxygen bonds all extended by around
0.15 A. The coordinating bonds in [Li ¢ C211]" are
even more extended, but the Li—O bonds form a some-
what distorted tetrahedral coordination sphere for the
lithium mono cation, while the stronger elongated Li-N
bonds form a kind of second coordination sphere.
Therefore, the lithium ion is formally six-coordinate. A
comparison of the calculated and X-ray bond lengths
shows a good agreement.

Conclusions

It can be concluded from the results of the present study
that for the Li" exchange process between C222, C221
and y-butyrolactone as solvent, two pathways, viz.
bimolecular associative and unimolecular dissociative,
compete with each other. The pressure dependence of
the exchange process suggests the operation of a pure
interchange mechanism, whereas the negative activation
entropy values favor an associative interchange process.
The basic idea of an interchange process involves con-
certed bond-formation and bond-cleavage, which is in
agreement with the consideration that y-butyrolactone is
a rather weak donor. The results are in good agreement
with that expected on the basis of a systematic com-
parison with data reported in the literature for solvents
of similar donor strength.

Table 3. Dechelation energy, Egechelations 0T the reaction outlined
in (4)

valuable tool to determine ion selectivity as a function of ~ y-Butyrolactone C222 €221 C211
the ionic radii [78]. We there.fore examined the cavity Eoeontnion [kJ/mol] 703 486 922
size of the cryptands as a variable.
Table 4. Calculated (RB3LYP/D95Vp) and X-ray bond lengths (in A)
d [A] C222 C221 C211 [Li(OH,),] " [Li(y-Butyrolactone),] " [Li(NH;z)4] "
Li-O 2.14 2.06-2.08 2.14 1.95 1.94 -
2.10 2.11
Li-N 2.22 2.28 2.38 - - 2.13
PG C; C, c, T q, C,
X—ray [79] [80] [81] [82]
Li-O - 1.99 2.17 1.96 - -
2.06 2.08
2.10
Li-N — 2.40, 2.44 2.29 - - 2.08
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Figure 9. Optimized structures for [Li < C222]", [Li < C221]", [Li « C211]" and [Li(y-Butyrolactone)s] *.
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